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Chapter 1. General introduction



Chapter 1

1.1. Demand for a sustainable production chain

The growing world population, economic development, and increasing human welfare go
hand in hand. Large quantities of energy and materials are needed to sustain these growing
economies. Currently, the energy and materials used in the global economy are mainly
produced from fossil resources with about 80% of the global energy demand currently met
through the use of fossil fuels'.

This dependency on fossil fuels hinders our society from being economically and
environmentally sustainable for several reasons. Firstly, fossil fuels contain large amounts of
carbon that have been sequestrated underground during the past few million years. Burning
fossil fuels releases this carbon back into the atmosphere within a relatively short period of a
few centuries, in the form of carbon dioxide (CO;); one of the major greenhouse gases
(GHG) contributing to global warming. CO, emissions from fossil fuel consumption
currently accounts for around two-thirds of the total global GHG emissions”. Fossil fuels are
considered a non-renewable resource that cannot continue to sustain our future global
economic system in a sustainable way’. Secondly, the uneven distribution of fossil reserves
across the globe can be a cause of socio-economic insecurity, as illustrated by the oil crisis
during the 1970s. Developed and industrialised regions without oil reserves are especially
vulnerable in this respect, as oil is likely to be the first fossil resource to be exhausted”.
Finally, the transportation of fossil resources requires a substantial amount of energy, which
could be avoided or reduced by employing locally available feedstocks for energy and
material production. Replacing fossil resources with alternatives would therefore help us to
sustain our society and its foreseeable growth in the long run. The preferred alternative
energy and materials supplied to our society are from resources that are more renewable,

environmentally sustainable and locally available.
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To ensure a more sustainable future for our society, a circular economy is preferred.
However, the current economy is far from circular. The Industrial Revolution marks the start
of the fossil-based production chains. Since then, the global economy has been developing
into linear systems. These linear economic systems start with resource extraction from nature,
go through energy and goods production and consumption, and eventually end with waste
generation and treatment. These linear economic systems produce large quantities of waste. It
has been estimated that 1.3 billion tonnes of municipal solid waste (MSW) is generated every
year globally, and this does not yet include waste produced in rural areas’. We may define the
entire earth as the system boundary for the expansion of our economic activities. Many
resources within this global system must be considered finite, and our current practices based
on the aforementioned linear approach cannot be considered economically and
environmentally sustainable. Transition to a circular economy requires that, after
consumption, the resources and waste are converted into reusable energy or materials to be

re-supplied to the global economy.

1.2. Bio-based economy as a solution: state-of-art

A bio-based economy may help in the transition of the current fossil-based, linear economy
to a sustainable and circular economy. In a bio-based economy, biomass is used as a
feedstock for producing energy, materials, chemicals and transportation fuels, in addition to
food and feed. Biomass feedstocks can regrow relatively quickly, making them more
renewable than fossil-based feedstocks. During the growth of biomass feedstocks, nutrients
and carbon are captured and sequestrated into the biomass that will become part of new
products again. This fulfils the concept of a circular economy. A transition towards a more
circular economy has slowly started and is continuously progressing as a result of public
awareness of sustainability issues and environmental pollution caused by the fossil-based,

linear economic system.
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The first generation biofuels are an example of the advancement in the bio-based economy.
Bioethanol from sugar crops, e.g. corn and sugarcane, and biodiesels from oil plants, e.g.
palm and coconut, are examples of first generation biofuels that are implemented at
commercial scales and used extensively as drop-in fuels in the transportation sector. The
global annual bioethanol and biodiesel production was estimated at around 39 and 51 billion
litres respectively, and these numbers are expected to grow over time® ’. Nevertheless, in
comparison with the fossil oil production of 3,900 billion litres in 2007°, bioethanol and
biodiesel have only a small share in the global production chain.

First generation biofuels, however, have some important drawbacks leading to increasing
concerns. Examples of drawbacks include the large water and nutrient requirements,
competition with arable land, increased GHG emissions due to direct and indirect land use
change, and the geographical limitations for growing these crops. The water footprints of first
generation biofuels are much larger than fossil-based fuels, when used for energy generation.
Expanding the production of first generation biofuels may cause competition with other
sectors for fresh water resources®. The use of sugar and oil crops require fertile, arable land,
which may compete with food production. Also, the indirect land use change for producing
biofuels/biochemicals leads to more GHG emissions’ and induces other environmental
impacts besides global warming'®. Although debates about the land competition between
food and fuel production are on-going'', it is inevitable that more arable land is required for
food production due to the ever increasing world population and the growing calorie uptake
due to improvements in quality of life. The use of arable land for fuel and chemical
production should be minimised. Moreover, due to the fresh water, arable land and climate
requirements for crops, first generation biofuels have a geographical limitation, which is also
an issue for fossil resources. In 2007, USA and Brazil together held 90% of the global

bioethanol production’, while five countries (Malaysia, Indonesia, Argentina, USA and
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Brazil) owned 80% of the global biodiesel production potential’. Given the context above,
fuel and chemical production has to come from other feedstocks that are neither food crop-

based or fossil-based'?.

1.3. Sustainable feedstocks for a sustainable bio-based economy

To promote a bio-based and more sustainable economy, alternative feedstocks are needed
as starting materials to produce fuels and chemicals. There are five biomass resources
identified as “sustainable feedstocks™ for fuel and chemical production, mainly due to their
relatively low life-cycle GHG emissions and lack of competition with food production'’.
Based on Tilman er al. (2009), these are (1) perennial plants grown on degraded land
abandoned from agricultural use, (2) crop residues, (3) sustainably harvested wood and forest
residues, (4) double crops/mixed crop systems and (5) municipal and industrial organic
waste'’. Biofuels produced from these feedstocks are classified as second generation biofuels.
In the following sections, I refer to these feedstocks also as second generation biomass.
Second generation biomass can also be categorised, based on the composition, into three
groups, i.e. the lignocellulosic biomass (1, 2 and 3 above), the triglycerides (4 and 5 above)
and the mixed organic waste (5 above)'®. Sugar/starch crops in the double crops/mixed crop
systems are not included in this categorisation as they may be used for food supply. Second
generation biomass is more geographically-unbound compared with fossil resources and first
generation biomass.

Most of the second generation biomass is generally considered “waste”, requiring
additional capital and energy investments to dispose of. The use of second generation
biomass to produce energy, fuel and materials is beneficial for managing the energy and
material supply, in addition to waste treatment, simultaneously. This is especially the case for
chemicals and materials, since fuels and energy for transportation can also be provided by

other renewable sources such as solar energy. In contrast, for chemicals and materials, carbon
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atoms as basic building blocks are inevitable. Thus, biomass is an essential source of carbon.
Promoting the use of second generation biomass for chemical and material production can,

therefore, be important in a circular economy.

1.4. Conversion technologies and potential end-product for

second generation biomass

The conversion of second generation biomass, especially the lignocellulosic feedstock and
mixed organic waste, into value-added chemicals and materials is challenging because of
their composition. Lignocellulosic feedstock contains carbohydrate polymers (cellulose and
hemicellulose) and aromatic polymers (lignin) that are rigidly bound together, which makes
them difficult to decompose'®. To effectively decompose lignocellulose, either an enzymatic
hydrolysis or a thermochemical conversion process, e.g. gasification, is usually employed. A
mixed sugar stream is derived via the enzymatic hydrolysis of lignocellulosic biomass, which
is then fermented into ethanol or other fermentative products. Synthesis gas (syngas; a
mixture of carbon monoxide, CO, and hydrogen (H)) is the main product of the gasification
of lignocellulosic biomass'® '7. Syngas can be converted into methanol via a chemical
reaction'®, ethanol or fatty acids via a (bio)chemical conversion' or liquid hydrocarbons via
the Fischer-Tropsch process.

Mixed organic waste varies in composition. It is normally highly heterogeneous and with a
high water content. This dynamic and heterogeneous composition makes it challenging to
convert mixed organic waste into a homogenous end-product, while the high water content
makes energy recovery via thermochemical treatments less energy-efficient. Current practices
for valorising mixed organic waste are incineration for energy recovery, composting for
generating soil amendment and anaerobic digestion for producing methane as an energy
carrier. Incineration only recovers energy from the mixed organic waste but no other value-

added carbon materials. Both composting and anaerobic digestion can recover useful
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materials from organic waste; however, the low economic value of their end-products means
that it is difficult for these methods to be economically viable without subsidies®” *'. An
innovative valorisation strategy for mixed organic waste that is more cost-effective and

recovers carbon materials in the form of value-added materials is therefore demanded.

Polymers in organic waste
Proteins, polysaccharides, lipids

Monomers & Oligomers
Amino acids, sugars, fatty acids

Intermediates
SCFAs*, alcohols, H,, CO,, NH;

+

,

Molecular size
Homogenei

Methanogenesis 4 +

Figure 1.1. The stepwise illustration of the methanogenic anaerobic digestion of the complex
mixed organic waste, adapted from Steinbusch et al. (2010)** and Angenent et al. (2004)>.

*Short Chain Fatty Acids (SCFAS).

Open mixed culture fermentation is a promising alternative for valorising the mixed
organic waste in terms of material, feed and chemical production. Open mixed culture refers
to a mixed culture microbial community that is open to the environment outside of its habitat,
i.e. accessible by microbes outside of its habitat. In fact, the methanogenic anaerobic
digestion of complex mixed organic waste can also be considered as an open mixed culture
fermentation. The microbes in mixed organic waste continually enter, along with the waste,
the bioreactor where a mixed culture already exists. There are four main steps in the
methanogenic anaerobic digestion (see Figure 1.1). First is hydrolysis, which breaks down

the large, insoluble organic polymers into smaller, soluble organic polymers with enzymes

|
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via a chemical reaction with water. During the second step, acidogenesis, a mixture of
fermentative bacteria converts dissolved polymers into monomers e.g. Short Chain Fatty
Acids (SCFAs), alcohols, H, and CO,. In the third step, acetogenesis, these monomers are
further converted into acetate, H, and CO,. In the final step (methanogenesis), the
methanogens convert acetate, H, and CO, into methane (CH4) and CO,, i.e. biogas. Along
with this methanogenic degradation process, the molecular size of the organic matters in the
waste decreases, whilst the homogeneity increases (Figure 1.1). The ability to homogenise
the complex mixed organic waste into a relatively simple mixture of intermediates, e.g.
SCFAs, H, and CO,, is one of the most important advantages of open mixed culture
fermentation. In current practices, these intermediates are converted into CH; and CO,, so-
called biogas. However, CH4 has a relatively low economic value, limited applications
(usually for energy generation) and a lower carbon recovery efficiency. Novel bioprocesses
have been developed in recent years to recover carbon materials from mixed organic waste in
a more cost-effective manner. This includes the production of liquid fuel (ethanol)** %, bulk

%27 and materials (bioplastics)*®. Table 1.1 lists the carbon recovery

chemicals (fatty acids)
efficiencies of several bioprocesses which convert organic matter into energy carrier (CHy),
chemicals and materials, using glucose as a model substrate. Based on the carbon recovery
efficiencies of glucose, producing fatty acids retains the most carbon materials in the end-
product and also emits less CO,, when compared with the other bioprocesses listed.
Moreover, medium chain fatty acids (MCFAs; saturated monocarboxylates with a carbon
chain containing 6-12 carbon atoms), e.g. caproate and caprylate, have higher volumetric
energy densities than ethanol or CHy. The longer carbon chains of MCFAs make them more
hydrophobic and potentially easier to be separated from the aqueous phase, than SCFA. All

these properties make MCFAs promising end-products which result from mixed organic

waste.
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Table 1.1. Carbon recovery efficiencies of different biochemical conversions of organic matter,
taking glucose as a model substrate. The efficiencies are theoretical values, with calculations based

on the reaction stoichiometry without considering the energy requirement for the bacterial

metabolism.
Equation  Biochemical conversion processt Maximal carbon recovery in
the end-product (%)
1 Methanogenic anarobic digestion of glucose 50%
CeH1206 — 3 CH4 + 3 CO,
2 Anaerobic fermentation of glucose to caproate 75%
Ce¢H1206 — 0.75 C¢H .0, + 1.5 CO, + 1.5 H,O
3 Anaerobic fermentation of glucose to butyrate 80%
CsHi206 — 1.2 C4H30, + 1.2 CO, + 1.2 H,O
4 Anaerobic fermentation of glucose to acetate 100%
CsH1206 — 3 C2H40;
5 Anaerobic fermentation of glucose to ethanol 66%
Ce¢H1206 — 2 C,HgO + 2 CO,
6 Aerobic conversion of glucose to 66%

polyhydroxybutyrate (PHB) monomers®’
C¢H1206 + 1.5 O —» C4HgO, +2 CO, + 3 HL,O

THypothetical chemical equations assuming the maximal carbon recovery in the end-products under an anaerobic
condition, expcet for the PHB production which is an aerobic process.
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1.5. Microbial chain elongation with a mixed culture: State-of-

art

To produce MCFAs from organic waste, two open mixed culture fermentation steps
followed by a downstream process are applied. The first step is the hydrolysis and
acidification (including acidogenesis and acetogenesis; Figure 1.1). Second is the microbial
chain elongation. In microbial chain elongation, SCFAs, CO, and/or H, produced via
hydrolysis and acidification of organic waste, are coupled with ethanol (as an electron donor)
to produce MCFAs such as caproic acid and caprylic acid®. It was recently (2010)
discovered that microbial chain elongation could be performed with undefined open mixed

132 Ding et al. (2010) showed that caproate was produced with undefined open

cultures
mixed cultures as a side product during hydrogen production from glucose. Similar findings
were reported by Steinbusch et al. (2011), who could enhance the caproate production to a
higher concentration (9.6 g/L). Instead of using sugar, acetate with ethanol was used as the
substrate and electron donor. Steinbusch et al. (2011) also found that a longer chain fatty
acid, caprylate (C8), could be produced. These recent findings enable the production of
higher value chemicals from low grade biomass and organic waste. Its novelty and
importance were addressed in several recent reviews*® 3%,

Following the first demonstration of microbial chain elongation with an open mixed

35,36

culture®, several studies continued to improve the production rate®>*°, the utilisation of a real

waste stream as the feedstock’ ™ and the downstream processing for MCFAs® >’
Grootscholten et al. (2013) achieved a 3000-fold increase in the caproate production rate by
using an upflow anaerobic filter’® and reducing the hydraulic retention time (HRT)™.
Additionally, their work showed that both product yield and specificity are increased to a

level of industrial relevance®. Grootscholten er al. (2013) also demonstrated the use of

organic fraction of municipal solid waste (OFMSW) as the feedstock for MCFA production®®

10
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3 As such, a spin-off company, ChainCraft B.V. (Amsterdam), is up-scaling and

commercialising microbial chain elongation, with supermarket food waste as the raw material
and caproic acid as the first commercial product’. All these progresses make microbial chain
elongation a promising and serious biorefinery process that can become a relevant platform

technology for society.

1.6. Searching for alternative electron donors and novel products

for microbial chain elongation

To make microbial chain elongation more cost-effective, practically-applicable and
geographically-unbound, the search for alternative electron donors to replace or reduce
ethanol use was recommended®’. A potential drawback of microbial chain elongation is the
addition of expensive chemicals, e.g. ethanol, yeast extract and micronutrients, as stated by
Grootscholten (2015)*°. Ethanol is a more expensive substrate in microbial chain elongation,
in comparison with the SCFAs from organic waste. In contrast, micronutrients and amino
acids provided by yeast extract can be present in the food waste employed as the feedstock
for microbial chain elongation, which may not require extra doses. Currently, most
commercially available ethanol is derived from the fermentation of crop-based sugars, i.e.
first generation biomass. Since 2.2 moles of ethanol are needed to synthesise 1 mole caproate

26, 41
from 1 mole acetate®®

, ethanol dosing in microbial chain elongation can become massive,
and consequently induce a series of environmental impacts and high costs, if produced from
sugar crops. Alternative feedstocks that are cheaper, widely available and produced in a more
renewable way are needed as electron donors in the future development of microbial chain
elongation.

In recent years, several alternative electron donors from different feedstocks were

investigated to replace or reduce the use of crop-based ethanol in microbial chain elongation.

These efforts are summarised in Figure 1.2. There are two strategies for developing

11




Chapter 1

alternative feedstocks for electron donors. One is to employ a different substrate as the
electron donor, which usually occurs via different microbial pathways than the microbial
chain elongation using ethanol (hereinafter referred to as ethanol chain elongation). The other
is to produce ethanol from second generation biomass. For the first strategy, alternative

43, 44, syngas45 +46 and methanol®’. All

substrates investigated include H,*, electricity‘u, lactate
these electron donors have been tested in microbial chain elongation with an open mixed
culture except for methanol, which used a pure culture. For the second strategy, ethanol from
syngas fermentation (pure culture) and from biohydrogenation of acetate (open mixed
culture) were used for microbial chain elongation of SCFAs*"**.

Among all the alternative substrates studied, methanol represents a promising substrate,
mainly because methanol can be, and is, produced from organic waste that is widely available
geographically*” *°. Lignocellulosic waste, industrial off-gas’', glycerol’> and CO, with
renewably produced H,, are all examples of renewable feedstocks used for methanol
production. Several initiatives have been taken to implement and upscale methanol
production from renewable feedstocks, especially in Europe™. These initiatives and the
renewable feedstocks used for methanol production include BioMCN (The Netherlands; now
acquired by OCI N.V., The Netherlands) using glycerol or wood chips, BioDME (Sweden)
using black liquor (a side stream from paper industry), Viarmlandsme tanol (Sweden) using

forest residue and Carbon Recycling International (Vulcanol; Iceland) using factory off-gas

(mainly CO,) and H; (via electrolysis of water with renewable electricity).

12
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Figure 1.2. The overview of reported processes related to the use of microbial chain
elongation for valorising organic waste. Linear arrows refer to biochemical conversion
processes within methanogenic anaerobic digestion of mixed organic waste. The thicker
arrows refer to different processes that can be integrated with microbial chain elongation. The

black circle highlights the research focus of this thesis.

Methanol seems both financial and environmentally more attractive than ethanol, especially
when produced from lignocellulosic waste via thermochemical conversion process.
According to the National Renewable Energy Laboratory (NREL) of the U.S. Department of
Energy (DOE), when processing the same amount of lignocellulosic feedstock, producing
methanol has both a higher yield and a higher energy production, combined with a lower

capital investment and less water consumption, than ethanol production. As a result,

13
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lignocellulose-based methanol is cheaper than ethanol when evaluated based on price per
mole carbon and energy content™. Table 1.2 summarises the prices of the main chemicals in
this thesis work from different sources including literature, Chinese market valuations and
suggestions from industrial partners. Lignocellulosic methanol is cheaper than lignocellulosic
and fossil-based ethanol, though still more expensive than crop-based bioethanol. In addition
to financial considerations, methanol production from lignocellulose via a thermochemical
process could be more environmentally sustainable than ethanol from the same feedstock™.
All these advantages make methanol an interesting alternative electron donor for microbial
chain elongation.

The main obstacle for integrating methanol into the current microbial chain elongation
process using mixed organic waste, is the use of methanol in microbial chain elongation
using an open mixed culture. Until now, methanol chain elongation to MCFAs via microbial
conversion has only been shown in pure culture conditions®”” *. In an open mixed culture
condition, methanol may be metabolised by other competing microbial process, e.g.
methylotrophic methanogenesis. Whether microbial chain elongation of methanol and SCFAs
into MCFAs or other value-added products can be steered to outcompete other competing
microbial processes in an open mixed culture environment remains unknown. An open mixed
culture process is necessary when using mixed organic waste as the feedstock, considering
the heterogeneous composition and the complex microbiome within mixed organic waste.
This research examines the use of methanol chain elongation under an open mixed culture
condition (hereinafter referred as methanol chain elongation), investigates the key parameters
for steering methanol chain elongation in an open mixed culture and explores novel products
from methanol chain elongation. Exploring novel products of microbial chain elongation is
important for broadening the application of microbial chain elongation, which also promotes

the development of bio-based economy’®. Caproic acid is currently the only (almost)

14
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commercialised product of microbial chain elongation. It is an emerging platform chemical
with a limited market size, though it has a high economic value. Considering the biodiversity
of the open mixed culture and possible interactions among microbes within it, steering the
microbiome towards novel products may be possible. Isomerised fatty acids, e.g. isobutyrate,
are an example demonstrated in this research (Chapters 4 and 5), which has a relatively high
economic value (Table 1.2), a larger market potential’’ and is currently produced from fossil-

based feedstocks”’.

15
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Table 1. 2. Price overview of the substrates and (potential) products mentioned in this study.

Chemical Price (€/L) Price (€/mole-Carbon)*
Methanol 0.3 (lignocellulose)53 0.012

0.5 0.018
Ethanol 0.2-0.4 (sugar)’® 0.006

0.5 (lignocellulose)>® 0.015

0.7 (fossil)™® 0.020

0.45" 0.013
Acetate 0.6 0.017
Propionate 1.47 0.035

0.9* 0.022
Butyrate 1.1-1.4° 0.025
Valerate 2.9-327 0.064
Caproate 2.0% 0.042

7.6" 0.158

2.5-3.0% 0.052-0.062
Isobutyrate 1.8 0.041
Isovalerate (3-methylbutanoate) 4.8 0.105

"Derived from https://www.1688.com/ & Alibaba.com; 1 Chinese Yuan equals 0.14 Euro; accessed
on 14™ December 2016. *Price (€/mole-Carbon) = Price (€/L)*Density (g/L)'*molar mass
(g/mole) ' *Carbon atoms in the compound. *Price suggestion from the industrial partners.

16
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1.7. Research objective, questions and the outline of the thesis

The objective of this thesis is to investigate the use of methanol as an electron donor in
microbial chain elongation for producing MCFAs or other novel products. The motivations
to use methanol instead of ethanol include the potentially lower cost, the potentially lower
environmental impact and the geographically-unbound availability of methanol. The
motivation for investigating possible novel products is to promote the application of
microbial chain elongation, considering the currently limited market potential of caproic acid.
Table 1.3 summarised the individual research questions, the substrate and target products of
each research chapter.

In Chapter 2, we performed a Life Cycle Assessment (LCA) to assess the environmental
impacts of the current microbial chain elongation process, which converts organic waste and
ethanol into caproic acid. Performing an LCA in an early stage of technology development is
beneficial for improving the process design, and for identifying hotspots where more research
or improvements are needed®. Through an LCA, the necessity to replace ethanol from the
environmental point of view can be further explored. In Chapter 3, the use of methanol as the
sole electron donor for chain-elongating SCFAs into butyrate and caproate is investigated. In
Chapter 4, the production of novel products, i.e. isomerised fatty acids, in microbial chain
elongation with methanol is proposed and investigated. The outcome is expected to expand
the product spectrum of chain elongation using organic waste. In Chapter 5, integrating
methanol into the current microbial chain elongation, i.e. ethanol-based chain elongation, is
explored. In such integration, a simultaneous production of multiple value-added products is

expected. Furthermore, the formation of isomerised MCFAs is also postulated.

17
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Table 1.3. Overview of the research questions, substrates used and targeted products in each

research chapter in this thesis.

Chapter Research question Substrate Target product
2 What are the major sources of ~ OFMSW/SFW* Caproic acid (non-
environmental impacts within experimental
the life cycle of caproic acid ~ Ethanol result)
production from organic waste
via microbial chain
elongation?
3 Can microbial chain ~ Methanol Caproate

elongation based on methanol

be used to produce caproate in ~ AAcetate Butyrate
an open mixed culture
condition?

4 Can isomerised fatty acids be =~ Methanol Isobutyrate
produced from organic waste
via microbial chain elongation ~ Acetate/SFW
based on methanol?

5 Can microbial chain  Methanol Caproate
elongation based on methanol
be integrated into the existing ~ Ethanol Isobutyrate

) o ‘
caproate production chain? Acetate Isomerised
MCFAs
butyrate

*OFMSW: organic fraction of municipal solid waste; SFW: supermarket food waste.

18
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Chapter 2. Life Cycle Assessment (LCA) of

microbial chain elongation

ABSTRACT

Caproic acid is an emerging platform chemical with a range of diverse applications. Recently,
a novel biorefinery process, i.e. microbial chain elongation, was developed to convert organic
waste and ethanol into renewable caproic acids. In the coming years, this process may
become commercialised, as well as continuing to improve on the basis of numerous ongoing
technological and microbiological studies. This study aims to analyse the environmental
performance of caproic acid production from organic waste via microbial chain elongation at
this current, early stage of technological development. To this end, a Life Cycle Assessment
(LCA) was performed to evaluate the environmental impact of producing 1 kg caproic acid
from organic waste via microbial chain elongation, in both a lab-scale and a pilot-scale
system. Two types of organic waste were used as substrates: firstly, the organic fraction of
municipal solid waste (OFMSW), and secondly, supermarket food waste (SFW). Ethanol use
was found to be the dominant cause of environmental impact over the life cycle. Extraction
solvent recovery was found to be a crucial uncertainty that may have a substantial influence
on life-cycle impacts. We recommend that future research and industrial producers focus on
the reduction of ethanol use in microbial chain elongation and improve the recovery

efficiency of the extraction solvent.
A modified version of this chapter is accepted to be published in Environmental Science &

Technology as: Chen, W.S.; Strik, D. P. B. T. B.; Buisman, C. J. N.; Kroeze, C. Production of

caproic acid from mixed organic waste- an environmental life cycle perspective.
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2.1. Introduction

The amount of organic waste produced by society is increasing, alongside a growing
demand for fuels and chemicals. Currently, fuels and chemicals are mainly produced from
fossil resources or from food crops such as corn, sugarcane and palm. The vast consumption
of fossil resources contributes greatly to global warming and air pollution. Using food crops
for fuel and chemical production may, on the other hand, compete with human food
cultivation. An alternative and more sustainable feedstock is therefore needed to support our
fuel and chemical consumption.

61-63' It

Mixed organic waste is a promising feedstock for fuel and chemical production
refers to an organic waste stream with a highly heterogeneous composition, e.g. food supply
chain waste, industrial process food waste and organic fraction of municipal solid waste
(OFMSW)'* ¢! Mixed organic waste is generated in large quantities worldwide. It usually
contains large amounts of readily biodegradable organic matter and various nutrients that are
essential for biotechnological applications. The challenge, however, is to produce high value
end-products from mixed organic waste in order to make the process more economically
attractive than the current practices, e.g. anaerobic digestion to produce biogas and

L . 21,64
composting into soil amendment™

. There is a growing interest in producing bulk chemicals
from mixed organic waste. It is argued that using organic waste as substrate for bulk
chemicals yields higher value products than using it for heat, electricity and fuel® %, Bulk
chemical production from organic waste, is even more attractive when targeting an emerging
platform chemical with a relatively small and specific niche market. This is because market
potential is already guaranteed and the economic competition from an established chemical
process for the market is less threatening®.

Caproic acid is an emerging platform chemical that can be produced from low-grade mixed

_32,37-39, 66

organic waste, as recently demonstrated in both lab and pilot-scale systems, at high
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rates and specificities™. Here we refer to caproic acid in its undisassociated form, and to
caproate in its dissasociated form. Caproic acid has a wide range of applications. It can be
used directly as feed additives®’, antimicrobials®™ and plant growth promoters®. It can also be
used as a precursor to various commodities including lubricants, fragrances, paint additives
and pharmaceuticals®® ** . Currently, caproic acid is produced from food crops like palm
and coconut, with oils containing less than one percent of caproic acid. Although the caproic
acid produced from food crops is commercially available, the low caproic acid content in
these crop oils leads to a high price and a limited market. Recently, an industrially applicable
caproic acid production process using mixed organic waste as a feedstock was developed and
implemented, based on a microbial fermentation process, i.e. microbial chain elongation
(hereinafter referred to as chain elongation) via reversed B-oxidation pathway®. In chain
elongation, short chain fatty acids (SCFAs; saturated fatty acids containing less than six
carbons) and ethanol are converted by microorganisms into medium chain fatty acids
(MCFAs; saturated fatty acids containing six to twelve carbons). It was found that chain
elongation can be performed using an open mixed culture and in a continuous production
mode®* *”. Moreover, the use of SCFAs, like acetate and butyrate, in chain elongation yields
caproate as the most dominant end-product with a high production rate and specificity”™ *.
Both acetate and butyrate are the main intermediates from anaerobic degradation of mixed
organic waste, like OFMSW. Ethanol addition during the anaerobic degradation of OFMSW
has been shown to stimulate chain elongation of these SCFAs, as well as ensuring the
production of caproate as one of the main end-products of the process’™ *. The highest
caproate production rate via this process was 26 g/L/day with a concentration up to 12.6 g/L,
which approximates the solubility of caproate and is advantageous to the downstream
processes. A caproic acid production process using mixed organic waste and ethanol was thus

developed. Four factors, namely the high caproate concentration, the high caproate
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production rate, the use of a mixed organic waste and the possibility to use an open mixed
culture makes this caproic acid production process attractive and industrially applicable.
Thus, a spin-off company from Wageningen University, ChainCraft BV (Amsterdam), has
developed this proven technology into a pilot-scale system that continuously converts food
processing waste and ethanol into economically viable caproic acid.

Continuous caproate production via chain elongation was demonstrated for the first time in
20112, Since then, several studies were completed to promote MCFA production from low-

grade waste via chain elongation. Most of these studies addressed the substrate range™*** **

44, 70-72 35-37, 66, 73 70, 74 75-77

, the bioprocessing , the microbiology and the downstream processes

Recent review articles on chain elongation also focus mostly on these aspects® **.
Surprisingly, the environmental performance of this “sustainable” bioprocess has not been
addressed in any of these studies. Analysing the environmental sustainability of an emerging
technology during its early stages is beneficial, not only for orienting the future technological
development towards an improved environmental performance, but also for supporting
decision-making during the implementation or process design stages®. An assessment
providing the environmental perspective of this emerging technology will be of use for the
development, implementation and commercialisation in the near future.

This study, therefore, aims to analyse the environmental performance of caproic acid
production from organic waste via chain elongation at this early stage of technology
development. To this end, an early-stage Life Cycle Assessment (LCA) was performed to
quantify the environmental impact associated with the caproic acid production based on the
existing chain elongation business case, i.e. caproic acid production from mixed organic
waste and ethanol. The result may help to identify environmental impact “hot-spots” within
the entire life cycle of caproic acid production from organic waste, or provide a benchmark

for comparison with other existing processes®’. The potential outreach of the LCA outcome
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may provide environmental sustainability as an additional perspective for orienting future
research on chain elongation as well as providing a basis for strategic improvement advice,

which could prove vital to industrial producers of caproic acid.

2.2. Methodology
2.2.1. Life cycle assessment (LCA).

The goal of this LCA is to quantify the environmental impact associated with caproic acid
production from mixed organic waste via chain elongation. An attributional LCA was

.. . 9
selected based on existing guidances’®

. The functional unit (f.u.) is 1 kg of caproic acid
production (Purity > 99%) from mixed organic waste and ethanol via chain elongation. A
gate-to-product life cycle of the caproic acid production via chain elongation is assessed. The
gate-to-product life cycle starts from the organic waste arriving at the caproic acid production
site and ends with the product, i.e. 1 f.u. of caproic acid leaving the caproic acid production
site. Environmental impacts associated with all waste treatments during the defined gate-to-
product life cycle are included in the assessment. The emissions and environmental impacts
associated with the generation of mixed organic waste, which is used as a feedstock, are not
considered. The organic waste used in the present study is a low-grade mixed organic waste,
and it exists regardless of whether the caproic acid would have been produced or not. The
environmental impacts associated with the generation of the organic waste should, therefore,
be allocated to the processes or products from which the waste is generated. In some cases,
the environmental impacts are allocated to the waste if the waste is considered a by-product;
for example, glycerol as a by-product from biodiesel production™. This study differs from
these by-product cases as the organic waste used in the present study is a low-grade waste
with a mixed and complex composition that cannot be considered as a by-product. However,
in the future, when more and more waste-to-resource technologies are implemented

specifically for mixed organic waste, this waste stream may have to be considered as a by-
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product, and part of the environmental impacts of the generation of mixed organic waste need
to be allocated to these low-grade by-products.
Data for the Life Cycle Inventory (LCI) were collected from, in order of preference,

internal data that were published30’ 39, existing literature® #!

, internal data that were not
published and personal communications with industrial producers and experts (see Table S2.1
in the Support Information 2 (S12) for details). The information required to carry out the Life
Cycle Impact Assessment (LCIA) was sourced from literature and the Ecoinvent 3
database®’. The characterization method used was CML-IA baseline V3.02/EU25. Global
Warming Potential (GWP; CO,-equivalent/f.u.), Eutrophication Potential (EP; PO,*-
equivalent/f.u.) and Acidification Potential (AP; SOj-equivalent/f.u.) were the selected

impact categories based on the existing guidance™ and data availability. An overview of the

data used in the LCIA is available in Table S2.2 (see SI2).

2.2.2. Production system description and cases.

The assessed system consists of six main processes (Figure 2.1), which starts with the
mixed organic waste and ends at the production of caproic acid. Three types of organic waste
were used for caproic acid production via chain elongation®, including the organic fraction of
municipal solid waste (OFMSW)*% ** 77 the yeast-fermentation beer from the corn kernel-to-

ethanol industry®” %

and supermarket food waste (SFW) from the food residue processing
industry (unpublished data). The SFW has been applied in a pilot-scale system (ChainCraft
B.V., Amsterdam); the other two were only applied in lab-scale bioreactor systems>. In this
study, OFMSW and SFW are selected to be assessed because we aim to use a low-grade,
mixed and geographically wide-spread waste stream as the feedstock. Moreover, a large
quantity of internal data using OFMSW and SFW for caproic acid production via chain

elongation is available in our institute. Three cases were developed based on the process data

we possess (see Table S2.3). They are the lab-scale system using OFMSW (Case LO), the
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lab-scale system using SFW (Case LS) and the pilot-scale system using SFW (Case PS). Part
of the Case PS was simulated using the data from Case LS considering the available data
from the pilot plant. A detailed description of the three cases can be found in Table S2.3 in
SI2.

The organic waste, i.e. OFMSW or SFW, enters the biological acidification (BAc) process
without any pre-treatment. In BAc, an undefined, mixed culture microbiome hydrolyses the
organic solids into soluble organic matters and further degrades the soluble organic matters
into basic building blocks like SCFAs, CO, and H,. These basic building blocks are essential
substrates for the next process, chain elongation (CE). Two types of BAc were used in
different cases depending on the water content of the organic waste. A dry anaerobic
acidification was applied to OFMSW™, and a wet anaerobic acidification was applied to
SFW. The effluent of BAc consists of the broth that enters CE and the solid residues that are
disposed of. The disposed pellets, together with other solid waste generated in Case LO and
LS, are assumed to be incinerated. According to ChainCraft B.V., in Case PS, anaerobic
digestion was applied to recover energy from all solid residue generated during the life cycle
of caproic acid production.

In CE, another undefined mixed culture microbiome elongates the SCFAs with the
externally added ethanol into caproate. Corn-based bioethanol was used in CE, and the
amount of ethanol dose required was derived from the existing literature® (for Case LO) or
internal experimental data (for Case LS and PS). CO, was continuously supplied during the

entire CE process to sustain the microbial growth®” *'

. NaOH was continuously added to
maintain an optimal pH for caproate production using an automated pH controller, as a lower
pH could lead to product toxicity. The amount of NaOH required was estimated by
calculating the amount of proton formation, based on the amount of caproate produced and

the microbial metabolism of Clostridium kluyveri, a known chain-clongating bacterium® *'.
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The effluent of CE contains about 12.6 g/L caproate, and the caproate yield is about 0.5g
COD/gCODwaSmJ,cthaml”. Biogas is produced during both BAc and CE, and, currently, the
resulting biogas is not collected for any application. Considering the origin of the feedstock,
the CO, emission in the biogas during BAc and CE could be attributed to biogenic carbon
emission that does not contribute to global warming. CH4 emission during BAc and CE, on
the other hand, is accounted as a Greenhouse Gas (GHG) emission.

The effluent of CE goes through downstream processes; including the liquid-solid
separation (LSS), the chemical acidification (CAc), the liquid-liquid extraction (LLEx) and
distillation (Ds). LSS is carried out using a centrifuge and the pellet is disposed of. The
supernatant enters CAc in which hydrochloric acid is added to lower the pH of the
supernatant to 4.9. Low pH enhances the protonation of caproate into caproic acid which can
then be extracted. This extraction takes place by mixing the solvent with the effluent from
CAc. During the mixing, part of the caproic acid transfers from the aqueous phase to the
solvent phase. The fraction of the caproic acid entering the solvent phase is based on the
distribution coefficient. Several extraction solvents were examined for their distribution
coefficients in the literature, e.g. ethyl caproate’ and petroleum ether”. To our best
knowledge, the life-cycle impact of both ethyl caproate and petroleum ether have not been
reported so far. The life-cycle impact of ethyl acetate is used for simulating the life-cycle
impact of ethyl caproate. Ethyl acetate itself was also used for the extraction of propionic acid
in a biorefinery system that is similar to the present study™. After LLEX, the solvent phase is
distilled to recover both the caproic acid in a high purity form as well as the reusable solvent,

while the distillate enters the wastewater treatment system.

2.2.3. Sensitivity analysis and comparison to other studies

A sensitivity analysis was performed to evaluate the sensitivity of the life-cycle

environmental impacts of the alternative materials/data sources. The analysis was carried out
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by using alternative data sets (see SI2 Table S2.4 for details). The three study cases, i.e. Lo,
LS and PS, were used as baselines for the sensitivity analysis. In addition, the results of the
LCA are compared to other studies published in the literature that address the life-cycle

impact of treating organic waste with mixed culture biotechnologies.

Solid residue Wastewater Distillate
+ ) Pellet to be
Biogas Biogas disposal Reusable
T T T extraction solvent
- Biological Chain Liquid-Solid Chemical leqﬁjg‘ Distlation | Caproic acid
wgas te —»| Acidification |-t Elongation [# Separation [t Acidification [t Extgicti(m | Dy P1 -
(BAc) (CE) (LSS) (CA) (LLEx) o
Water for Ethanol Electricity HCl1 Extraction HT .
dilution * for * solvent .
+ NaOH centrifuge Electricity +
Electricity + .
co, Electricity
+
Electricity
BAc effluent: CE effluent: Supernatant CAc effluent: Caproic acid
SCFAs and/or caproate, from LSS: Caproic acid, + ‘
ethanol SCFAs and caproate, SCFAs SCFAs and Extraction
ethanol and ethanol ethanol solvent

Figure 2.1. The gate-to-product life cycle of caproic acid production assessed in this study.
The life cycle starts at a mixed organic waste arriving at the caproic acid production site and

ends at the caproic acid produced at the production site.

2.3. Results and discussion

2.3.1. The life-cycle impacts

Figure 2.2 shows the sum, as well as the breakdown, of the overall life-cycle impacts of
caproic acid production from mixed organic waste via chain elongation. The ethanol use in
chain elongation (CE) is the most dominant cause of environmental impact throughout all
cases and impact categories assessed. The use of NaOH and HCI for neutralising pH also

contributed considerably to all three impact categories assessed throughout the three cases. In
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Case LO (OFMSW in lab-scale system) and LS (SFW in lab-scale system), the extraction
solvent used in the liquid-liquid extraction (LLEX) process was the most dominant
environmental impact source. In Case LO, the solid waste management had a considerably
higher contribution to the life-cycle impact than Case LS and PS (SFW in pilot-scale system),
due to the type of organic waste used as a substrate and the type of biological acidification
(BAc) used.

A large quantity of ethanol (1.8 kg/f.u. in Case LO and 1.5 kg/f.u. in Case LS and PS) was
added during CE as an essential substrate for high-rate, caproic acid production from organic
waste via chain elongation. It serves as both a carbon source and as an electron donor, which
provides energy for the chain-elongating microorganisms™. The environmental impacts of
the added ethanol account for at least 20% of the total life-cycle impacts for all impact
categories in all cases. More than half of the impacts of the added ethanol originate from the
feedstock production, i.e. production of corn grains®. The use of 1 kg of corn-based
bioethanol gives 1.6 kg CO,-eq GWP, of which 0.9 kg CO,-eq GWP (56%) resulted from the
production and transportation of the corn grain. For AP and EP, 75% and 78% of the overall
impact of 1 kg of corn-based bioethanol are associated with the production of corn grains
respectively. The high AP and EP are related to nitrogen and phosphorus emissions from the

soil due to fertiliser application during cultivation®.
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Figure 2.2. The gate-to-product life cycle impact of 1 kg of caproic acid produced through
chain elongation. Results are shown for Global Warning Potential (GWP), acidification
potential (AP) and eutrophication potential (EP) for each process used (in bold; see Figure

2.1) in each case (Case LO, LS and PS; see section 2.2.2 and Table S2.3).

There are three potential strategies for reducing the environmental impacts of ethanol
addition. As the ethanol production system is beyond the system boundary of the present
study, we therefore only discuss improvement strategies that can be implemented within our
system boundaries. The first strategy is to stimulate the in-situ ethanol formation within the
organic waste during BAc. The ethanol consumption (1.8 kg/f.u.) and the ethanol

concentration (19.3 g/L) required for caproic acid production in all cases were assumed to be
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the same. However, the amount of ethanol addition in Cases LS and PS is lower than that in
Case LO, because there is in-situ ethanol formation (up to 5.3 g/L; around 0.5 kg/f.u.) during
the BAc of SFW. In contrast, during the BAc of OFMSW, there is hardly any in-situ ethanol
production®. The higher ethanol addition in CE in Case LO consequently increased the life-
cycle impacts. Substrate composition®’, pH* and headspace hydrogen partial pressure® are
parameters that can affect the in-situ ethanol production during BAc®”**. In SFW, there were
likely more carbohydrates that are easily fermented into ethanol compared with OFMSW™.
During the BAc of OFMSW and SFW, the pH was similar (between 5 to 5.5), and the
hydrogen partial pressure in the headspace were not reported. Potential strategies that can
stimulate in-situ ethanol production during BAc may be further investigated.

The second strategy for reducing the ethanol addition is to improve the accuracy of the
ethanol dose. Based on the currently known stoichiometry of the chain elongation reaction®”
1 2.4 moles of ethanol and 1 mole of acetate is used to produce 1 mole of caproate. This
means that the production of 1 kg of caproic acid, i.e. 1 f.u., requires 0.9 kg of ethanol (pure)
in the most ideal condition, which is half of the totally available ethanol (i.e. the sum of the
added ethanol and in-situ ethanol formation) in all study cases. In other words, about half of
the ethanol supply in CE in this study does not end in the final product. The ethanol that is
not used for chain elongation to caproic acid either remains in the CE effluent, which is
wasted, or it is consumed by other reactions during CE, e.g. excessive ethanol oxidation to
acetate and hydrogen that is not associated with chain elongation. This means that there is
still room for reducing the ethanol addition via precisely controlling the ethanol dose during
CE. The third strategy is to employ a substitute for ethanol in CE. Hydrogen, renewable

electricity42, methanol” 91, lactate™

and ethanol from more renewable sources, e.g. syngas
fermentation broth, have been used to substitute the current ethanol use in CE*, though they

are still in an early stage of development.
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The use of NaOH and HCI for neutralising pH contributed considerably to all three impact
categories assessed throughout the three cases. This is mainly due to the electricity used
during the NaOH and HCI production process, i.e. the electrolysis of brine or so-called
chloralkali process. The use of NaOH during the anaerobic fermentation of organic waste for
propionic acid production was reported to contribute 11% of the overall GWP®, which is
similar to the result of this study. The use of this base cannot be omitted if a high rate caproic
acid production is targeted, as the pH drop induced by caproic acid accumulation inhibits the
microbial activities. Continuous removal of caproic acid from the fermentation broth inside
the CE bioreactor, e.g. via an in-line liquid-liquid membrane extraction, may help reduce the
use of NaOH?’. A combination of the in-line extraction system and an in-line membrane
electrolysis for the caproic acid recovery can even further avoid the external supply of HCI in
the chemical acidification (CAc) process, as the protons required to extract the caproic acid
are produced in the electrochemical system®?. However, such a system would require several
membranes, which are manufactured via energy-intensive processes’> and have to be replaced
regularly. The trade-off between the additional impacts due to the use of membranes and the
impact reduction due to the avoided use of NaOH and HCI should be carefully evaluated.

Case PS has a much lower life-cycle impact compared with Case LO and LS, mainly due
to the recovery of a large portion of the extraction solvent (99% in Case PS versus. 90% in
Case LO and LS). In the lab-scale system, the extraction solvent loss during the LLEx and
distillation (Ds) processes was assumed to be about 5% of the total added solvent for each of
the two processes. A 90% solvent recovery was, therefore, assumed. This estimation was
made to give the worst-case scenario. Based on this assumption, the extraction solvent
consumption was the largest contribution to the life-cycle impacts in Cases LO and LS. This
was due to both the high demand for solvent replenishment (1.7 kg/f.u.) and the high life-

cycle impacts of the extraction solvent®'. According to ChainCraft B.V., a solvent recovery
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efficiency up to 99% is feasible in the pilot-scale system. A similar solvent recovery
efficiency, i.e. 98.5%, was also assumed to be feasible in a previous study on a similar
downstream process system that recovers propionic acid from the fermentation broth™. If the
solvent recovery efficiency can be up to 99%, the life-cycle impacts as well as the impact
generated by the solvent consumption can be reduced significantly, as shown in the impact of
LLEx in Case PS (Figure 2.2). However, the actual environmental impact that arose from the
solvent consumption is quite uncertain and requires further investigation. This is because the
distillation has not been performed in the lab-scale system, and the LLEx performed in the
lab-scale system is not yet well developed. In addition to the quantity of the solvent
consumed, the data quality of the solvent is another uncertainty. In the current study, the life-
cycle impact of ethyl caproate was simulated by using the life-cycle impact data of ethyl
acetate derived from Ecoinvent 3. In Ecoinvent 3, the acetate required for manufacturing
ethyl acetate is mainly produced from syngas, which is derived from the partial combustion
of heavy fuel oil or coal, which are fossil-based. This combustion process contributed a large
portion of the life-cycle GWP and AP of ethyl acetate. However, more environmentally
sustainable acetate manufacturing processes using CO, or organic waste as substrates are
under development, the use of which may reduce the life-cycle impact of ethyl acetate
considerably’. Alternatively, the environmental sustainability of different types of extraction
solvents; e.g. biodiesel derived from residual kitchen oil”” or extraction process, e.g. an in-

37, 66 I . 75
’ an in-line membrane electrolysis”™ and an

line liquid-liquid membrane extraction
electrodialysis with a bipolar membrane®, that have been applied to recover caproic acid
should also be investigated. However, these separation techniques have only been
demonstrated in lab-scale systems.

The overall life-cycle impact of using OFMSW as a feedstock (i.e. Case LO) is higher than

using SFW as the feedstock (i.e. Case LS and PS) throughout the three impact categories
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assessed. This is mainly due to the large quantity of solid waste that remains after the BAc
process and the higher ethanol addition in CE in Case LO. A large quantity of solid waste
(33.3 kg/fu.) remained after the dry anaerobic digestion of OFMSW, due to the high
lignocellulosic content in the OFMSW (90% volume-to-volume garden waste) that was
difficult to be biologically degraded. The lignocellulosic fraction of the OFMSW may have to
be pre-treated to be effectively degraded, which was not employed in the previous chain
elongation study (from which we obtained the data). However, the application and selection
of the pre-treatment methods have to be carefully evaluated as the application of pre-
treatments before anaerobic digestion (BAc in this study) can increase the life-cycle impact,

especially the eutrophication potential as well as the life-cycle cost’.

2.3.2. Sensitivity analysis

Corn-based bioethanol was reported to have a poorer environmental sustainability,
especially in GWP and nutrient use efficiency, compared with other crops like sugarcane”.
Sugarcane bioethanol is a potential alternative to corn ethanol as it is already commercially
available at a large production scale °’. In the SA (Table 2.1), the use of sugarcane bioethanol
in CE reduces the life-cycle GWP considerably. Sugarcane bioethanol was reported to have a
considerably lower GHG emission rate compared with other crop-based bioethanol from

different feedstocks’® %

. This is likely due to the climate conditions where it grows and the
properties of the crops. It is reported that, in general, temperate annual crops (like corn) have
a lower productivity and net energy production compared with perennial crops growing in
tropical zones (e.g. sugarcane in Brazil)’® *°. Given the same amount of plantation area,
sugarcane in the tropical zone could yield up to two times more bioethanol than corn in the

temperate region’’. After replacing corn ethanol with sugarcane ethanol, the life-cycle GWP

of all cases decreased significantly (>12%), while the life-cycle AP and EP remained similar.
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When using a fossil-based ethanol (produced via hydration of ethylene) instead of a crop-
based bioethanol, the environmental impact is lower, especially for the AP and EP (Table
2.1). The reduction in AP and EP by using fossil-based ethanol was anticipated, as this had
already been reported in several previous studies, mainly due to nutrient leaching and
fertiliser application during the crop cultivation'™ *’. On the other hand, GWP of fossil
ethanol is lower than that of corn ethanol. This corresponds to the outcome of previous
studies”® *” but is intuitively contradictory. A key reason for this may be the exclusion of the
end-of-life of ethanol. When the end-of-life of ethanol is not included, fossil ethanol has a
similar or, in some cases, lower life-cycle GWP compared to other crop bioethanol. However,
when the end-of-life is included, bioethanol could have a lower GWP than fossil ethanol,
because part of the carbon emission could be counted as biogenic carbon emission’’. For
fossil ethanol, all carbon emissions in the use phase and the end-of-life phase are accounted
for as non-biogenic carbon that contributes to the GWP, regardless of the purpose of the
ethanol use. However, for crop bioethanol, the purpose of the ethanol use has a substantial
influence on the GWP associated with the end-of-life of bioethanol. If bioethanol is used as a
fuel and combusted, most of the carbon emitted is in the form of biogenic CO; that does not
have any GWP. In the case that bioethanol is not combusted but used as an additive or
precursor to chemicals, e.g. caproic acid in the present study, part of the bioethanol will end
up in the water phase and eventually form methane via biological degradation (e.g. anaerobic
digestion), which cannot be counted as a biogenic emission and thus contributes to GWP'®.
In the present study, the end-of-life of the ethanol is not yet included, as the end-of-life of
caproic acid is not within the system boundary (due to the various potential applications of
caproic acid). In the future, when the life cycle of caproic acid production via chain
elongation is assessed for a specified application, the feedstock as well as the end-of-life of

the ethanol should be carefully addressed.
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Lignocellulosic bioethanol is an alternative ethanol source that is becoming increasingly
available in Europe™. As shown in Table 2.1, the use of lignocellulosic bioethanol produced
from grass has a clear reduction on the life-cycle GWP, but the use of it increases the life-
cycle AP. The higher AP could be attributed to the steam (i.e. heat) used to pre-treat the grass
to yield higher ethanol production. The chemical, e.g. sulfuric acid, used for pre-treating
lignocellulosic biomass could also be one of the main causes for the high life-cycle AP'"".
Overall, based on the present study, the use of lignocellulosic bioethanol does reduce the life-
cycle GWP but not the life-cycle AP and EP.

Reducing ethanol addition is another potential improvement strategy, as discussed in
section 2.3.1. Based on the stoichiometry of the chain elongation reaction, the maximum
possible ethanol reduction (in the form of a 95% ethanol solution) is about 1 kg/f.u. for all
cases. This reduction in ethanol dose leads to a substantial reduction of all life-cycle impacts
throughout all cases, especially in Case PS where the ethanol use dominates the life-cycle
impacts. The ethanol use efficiency, as well as the possible reduction on ethanol addition in
CE, have not yet been specifically addressed in previous studies on chain elongation, to
authors’ best knowledge. Regarding the potentially substantial reduction of the life-cycle
impacts, it is advised to study the maximal feasible reduction on ethanol addition.

The use of mineral oil as the extraction solvent was investigated in internal experiments,
which had a similar extraction performance as the ethyl caproate (Data not shown). In SA,
the use of mineral oil decreases all life-cycle impacts in all cases, except for the life-cycle AP
in Case PS. Mineral oil is a by-product from oil refinery with a low economic value. Due to
its low economic value, the life-cycle impacts allocated to mineral oil is low compared with
other products produced from the oil refinery. This may be the reason why the use of mineral
oil in chain elongation leads to a lower life-cycle impact. However, it should be kept in mind

that mineral oil is still a fossil-based material which is considered a non-renewable resource.
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Moreover, even in the case that mineral oil is used as the recovery solvent, the contribution of
solvent use to the life-cycle impacts in Cases LO and LS is still considerably high. The
solvent recovery efficiency still has a greater influence on the environmental impact

associated with the use of extraction solvent.
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Table 2.1. Overview of the results of the sensitivity analysis. The change of the life cycle

impact due to the usage of alternative material/dataset is presented in terms of the percentage of

the life cycle impact derived from the baseline cases.

Case LO

GWP

AP

EP

Case LS

GWP AP

EP

Case PS

GWP AP

EP

Baseline (kg
C0,/S0»/PO4
eq per f.u.)

14.6

0.08

0.05

12.34  0.07

0.04

8.66  0.04

0.03

Use of
sugarcane
bioethanol,
Brazil

112%

1%

1%

112% 1%

1%

7% 2%

1%

Use of fossil-
based ethanol,
EuropeJr

15%

114%

115%

15%  115%

117%

17%  123%

120%

Use of
lignocellulosic
bioethanol
(from grass),
Europe

110%

15%

0%

19%  15%

0%

113%  18%

0%

Precise control
of ethanol dose

during CE (50%

ethanol dose
reduction)

110%

111%

110%

113%  |15%

116%

119%  |24%

119%

Mineral oil as
the extraction
solvent

111%

12%

112%

113%  12%

117%

12% 0%

12%

NaOH
alternative
data'”

15%

112%

17%

14%  111%

17%

16%  |17%

18%

TExcluding end-of-life emissions (e.g. CO, during combustion), which are usually for fossil
ethanol considerably higher than for bio-ethanol depending on the applications.

39




Chapter 2

2.3.3. Comparison with other studies

Comparing the LCA outcome of this study with other competing technologies is of use to
benchmark the technology assessed in this study. There are three ways to compare the
outcome of this LCA, i.e. the life-cycle impact of caproic acid, with other studies. One is to
compare it to other LCAs for caproic acid production processes using feedstocks other than
organic waste. However, such LCAs are not available to authors’ current knowledge. The
second is to compare it to LCAs of other novel products from organic waste via emerging
biotechnologies, e.g. polyhydroxyalkanoates (PHA). The third and final way is to compare it
to LCAs for other current ways of organic waste treatment (composting, anaerobic digestion,
combustion, etc.). Henceforth, we use PHA and anaerobic digestion as two examples for
comparing and reflecting our LCA.

Gurieff and Lant (2007) reported an LCA study for PHA that can be used to compare with
the present study'”. The other LCA studies for PHA mostly used either a more homogenous
waste stream or a pure-culture bioprocess'*’. In Gurieff and Lant (2007), a 20 g-COD/L
mixed wastewater stream from the food industry was used to produce PHAs, using a mixed
culture under a non-sterile condition. They report that the life-cycle GWP of PHA from a
mixed wastewater stream is about 20.4 kg CO,-eq/kg PHA or 3.92 kg CO,-eq/kg-CODfeeq
(excluding the environmental benefits of displacing fossil-based polymers). In Case PS of
this study, the life-cycle GWP of caproic acid is about 8.7 kg CO»-eq/kg caproic acid or 2.3
kg CO»-eq/kg-CODxeeq (based on the COD in the SFW), which is lower than that of PHA
reported by Gurieff and Lant (2007). The main reason to exclude the environmental benefits
of PHA is due to the uncertain application of caproic acid. When the environmental impact of
displacing an existing fossil-based polymer is accounted for, the PHA production from the
mixed wastewater has a negative environmental impact, i.e. it gains environmental benefits
while treating the wastewater. It is therefore recommended to identify a specific application

of caproic acid in future LCA studies to effectively evaluate the environmental credentials for
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caproic acid. An example can be the use of caproic acid as a feed additive, which improves
the feed conversion efficiency and the health of livestock®”. In this case, caproic acid can
obtain environmental credentials by saving animal feed due to the higher feed conversion
efficiency. Another interesting fact of this comparison (caproic acid versus PHAs) is the
respective environmental impact hot-spots of both systems; namely the ethanol use in the
caproic acid production and the electricity use in the PHA system for the downstream
processes'® % As the environmental impacts from electricity use can be significantly
reduced by introducing renewable electricity, the life-cycle impact of PHA production via a
mixed culture bioprocess can be significantly reduced by employing a cleaner electricity'™*.
In contrast, ethanol use in caproic acid production is currently inevitable, though the ethanol
dose may be significantly reduced. The development of alternative electron donors for chain
elongation is of importance to improve the life-cycle environmental performance of the
caproic acid production via chain elongation.

Anaerobic Digestion (AD) has been implemented for treating organic waste, which yields
biogas as a by-product. According to a recent LCA of a large-scale AD on OFMSW, treating
1 kg of municipal organic waste via AD generates 0.056 kg CO,-eq/kg OFMSW

(recalculated from Evangelisti ez al. (2014)'%

), excluding the avoided environmental burden
of the produced biogas. Assuming that the OFMSW used in this AD study has a similar COD
concentration as the OFMSW wused in our study (0.55 kgCOD/kg OFMSW), the
environmental impact of this large-scale AD treating OFMSW is about 0.1 kg CO;-eq/kg
CODopmsw, considerably lower than that in Case PS. A similar result was reported by Gurieff
and Lant (2007) when they compared the PHA production and AD for treating a mixed food
industrial wastewater without crediting the end-products'®. The system scales may be a

factor contributing to the significant difference in the environmental performances of these

bioprocesses. It is known that lab-scale and pilot-scale systems, e.g. this study and the PHA
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production'®, may have lower yields than commercial-scale systems such as large-scale
AD®* % On the other hand, after giving environmental credentials to the product, the PHA
production appears to be a more environmentally sustainable option for managing organic

103

waste than AD . We anticipate the same outcome after the caproic acid is credited for the

environmental impacts it avoided by using chain elongation production process.

2.3.4. Outlook

In this study, an LCA was performed to quantify the life-cycle impact of caproic acid
production from organic waste via chain elongation. The LCA result shows that ethanol use
was the most dominant source of environmental impact over the life cycle, especially when
the recovery efficiency of the extraction solvent is higher, i.e. in Case PS. However, the
recovery of, and the LCI data on, the extraction solvent was found to be a crucial uncertainty
that can have a substantial influence on the life-cycle impact of caproic acid production. The
sensitivity analysis shows that improving the precision of the ethanol dose can considerably
improve the environmental performance of caproic acid production. It is recommended for
future chain elongation studies and the industrial producers of caproic acid, to study the use
of alternative electron donors to ethanol, and to evaluate the potential reduction of ethanol
use in chain elongation without compromising the caproic acid production. The comparison
of this study with other waste valorisation biotechnologies further strengthened the necessity
of replacing, or reducing, ethanol use in chain elongation. Moreover it is advised, for future
LCA studies to identify an application for caproic acid. This is useful as it gives caproic acid

an environmental credential and enables further evaluation of its environmental performance.
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AP
BAc
CAc
CE
CHy4
CO,
COs-eq
Ds

EP

fu.
GHG
GWP
HCI1

kg
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LCI
LCIA
LLEx
LSS
MCFA
NaOH
OFMSW
PO -eq
SCFA
SFW
SO;-eq

acidification potential
biological acidification
chemical acidification
chain elongation

methane

carbon dioxide

carbon dioxide equivalent
distillation

eutrophication potential
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greenhouse gases

global warming potential
hydrochloric acid
kilogram

life cycle assessment

life cycle inventory

life cycle impact assessment
liquid-liquid extraction
liquid-solid separation
medium chain fatty acids
sodium hydroxide
organic fraction of municipal solid waste
phosphate equivalent
short chain fatty acids
supermarket food waste
sulfur dioxide equivalent
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Support Information for Chapter 2 (SI2)
Summary

In this support section, information used during the performance of the Life Cycle
Assessment (LCA) in the present study is documented. In Table S2.1, information used to
formulate the Life Cycle Inventory (LCI) of 1 kg caproic acid production from organic waste
via chain elongation is shown. This includes the process parameters, data sources and
additional remarks/assumptions for each process involved in the life cycle. In Table S2.2, the
information required to calculate the Life Cycle Impact Assessment (LCIA) of 1 kg caproic
acid production from organic waste via chain elongation is documented. Note that the LCIA
data derived from the Ecoinvent 3 database was altered in some cases to fit the actual
condition of the assessed system. An example is the CO, emission in the solid waste
incineration in the Netherlands; in Ecoinvent 3, 65% of CO, emission from the incineration
of solid waste is biogenic, and the rest (35%) is non-biogenic by default. Considering the
waste generated during the chain elongation process mostly resulted from domestic kitchen
waste, gardening waste and supermarket food waste, CO, emissions from the incineration of
solid waste has been modified into 100% biogenic. Table S2.3 presents the overview of the
comparison between the assessed cases, i.e. Case LO, Case LS and Case PS. Table S2.4

shows the cases and parameters used for sensitivity analysis.

Notes for internal reports (IR)

Data and information from four internal reports (IR) were used for supporting this LCA
work, as mentioned in the following tables. These IRs are not included in this thesis book; to
access these IRs, please contact the Sub-department of Environmental Technology (ETE),
Wageningen University & Research. The IRs used in this work are listed below with their

corresponding nmebers:
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IR1- 2014- Michael- Chain elongation of propionic acid, MSc thesis;
IR2- 2015- De Jong- Granulation in chain elongation, MSc thesis;
IR3- 2010- kuiper- MCFA recovery from fermentation broth, MSc thesis;

IR4- 2014- Vermeer- Selective Extraction of MCFA, MSc thesis.
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Table S2.1. Overview of the parameters used in each process of the assessed system, i.e. gate-to-

product life cycle of caproic acid production from organic waste via chain elongation.

Process Process parameters Source
Biological ~ Hydraulic Retention Time (HRT) = 7 days® for organic fraction of
Acidificatio municipal solid waste
n (BAc) Dilution factor = 0.6 L water’kg OFMSW or 0.8 L (OFMSW)
water/kg SEW".
i Internal experiment data
Yleld (OFMSW)C = 004 gCODSCFA/gCODWaSte for Supermarket food
. ¢ waste (SFW); see
Yield (SFW)" = 0.2 gCODgcra/gCOD st internal report 1 (IR1)
and IR2 attached in this
submission.
Chain HRT = 11 hours *for OFMSW
Elongation .
(CE) Yield OFMSW)* = 0.5 Internal experiment data
2CODcaproate/ (gCODSCFA+gCODEthanoI) for SFW; see IR 1 and
IR2.
Yield(SEW)? = 0.5
gCODCaproate/(gCODSCFA+gCODEthanol)
Require CO,° =4.60 ml per g CODcaproate
Require NaOH' = 0.36 g per g CODcaproate
Liquid- Total solids = 5 wt% of CE effluent, disposed. Assumption.
Solid
Separation
(LSS)
Chemical HCI addition® = 0.75 ml HCl (37%; 12M) per g Based on calculation and
Acidificatio  CODcaproate assumption.
n (CAc)
Liquid- The caproic acid extraction efficiency is defined as the Steinbusch et al. 2010 *
Liquid ratio between the amount of caproic acid entering the ]
Extraction  solvent phase and the amount of caproic acid available Internal — experimental
(LLEx) in the aqueous phase before extraction, i.e. the data (IR3 and 1R4)

fermentation broth, this is described as the formula
below:

Extraction efficiency = HCgo /HC,g;i ,

where HC = the amount of caproic acid, Sol= solvent
phase, aq = aqueous phase, f = final (after extraction), i

46



LCA of microbial chain elongation

= initial (before extraction).

The amount of solvent (V) required for reaching a
specific caproate extraction efﬁciencyh can be
calculated as described below:

[HC]so=D*[HCl.q,

where [HC] = Concentration of caproic acid, D = the
distribution coefficient of a compound between two
liquid phases. Assuming that no chemical reaction
occurs during the extraction, and the total amount of
caproic acid is a constant, the formula above can be
further expanded as below:

HCso1.¢/ Vol = D*Hcaq,f/vaq = D*(Hcaq,i - HCsol,f)/Vaq

By reorganising this formula, the extraction efficiency
can be expressed as below:

Extraction efficiency = HCgq#HCyi = 1/
(1+Vag/Vso/D)

As Vaq and D are known, the amount of solvent
required for achieving a specific extraction efficiency
can be calculated. Subsequently, the amount of caproic
acid extracted into the solvent can aslo be calculated.

The diffusion coefficient of caproate between acidified
CE broth (pH=5) and ethyl caproate is around 22,
based on the previous study.

Lab-scale process: 95 wt% solvent is reused; 5 wt%
solvent is lost during extraction.

Pilot-scale process: 99.5 wt% solvent is reused; 0.5
wt% solvent is lost during extraction.

Calculated based on the solubility of ethyl caproate
(i.e. 0.629 g/L;
http://www.ymdb.ca/compounds/YMDBO01381,
accessed on 22nd Sep 2016). In the pilot-scale system,
all ethyl caproate is assumed to be recovered, except
for those dissolved, which is approximately 0.5 v/v%
of the total solvent added. In the lab-scale system, the
solvent loss is assumed to be 10 times higher than in
the pilot-scale system, which is about 5 v/v% of the
total solvent used.

Assumption.

Distillation
(Ds)

Assume the caproic acid in the solvent phase was fully
recovered.

Assumption

Lab-scale process: 95 wt% solvent is reused; 5 wt%

Assumption
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solvent is lost during distillation.

Pilot-scale process: 99.5 wt% solvent is reused; 0.5
wt% solvent is lost during distillation.

a. Longer HRT (21 days) was tried and resulted in 3 times higher VFA concentrations™.
However, considering the process feasibility, an HRT of 7 days is used in this LCA.

b. Dilution factors taken from the literature® and internal experiments. The former used dry
anaerobic digestion and the latter used wet anaerobic digestion. Moreover, the solid contents of
OFMSW and SFW were different. The amounts of water added for dilution is therefore subject
to the feedstock used.

c. SCFAs include mainly acetate and butyrate. The yield was calculated from the experimental
data from the literature®® and from the internal experiment.

d. CODghanot = [Ethanol] (19.3 g/L)*2.1 gCOD/gEthanol = 40.5 gCOD/gEthanol.L. CODcaproate
= [Caproate] (12.6 g/L)*1.9 gCOD/gCaproate = 23.9 gCOD/gCaproate.L.

e. 240 ml gaseous CO, was fed into the chain elongation bioreactor every day. Regarding the

HRT for the chain elongation bioreactor (11 hours), around 52.23 gCOD caproate was produced
39

per day”".

f. Based on the metabolism, 2 moles of protons result from the production of 220.4 gCOD
caproate (1 mole)*® *'. NaOH, which is required to ensure pH stability of the whole reactor, is
not included as we assume the reactor has certain pH-buffer capacity.

g. 1 mole of caproate requires 1 mole of HCI to be acidified into caproic acid, which means 4.5
ml HCI (IM) per g CODcaproate is required for CAc. This number is multiplied by 2 to give
sufficient protons to lower the pH of the solution (i.e. for other MCFAs but preferably not
SCFAs) and to overcome the buffer capacity of the solution.

h. Extraction efficiency is limited by the distribution coefficient of the solvent used
(concentration in solvent phase v.s. concentration in aqueous phase). For ethyl caproate, this is
assumed to be 22 when pH of the solution is around 4.9,
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Table S2.2. The overview of the activity; material and energy used, as well as their purpose of

use and data sources for calculating the LCIA in this study.

Activity/Material Unit Purpose of use Comment/Data source (in
/Energy Ecoinvent 3 or otherwise
specified)
Solid waste per kg Treat the solid residue from Municipal solid waste {NL}|
management BAc, CE, LSS & Ds in Case treatment of, incineration | Alloc
LO and LS. Def, U. The biogenic CO, content

in the total CO, emission is set as
100% instead of 65% (the default
value in Ecoinvent 3)

per kg Treat the solid residue from Biowaste {RoW}| market for |
BAc, CE, LSS & Ds in Case Alloc Def, U
PS, as ChainCraft advised.

Wastewater per L Treat the wastewater from Wastewater, from residence
treatment LLEx & Ds. {RoW}| treatment of, capacity
1.1E10l/year | Alloc Def, U
Heat from per MJ  Heat up bioreactors. Heat, in chemical industry
natural gas {RER}| market for | Alloc Def, U
Electricity per MJ  For operation of apparatus and  Electricity, low voltage {NL} |
bioreactors. market for | Alloc Def, U

Ethyl caproate ~ per kg Extraction solvent in LLEx in  Ethyl acetate {GLO}| market for |
all baseline cases. Alloc Def, U

Use the data for ethyl acetate as a
simulation due to the lack of data
for ethyl caproate.

per kg For sensitivity analysis. White mineral oil, at plant/RNA

Hydrochloric per kg Protonation of caproate into Hydrochloric acid, without water,

acid carpoic acid. in 30% solution state {RER}|
market for | Alloc Def, U

Carbon dioxide  per kg Essential substrate for Carbon dioxide, liquid {RER}|

(Liquefied) supporting microbial growth ~ market for | Alloc Def, U

in CE.

Sodium per kg Base for neutralisation of pH  Neutralising agent, sodium

hydroxide in BAc and CE. hydroxide-equivalent {GLO}|

(NaOH) market for | Alloc Def, U
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Ethanol

Water

per kg

per kg

per kg

per kg

per kg

per kg

A more recent LCA study on
NaOH (2013) for sensitivity
analysis. The data from
Ecoinvent 3 was published in
2007, with the process data
collection occurring before
2007.

Essential substrate for CE in
all baseline cases.

Sugarcane bioethanol for
sensitivity analysis.

Fossil-based ethanol for
sensitivity analysis.

For sensitivity analysis.

Dilution.

. 102
Literature

Ethanol, without water, in 95%
solution state, from fermentation
{RoW}| ethanol production from
maize | Alloc Def, U

Ethanol, without water, in 95%
solution state, from fermentation
{BR}| ethanol production from
sugar cane | Alloc Def, U

Ethanol, without water, in 99.7%
solution state, from ethylene
{RER}| ethylene hydration |
Alloc Def, U

Ethanol, without water, in 95%
solution state, from fermentation
{CH}| ethanol production from
grass | Alloc Def, U

Water, deionised, from tap water,
at user {GLO}| market for | Alloc
Def, U
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Table S2.3. The setup of the three cases assessed in the present study. L refers to lab-scale

and P refers to pilot-scale. O refers to organic fraction of municipal solid waste (OFMSW),

and S refers to supermarket food waste (SFW).

Case LO

Case LS

Case PS

Feedstock

BAc process

Solvent recovery efficiency

Solid waste management

OFMSW, 90%
gardening waste +
10% kitchen food
waste

Dry anaerobic
digestion

90%

Incineration with
heat recovery

SFW, 100% food
waste from

supermarket food
processing chain

Wet anaerobic
digestion

90%

Incineration with
heat recovery

SFW, 100% food
waste from
supermarket food
processing chain

Wet anaerobic
digestion

99%

Anaerobic
digestion with
energy recovery
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Table S2.4. Overview of the cases used in the sensitivity analysis of this study and the

description of the parameters used.

Cases/parameters Description Reference

Baseline case The life-cycle impacts of the caproic acid ~ This study
production from organic waste in Case
LO, LS and PS assessed in this study.

Ecoinvent 3 (Ethanol,
without water, in 95%
solution state, from
fermentation {BR}| ethanol
production from sugar cane
| Alloc Def, U)

Use of sugarcane Alternative source for bioethanol
bioethanol, Brazil

Use of fossil-based  Alternative source for bioethanol
ethanol, Europe'

Ecoinvent 3 (Ethanol,
without water, in 99.7%
solution state, from
ethylene {RER}| ethylene
hydration | Alloc Def, U)

Use of Alternative source for bioethanol Ecoinvent 3 (Ethanol,

lignocellulosic
bioethanol (from
grass), Europe

without water, in 95%
solution state, from
fermentation {CH}| ethanol

production from grass |
Alloc Def, U)

Precise control of Assumption of the minimal ethanol Seedorf et al. 2008*'
ethanol dose during  required to maintain the same caproate
CE (50% ethanol production rate as in the baseline

scenarios. The assumption is based on the
microbial reaction stoichiometry of
Clostridium kluyveri converting acetate
and ethanol to caproate.

dose reduction)

Mineral oil as the Mineral oil was used in the internal Internal experiments (IR3
extraction solvent experiments as an extraction solvent for  and IR4).
caproic acid, which has a similar
extraction performance to ethyl caproate.
The LCI data was derived from
Ecoinvent 3.

Ecoinvent 3 ( White
mineral oil, at plant/RNA)

NaOH alternative The use of a more recent LCI data setto ~ Thannimalay et al. 2013'%*

data assess the possible reduction on life-cycle
impact of NaOH with the improved
production process.
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TExcluding end-of-life emissions (e.g. CO, during combustion), which are usually for fossil-
based ethanol and are considerably higher than for bio-ethanol, depending on the applications.
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Chapter 3. Methanol chain elongation for

butyrate and caproate production

ABSTRACT

Microbial chain elongation is an emerging mixed culture biotechnology converting acetate
into valuable biochemicals by using ethanol as an external electron donor. In this study we
proposed to test another potential electron donor, methanol, in microbial chain elongation.
Methanol can be produced through the thermochemical conversion of lignocellulosic
biowaste. Use of methanol integrates lignocellulosic feedstocks and thermochemical
conversion technologies into microbial chain elongation. A proof-of-principle study of
microbial chain elongation using methanol and acetate was performed in both a batch and a
continuous experiment. In the batch experiment, butyrate (4.2 g/L) and caproate (0.1 g/L)
production from methanol and acetate was observed. A mixed culture microbiome taken from
a previous chain elongation reactor fed with ethanol was responsible for the observed organic
acid production. The continuous experiment was performed in an upflow anaerobic
bioreactor (UAB). The hydraulic retention time (HRT) was 36 hours and the operational
period lasted for 45 days. In the continuous experiment, butyrate production (Rate> 1.5
¢/L.day) was observed; the caproate concentration was below the detection limit during the
entire continuous operational period. In both experiments, methanol and acetate were both
substrates contributing to the butyrate production. To the authors’ current knowledge, this
study is the first attempt at a mixed culture fermentation utilising methanol and acetate for
biochemical production. Further research should focus on elevating the butyrate production
rate and concentration in the continuous operation of methanol chain elongation, which may

stimulate caproate formation.

A modified version of this chapter was published as: Chen, W. S.; Ye, Y.; Steinbusch, K. J. J.;
Strik, D. P. B. T. B.; Buisman, C. J. N. Methanol as an alternative electron donor in chain

elongation for butyrate and caproate formation. Biomass Bioenergy. 2016, 93, 201-208.
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3.1. Introduction

Pollution introduced by combustion of fossil fuels has triggered the shift towards using
cleaner and more renewable alternative feedstocks for chemical and fuel production. Organic
waste is a potential carbon resource for chemical and fuel production. Organic waste is non-
fossil based, abundantly available and does not compete with food production. Utilising
organic waste to produce biochemicals and biofuels can offer a win-win solution. The carbon
resource in organic waste is recovered while a contribution to the demand for renewable
chemicals and fuels can be met.

Microbial chain elongation (hereinafter referred to as chain elongation) is a novel mixed
culture biotechnology converting organic waste into precursors of biofuels and
biochemicals*® *”. Chain elongation employs a mixed culture microbiome that converts small
molecules derived from organic waste (e.g. acetate, propionate, CO, and ethanol) into a
group of valuable biochemicals, the so-called “medium chain fatty acids” (MCFAs, saturated
fatty acids containing 6-12 carbons; e.g. caproate, heptanoate and caprylate)’> % 7.
Compared with pure culture biotechnologies, advantages of mixed culture biotechnologies
include: no sterilization requirement, the adaptive capacity to changing conditions owing to
microbial diversity and the capacity to use mixed substrates’’. The product of chain

elongation, MCFAs, can be used as a commodity chemical®” ¢

or serve as a precursor of
various biofuels and biochemicals®® ®> ' Current production of MCFAs relies on plant oils
like coconut and palm kernel oils'”’, both of which are often produced on environmentally
undesired plantations. Such intensive agriculture has many potential environmental
consequences13 including Greenhouse Gas (GHG) emission’, biodiversity loss'®™ and
competition for arable land with food production'"*®. Chain elongation offers a process that

can produce MCFAs with a reduced land footprint depending on its feedstocks. Acetate and

CO; are two essential substrates used in chain elongation. Both acetate and CO, can be
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abundantly produced from wvarious organic waste feedstocks through a biochemical
conversion process like the acidification but without land use requirement™.

Ethanol is also an essential substrate for chain elongation. Currently to carry out chain
elongation either an ethanol-containing waste stream (e.g. corn fermentation beer) is used as
the feedstock’’, or addition of ethanol during the fermentation is required®®. Ethanol
contributes to at least two-third of carbon in the end product of chain elongation, as for
example in caproate”® *'. Currently ethanol is produced mainly from crops like sugarcane and
corn'”. These crops require arable land for their production and, in most cases, are more
costly compared with an organic waste feedstock. Reducing or replacing the use of crop-
based ethanol in chain elongation is of importance in order to further improve the
environmental performance and cost-effectiveness of chain elongation.

Lignocellulosic biowaste is one of the potential organic waste streams that can be used to
reduce or replace the crop-based ethanol use in chain elongation. For example, lignocellulosic
bioethanol can be produced by employing enzymatic hydrolysis and fermentation. This
process is currently under development and it may be commercially available to replace the
sugarcane- and corn-based bioethanol in the near future®. Vasudevan er al. (2014)
demonstrated another possible use of lignocellulosic biowaste in chain elongation. The
synthesis gas produced through thermochemical processing of the lignocellulosic biowaste
was converted into bioethanol through a pure culture fermentation process. The bioethanol
produced from the synthetic gas was then used as the feedstock for chain elongation™.

In this study we investigated another strategy for using lignocellulosic biowaste in chain
elongation: the use of methanol as an alternative electron donor in chain elongation.
Methanol can be produced from synthesis gas or several other waste streams through
chemical processes®. Moreover, the production of lignocellulosic methanol has been

commercialised and implemented™. The use of methanol in chain elongation can expand the
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feedstock range of chain elongation and increase the resource security for the production of
MCFAs.

To use methanol for the biological formation of MCFAs was attempted in four previous
studies using monocultures. Keneally and Waselefsky (1985) blended methanol into the
growth medium of a pure culture Clostridium kluyveri, a known bacterium elongating short
chain fatty acids (SCFAs; saturated fatty acid containing less than 6 carbons) and ethanol into
MCFAs. It was reported, though, that methanol was not metabolised by C.kluyveri. Another
microorganism, Eubacterium limosum, was on the other hand reported to produce small
amounts of caproate from methanol and SCFAs in a pure culture incubation”*> ''°. Genthner
et al. (1981) reported the production of butyrate (35.68mMC; mMC = millimolar carbon) and
caproate (0.78 mMC) from a pure culture E./imosum growing on methanol (50 mMC) and
acetate (60 mMC)>. Lindley et al. (1987) also reported the caproate production with a pure
culture E.limosum growing on methanol (100 mMC), CO, and butyrate (400-1600 mMC)
with a yeast extract supplement (0.5 g/L)*’. Tarasov et al. (2011) lately reported caproate
production from methanol and CO; by a pure culture growth of E./imosum but the actual data
were not given''. So far a mixed culture fermentation converting methanol and SCFAs into
MCFAs has not been reported. Nevertheless, the existence of these pure culture studies
implies the potential feasibility of such fermentation process.

This study investigated the feasibility of using methanol and acetate as the substrates for
chain elongation (Hereinafter referred to as “methanol chain elongation™) to produce butyrate
and caproate. These are typical chemicals produced by chain elongation using ethanol and
acetate as the substrates (Hereinafter referred to as “ethanol chain elongation”). Both batch
and continuous methanol chain elongation experiments were performed. The batch test aimed
at demonstrating the proof-of-principle of methanol chain elongation. Several combinations

of substrates and inoculum were examined in the batch experiments. Following the batch
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experiments, an upflow anaerobic bioreactor (UAB) was set up to demonstrate the feasibility

of the continuous methanol chain elongation.

3.2. Methodology
3.2.1. Batch experiment

Two batch experiments were carried out in this study, the 1% batch experiment and the 2™
batch experiment. The code and experimental conditions of both the 1% and 2™ batch
experiments can be found in Table 3.1. The 1™ batch experiment tested a set of various
combinations of the substrates and inoculum. Two types of inoculum, the mixed culture
inoculum with (+E) or without pure culture Eubacterium limosum (ATCC 8486) addition,
were used in the 1% batch experiment. The mixed culture inoculum was taken from the
fermentation broth of a UAB that was used for performing ethanol chain elongation®>*®. The
E.limosum added was incubated in a pure culture batch prior to the inoculation to ensure its
activity, as further described in the Support Information for Chapter 3 (SI3). The effect of the
addition of methanol (Me) and acetate (Ac) were also examined in the 1% batch experiment.
Two blanks (B and B+E) without methanol and acetate addition were used to estimate the
contribution of the yeast extract to the organic acid formed during the batch experiments.
Yeast extract is a commonly used substance in chain elongation for supporting the microbial
growth2 36:47. 88 111-113,

The 2™ batch experiment was carried out to enrich the biomass for later use, i.e. the
inoculum for the continuous methanol chain elongation experiment. For the 2" batch
experiment, the mixed culture fermentation broth from the MeAc+E was used as the sole
inoculum. MeAc+E had the highest butyrate production from methanol and acetate in the 1*
batch; therefore, it was used as the inoculum for further research. The procedure for preparing
the batch test and the inoculum are documented in the SI3. All batch experiments in the

present study were triplicated.

59




Chapter 3

Table 3.1. Overview of the substrate, the headspace composition and the inoculum used in

both 1 and 2™ batch experiments.

1*" batch 2% batch
Batch Code
B B+E Me Me+E MeAc MeAc+E 2-MeAc+E

E.limosum - + - + - + ¥
Methanol (mM) - - 100 100 100 100 100/2007
Acetate (mM) - - - - 50 50 50

Headspace 80% N + 20% CO, for all batches

(1.5 bar)

*Tnoculum for 2" batch was taken from MeAc+E in the 1st batch.

FInitial methanol concentration was 100 mM, and extra methanol (+100 mM) was added
during the incubation to present the substrate depletion.

The composition of the growth medium was adapted from the previous ethanol chain
elongation studies®® *®. The medium contained NH;H,POy, - 3.6 g/L, MgCL,.6H,0 - 0.33 g/L,
MgS0,4.7H,0 - 0.2 g/L, CaCl,.2H,0 - 0.2 g/L, KCI - 0.15 g/L, yeast extract — 1 g/L, Vitamin

B solution 1 ml/L and trace element solution 1 ml/L'"

. In addition to the growth medium,
different methanol and acetate supplements were used in different batches as shown in Table
3.1. In the 1* batch experiment, the effects of methanol (100 mM) and acetate (50 mM, in the
form of sodium acetate) supplements on the mixed culture fermentation were studied. In the
2" batch experiment, methanol (100 mM), acetate (50 mM) and CO, were all used as
substrates. Moreover, the methanol concentration was later (at day7) elevated to 200 mM to
prevent the substrate depletion.

A gas exchanger was used to flush the headspace of all the batches. The headspace was
first vacuumed and subsequently filled with pure nitrogen gas up to 1.5 bar. This procedure

was repeated for 5 times, then the headspace was vacuumed again and filled with the desired

headspace composition (a gas mixture containing 80% N, and 20% CO, up to 1.5 bar). The
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gas exchanger may have trace amounts of impurities; moreover, not all the batch bottles were
flushed at once as the gas exchanger had only nine outlets. Therefore, the headspace gas
composition of all the batches were measured an hour after the gas exchange. Two impurities
in gas phase were found in some batches at day 0: 1.6% CH, in Me and MeAc; 2.8% H, in
Me+E and MeAc+E. For the other components (O,, N, and CO,) the compositions were
approximately the same in all the batches.

To estimate and further exclude the carbon contribution of the yeast extract to the product
formation, a composition of yeast extract, CH; 700 sNo», was derived from a previous study
and used in this study to calculate the initially available carbon from the yeast extract
added'"”. Based on this estimation and the concentration of the yeast extract used (1 g/L),

34.4 8mMC was available assuming that the yeast extract added was completely metabolised.

3.2.2. Continuous reactor

An upflow anaerobic bioreactor (UAB, Figure 3.1) with 1-L capacity (including a 0.2-L
headspace) was used to perform the continuous methanol chain elongation. The design of the
UAB was identical to those used in the previous ethanol chain elongation studies except the

35, 36, 38, 39 . .
» 7% 2% 27 Previous ethanol chain

biomass retention and the gas outflow quantification
elongation studies used polyurethane cubes for retaining the biomass in the continuous
operation. In this study polyurethane cubes were not used. A gas counter (Ritter MGC-1,
Germany) was installed in the UAB to quantify the gas production during the continuous
operation of methanol chain elongation, which was not implemented in the previous ethanol

chain elongation studies. The growth medium was the same as the batch experiment, except

for the acetate and methanol concentrations as specified in Table 3.2.
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Figure 3.1. The setup of the upflow anaerobic bioreactor (UAB) used for performing the

continuous methanol chain elongation in this study.

A continuous methanol chain elongation was performed with the UAB. The UAB was
operated for 45 days and consisted of three phases: the start-up batch operation (Phase I), the
continuous operation without pH control (Phase II) and the continuous operation with pH
control at 6.5 = 0.1 (Phase III). During the start-up phase, 200 mM acetate and 300 mM
methanol were added to supply sufficient substrates for starting up the methanol chain
elongation. The fermentation broth was internally recirculated (150 ml/minute) with a
peristaltic pump (Watson Marlow 323, UK) during the whole incubation period. The batch
operation (Phase I) lasted 13 days. After the batch operation (Phase I), the UAB was switched
into a continuous operation and flushed with a nitrogen gas flow to ensure the anaerobic
condition in the UAB. The growth medium was fed into the UAB with another peristaltic
pump (Watson Marlow 120U, UK) to maintain the hydraulic retention time (HRT) at 36
hours. The pH of the fermentation broth was kept at 6.5 £ 0.1 by adjusting the amount of
sodium hydroxide added in the growth medium. Gaseous CO, was continuously supplied to

the UAB; the supply rate was controlled with a mass flow controller (Brooks mass flow
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controller 5850E, USA) at 240 ml CO,/day. A water bath (Julabo MA-4, Germany) was used

to maintain the reactor temperature at 30°C.

Table 3.2. The operational conditions in the different phases of the continuous

methanol chain elongation UAB operation

Phase conditions Phase I (Start-up) Phase-11 Phase 111

Operational mode Batch Continuous Continuous

Phase duration (days) 0-13 14-24 25-45

pH 6.0+0.1 59+0.0 6.5+0.1
(Controlled)

Acetate (mM) 100 100 100

Methanol (mM) 300 200 200

3.2.3. Analysis

Liquid and gas samples were taken twice a week in all batch experiments in the present
study. The pressure in the headspace was measured with a gas pressure meter (GMH3150,
Greisinger Electronics, Germany) while taking the gas samples. All the batch experiments
were triplicated. The samples from all the triplicated batches were taken and analysed. The
mean values and the standard deviations were calculated and given in all the figures. In the
continuous experiment, a liquid sample from the fermentation broth and a gas sample from
the reactor headspace were taken 5 times and 2 times per week, respectively.

All liquid samples taken were analysed by a Gas Chromatography (GC; HP5890, USA) to
determine the concentrations of both SCFAs and MCFAs (C2-C8) that may present in the
fermentation broth, including all their isomers (except for the isomer of caprylate). The
methanol and ethanol concentration were analysed by another GC (HP5890, USA). The gas
sample taken from the headspace were analysed to identify the gas composition. Oxygen,

nitrogen, methane and carbon dioxide were measured in one GC (Shimadzu GC-2010, Japan)
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and hydrogen was measured separately in another GC (HP-5890, USA). The sample
preparation and the GC programmes used were the same as those used by several previous
ethanol chain elongation studies™ ** *. Together with the gas outflow quantified by the gas
counter, the carbon outflow in the form of gaseous compound was determined (See also SI3

for the CO; quantification).

3.3. Results and discussion

3.3.1. Methanol chain elongation in the batch experiments
3.3.1.1 Chain elongation of methanol and acetate producing butyrate

In the 1% batch experiment butyrate was produced in the presence of methanol, acetate and
CO; regardless of the type of inoculum used (Figure 3.2; 48 mMC butyrate in MeAc and 52
mMC in MeAc+E). In both MeAc and MeAc+E, the four potential substrates that might have
contributed to the butyrate formation were methanol, acetate, CO; and yeast extract. Based on
the overall production and consumption shown in Figure 3.2, acetate (18 and 22 mMC) and
methanol (36 and 37 mMC) were the main substrates contributing to the butyrate formation.
CO; did not likely contribute to the butyrate formation as there was not net CO, consumption
(See Figure S3.1 in the support information SI3). Yeast extract might contribute to the
butyrate formation in MeAc and MeAc+E. According to the blanks (B & B+E), 2.9 and
3.1ImMC of butyrate were produced from the yeast extract. Assuming the conversion of the
yeast extract added in MeAc and MeAc+E was similar to such in the blanks, it could be
calculated that about 6% of the total butyrate production in both MeAc and MeAc+E was
from the yeast extract. The remaining 94% butyrate production could be attributed to the
consumption of methanol and acetate. In addition to butyrate, CH4 (0.2 mmole in MeAc and
0.4 mmole in MeAc+E) and CO, (0.4 mmole MeAc and 0.4 mmole in MeAc+E) were also

produced in MeAc and MeAc+E as shown in Figure S3.1.
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Figure 3.2. The production and consumption of the main substances in the 1% (day 0- day 21)
and 2™ (day 7 — day 17) batch experiments. For the meaning of the batch codes refers to
Table 3.1. In 2-MeAc+E caproate was observed in small amount (refer to Figure 3.3), which
was not shown here as one of the main substances. All experiments were triplicated, and the

standard deviations based on the triplicates were presented.

Both acetate and methanol contributed to the butyrate formation. Each of them likely
contributed about half of the carbon in the butyrate formed. Assuming that the conversion of
the yeast extract in MeAc and MeAc+E was similar to that in the blanks, there was about 10
mMC acetate and 3 mMC butyrate produced from the converted yeast extract. Subtracting the
fatty acid production in the blanks from MeAc and MeAc+E excluded the contribution of the
yeast extract to the organic acid formed. After this subtraction, there was actually more net
acetate consumption (28 mMC in MeAc and 32 mMC in MeAc+E) than presented in Figure
3.2. This net acetate consumption with the subtraction of the blanks was comparable to the
net methanol consumption, implying that acetate and methanol might have contributed

equally to the butyrate formation. It is important to address the contribution of acetate to the
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butyrate formation here, since acetate is the main component in the acidified organic waste, a
cheap primary feedstock to chain elongation.

Consumption of both acetate and methanol as substrates for butyrate production indicated
the feasibility of methanol chain elongation converting single (methanol) and double carbon
(acetate) molecules to longer carbon molecules up to butyrate (four carbons); however,
molecules with longer carbon chain like caproate (six carbons), i.e. MCFAs, were not
observed in this 1** batch experiment. Also, odd-chain fatty acids were not detected in any
batches of the 1% batch experiments. As an accumulation of ethanol was not detected in all
the batches, it was unlikely that ethanol was produced and used for chain elongation in the 1%
batch experiment. It is possible that methanol chain elongation occurred using a 2-carbon unit
molecule instead of a single carbon unit molecule. It is likely that two molecules of methanol
were converted into one molecule of acetyl-CoA, which was then used for chain elongation.
Such chain elongation mechanism was also proposed previously''>. However, to authors’
current knowledge, this chain elongation mechanism has not been proven yet.
3.3.1.2 Mixed culture microbiome from a previous ethanol chain elongation was shaped to
perform methanol chain elongation

Effect of the pure culture E./imosum addition to the methanol chain elongation and its
product formation were tested in the 1% batch experiment. E.limosum was known to perform
chain elongation of methanol, CO, and/or acetate in a pure- and a co-culture environment,

producing butyrate and caproate*” % '1°

. The addition of E.limosum was expected to
stimulate the methanol chain elongation, leading to more methanol and acetate consumption
and butyrate production than the batches without such addition. However, based on Figure
3.2, the amounts of butyrate produced in the batches with and without E./imosum addition

were in a similar range regardless of the various conditions tested. There are two possible

explanations to this: One is that E.limosum existed in the mixed culture inoculum taken from
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the previous ethanol chain elongation experiment, and after the 21-day incubation it was
enriched and able to carry out methanol chain elongation; the other possible explanation is
that another unknown microorganism rather than E.limosum existed in the mixed culture
inoculum, which was responsible for the methanol chain elongation observed. In either case,
the enrichment of the mixed culture inoculum was proven to be able to perform the methanol
chain elongation in this study. Methanol was neither supplied nor observed in the previous
ethanol chain elongation experiment from where the mixed culture inoculum was taken®. It
is possible that a microorganism in the mixed culture inoculum could survive in the ethanol
chain elongation bioreactor without a methanol supplement and was able to gradually adapt
its metabolism to use methanol when methanol became available in the environment. For
example, it is known that E.limosum and many other methylotrophic acetogenic bacteria are
able to grow autotrophically on CO, and H,'". In the previous ethanol chain elongation
bioreactor where the mixed culture inoculum was taken from, CO, was continuously supplied
and H, was produced during the ethanol chain elongation based on the metabolism of
C.kluyveri“. Grootscholten et al. (2013) observed that the CO, supplied and H, produced
were mostly converted into methane through hydrogenotrophic methanogenesis®®. However,
one cannot exclude that a methylotrophic microorganism like E./imosum might present in the
mixed culture microbiome in the ethanol chain elongation bioreactor. This methylotrophic
microorganism could have grown on CO, and H, autotrophically and possibly produced
acetate as the metabolites in the ethanol chain elongation bioreactor™. In the present study,
this methylotrophic microorganism might have been enriched in the 1% batch experiment and
subsequently carried out the methanol chain elongation to produce butyrate. This implies that
the mixed culture microbiome in the previous ethanol chain elongation reactor could be
shaped into a mixed culture microbiome that is capable of performing methanol chain

elongation.
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3.3.1.3 Caproate production was observed in the prolonged experiment (2-MeAc+E)

The MeAc+E of the 1% batch experiment was replicated in the 2™ batch experiment (as 2-
MeAc+E) to enrich the biomass for later use, i.e. starting up the continuous methanol chain
elongation bioreactor. In this replication, methanol was once (on day 7) elevated to 200 mMC
to prevent the methanol depletion. After the methanol elevation, caproate production (3
mMC) was observed along with the increasing butyrate concentration up to 167mMC on day
13 as shown in Figure 3.3. In the meantime methanol and acetate were the main substrates
consumed. The final butyrate production (191 mMC) was far higher than the carbon that
could be provided by the complete conversion of the added yeast extract (34 mMC). This
result again confirmed the feasibility of methanol chain elongation as discussed in section
3.3.1.1; moreover, product formation (butyrate) as well as substrate consumption (acetate and
methanol) was at least 2 times higher than those in MeAc and MeAc+E in the 1% batch
experiment (Figure 3.2). Interestingly caproate production was observed. The caproate
formed could be produced from either methanol and acetate or methanol and butyrate through
methanol chain elongation (Figure 3.3). Previously, caproate production from methanol and
acetate/butyrate was reported in the pure culture E./imosum growing on methanol and
acetate/butyrate as aforementioned in the introduction of the present study*” > ''°. However,
all these mentioned studies employed a pure culture E./imosum. This study, on the other
hand, demonstrated the caproate production (3mMC) from methanol and acetate using a
mixed culture microbiome. To authors’ current knowledge, this result has not been reported

in the previous studies.
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Figure 3.3. The concentration profile of the 2" batch experiment (2-MeAc+E). The 2-
MeAc+E was incubated for 17 days, and then used as the inoculum for the continuous
methanol chain elongation experiment. Methanol was added again on day 7 to prevent the
methanol depletion. Caproate production was observed since day 13; it increased with the

increasing butyrate production.

Many previous studies reported the caproate formation in a mixed culture fermentation
when ethanol and/or hydrogen were available in the environment, i.e. ethanol chain
elongation. However, the caproate production in the present study was unlikely produced
through an ethanol chain elongation process. An accumulation of either ethanol or hydrogen
was not detected though both ethanol and hydrogen were constantly monitored during the
entire incubation period. Methanol chain elongation was another possible process responsible
for the caproate production observed. The inoculum used for 2-MeAc+E may contain
E.limosum. E.limosum is by far the only known microorganism capable of synthesising
caproate from methanol, CO, and SCFAs like acetate and butyrate®” *°. It was logical to
hypothesise that E.limosum or an unknown microorganism with a similar metabolism was

present in 2-MeAC and responsible for the caproate production. Based on the aforementioned
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pure culture studies on E.limosum, it seems that a certain threshold butyrate concentration,
i.e. 400 mMC, was required to stimulate the caproate formation. In the present study, the
butyrate concentration was only 160 mMC. However, in the previous study the methanol
concentration (100 mMC) was lower compared with the concentration used in 2-MeAc (200
mMC) when caproate was observed. It is not yet known whether the elevation of methanol
concentration could trigger or stimulate the caproate formation with a lower butyrate
concentration (<400 mMC). It cannot be excluded that another microorganism rather than
E.limosum produced the caproate from methanol and SCFAs (either acetate or butyrate) even
with lower SCFA concentrations, although such microorganism has not been reported yet.
Yeast extract might be another possible source for the caproate production; however, yeast
extract is less likely the source of caproate production as such possibility was not observed in
the blanks in the 1* batch over the entire 21-day incubation.

From these two batch experiments, three conclusions could be drawn: First, chain
elongation of acetate and methanol with a mixed culture microbiome, i.e. methanol chain
elongation, was proven to be feasible. The main product from methanol chain elongation in
the present study was butyrate with a concentration up to 191 mMC. Second, an enrichment
of the mixed culture inoculum from previous ethanol chain elongation bioreactor was able to
perform methanol chain elongation producing butyrate from acetate and methanol. Addition
of pure culture E.limosum did not further enhance methanol chain elongation. Third, caproate
production was observed and probably produced from methanol and acetate/butyrate.
E.limosum 1is speculated to be responsible for the caproate formation observed; however,
further research is needed to reveal the microorganism responsible for the caproate

production in the methanol chain elongation and subsequently to enhance its production.
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3.3.2. Methanol chain elongation in the continuous operation

3.3.2.1 Continuous butyrate production from methanol chain elongation on methanol and

acetate

Continuous butyrate production through methanol chain elongation on acetate and
methanol was shown to be feasible in the UAB at an HRT of around 36 hours as shown in
Phase II and Phase III (see Figure 3.4). In this first demonstration of continuous methanol
chain elongation, a butyrate production rate up to 68 mMC/day (1.5 g/L/day) was reached.
The butyrate concentration (103 mMC, see Figure S3.5) in the continuous operation was not
as high as such in the 2-MeAc (191 mMC), and the caproate production was not observed. In
both Phase II and Phase III acetate and methanol were the major consumed substrates.
Butyrate was the main product; CH4 and CO, were the by-products. Figure 3.5 presents the
average production and consumption rates of all the substrates and products in Phase II and
Phase III, respectively. In Phase II, the butyrate production rate was similar to the sum of the
acetate and methanol consumption rates, implying that butyrate was mainly produced from
methanol and acetate. Trace amount of CO, was produced, which was identical with the
observation in the methanol chain elongation batch experiments. Based on the result of the 1
batch experiment, the conversion of yeast extract may contribute maximal 3 mMC to the
butyrate formation. This did not change the fact that acetate and methanol both contributed to
the butyrate formation in the continuous methanol chain elongation. In Phase III the same
conclusion could be drawn except that the butyrate production in Phase III was slightly
higher than that in Phase II especially from day 35 to day 45. The difference between Phase 11

and Phase III was elaborated in the section 3.3.2.2 in the present study.
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Figure 3.4. The profile of the main production and consumption over the whole continuous
methanol chain elongation experiment for 45 days. The continuous butyrate production from
methanol and acetate was observed in all phases. *As Phase I is in batch mode, the
production and consumption rates in Phase I were calculated differently compared with the
other phases (See SI13). Moreover, caproate was detected on day 12 and 13 but not included in

this figure. More information about the caproate production can be found in Figure S3.5.

It was noticed that CO, was consumed in Phase I (batch mode for starting up) of the UAB
operation (see Figure 3.4 and 3.5). In the 1™ batch experiment CO, was not used but
produced. In Phase II and Phase III of the UAB operation (continuous mode) CO, was also
mostly produced (Figure 3.4). The CO, consumption observed in Phase I could relate to the
CO; partial pressure in the headspace. In the 1% batch experiment the CO, partial pressures in
all batch bottles were around 22-24 kPa (see Figure S3.3). In Phase I of the UAB operation
the CO, partial pressure in the headspace was always higher than 30 kPa (Figure S3.4).

Higher CO, partial pressure in the headspace resulted in higher HCO;™ concentration in the

72



Methanol chain elongation: Proof-of-principle

fermentation broth, which may stimulate microorganisms to use HCO5 ™ as a substrate. The
higher CO, partial pressure could be explained by the way of CO, supplementation: In the 1%
batch experiment CO, was injected into the headspace at the beginning of the experiment,
while in the UAB CO, was bubbled through the reactor continuously. CO, was believed to be
an essential substrate for ethanol chain elongation*'. Most previous ethanol chain elongation
studies supplied CO, to sustain the microbial growth. Therefore, CO, was also supplied in the

present study. However, in the present study CO, was always produced instead of consumed

except in Phase I of the UAB operation. In the future it can be further tested whether CO,

supplement is needed in methanol chain elongation.
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Figure 3.5 The average production and consumption rates of the main substrates and
products involved in the continuous methanol chain elongation operation in Phase Il and
Phase III. Caproate was not detected during the entire Phase II and III. Therefore caproate

was not shown in this figure.
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3.3.2.2 Increase of pH increased the butyrate production, but changed the substrate

consumption pattern

In Phase III, the increase of pH slightly increased the butyrate and CHy4 production. The
pattern of the substrate utilisation for the butyrate formation was also changed along with the
pH change from Phase II to Phase III. In Phase II acetate was the main carbon source for the
butyrate formation, while in Phase III methanol contributed more carbon than acetate to the
formation of butyrate. Meanwhile, the CH, production gradually increased since day 39
(Phase III; see Figure 3.4 and Figure S3.4). The CO, partial pressure as well as the CO,
production decreased (Figure 3.4 and Figure S3.4), which may be attributed to the increase of
methane production. The maximal carbon consumed for the methane production was about
4.2 to 5.3% of the total carbon input and lasted from day 40 to 45 (Figure 3.5).

The increase of CHy4 production observed in Phase III could be attributed to the increase of
pH. In the period when the CH, production increased (day 40 to 45), the acetate consumption
gradually increased. In the meantime the methanol consumption was also increased and
exceeded the amount of acetate consumption, resulting in an overall decrease in the carbon
balance (Figure S3.2). A similar phenomenon was reported in the previous studies regarding
the metabolism of E./imosum. A pure culture E./imosum growing on methanol, CO, and
acetate shifted its metabolism to consume acetate instead of producing acetate when CO,
fixation was rate-limiting and the acetate concentration was sufficient (>190 mMC)"'* "7 An
increase in the methanol consumption occurred along with this shift in the metabolism of the
E.limosum to an acetate-consuming homobutyric fermentation. Pacaud et al. (1986)
suggested that the extra methanol consumed was dissimilated into CO, for maintaining a
constant NAD(P)H,/NAD(P) metabolites pool, and part of the extra carbon loss might end up
in the biomass formation''’. In Phase III of the present study, the continuous supply of 200
mMC acetate together with the lower CO, partial pressure in the headspace (possibly due to

the increased hydrogenotrophic methanogenic activities) might trigger a similar shift in the
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metabolism of a part of the microorganism responsible for the butyrate production in the
continuous methanol chain elongation. Based on the Phase III of this continuous methanol
chain elongation, increasing the pH of the fermentation might be effective in stimulating the
butyrate formation in methanol chain elongation; however, it also increased the consumption
of methanol and induced an extra carbon loss in terms of the increased methane production
and the potentially increased biomass formation. The effect of changing pH on the overall
carbon efficiency should be further tested and evaluated.

Overall, the present study demonstrated the feasibility of methanol chain elongation, both
in a batch and a continuous operation. Optimisation strategies to elevate the butyrate
production rate and to stimulate the caproate production in methanol chain elongation are
needed. The optimisation strategies that were previously applied to ethanol chain elongation
could be tested in the future methanol chain elongation studies. For example, Grootscholten
et al. (2013) reduced the HRT of an ethanol chain elongation to increase the MCFA
production rate®. Agler et al. (2011) decreased the pH of ethanol chain elongation to reduce
the methane production and employed an in-line liquid-liquid extraction to continuously
remove the MCFAs produced for avoiding the potential product inhibition’’. These
optimisation strategies, especially reducing the HRT and continuously removing the product,
may be effective in elevating the butyrate production rate and concentration in methanol
chain elongation. The elevation of the butyrate concentration in the continuous methanol
chain elongation may stimulate the caproate formation*’. A higher butyrate production rate
may also make methanol chain elongation an attractive technology to be combined with the
ethanol chain elongation to reduce the ethanol dose required for synthesising MCFAs.
Moreover, the microorganisms responsible for the butyrate and caproate formation in this
study should be revealed in the future studies. In this study many discussions on the results

were based on the assumption that the microorganism responsible for the methanol chain
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elongation observed was physiologically identical or similar to E./imosum. However, this
might not be the case. Further study should try to identify the microorganism responsible for
methanol chain elongation and to understand its metabolism among the mixed culture
microbiome in order to steer the mixed culture microbiome towards the desired production

behaviour.
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Support Information for Chapter 3 (SI3)
Batch preparation procedure

Serum bottles (250 ml) were filled with 100 ml growth medium described in section 3.2.1
to perform the batch test. No buffer was added to the batches as preliminary tests showed that
pH can be maintained at 5.9- 6.1. These batch bottles were sealed with rubber stopper and
capped with aluminium caps. The headspaces were then flushed with 80% N, and 20% CO,
for 5 times to the defined composition (Table 3.1) with a final pressure of 150 kPa. Each
bottle was inoculated with either a 5 ml mixed culture inoculum from previous Ethanol chain
elongation bioreactor (B, Me and MeAc) or with a 2.5 ml mixed culture inoculum plus a 2.5
ml pure culture E.limosum. The inoculated batch bottles are subsequently incubated at 35°C
in a rotating shaker (120 rpm) for 21 days.

The pure culture E.limosum (ATCC 8486) was purchased from DSMZ, Germany. The
purchased strain was first incubated in a pre-sterilised serum bottle (250 ml) at 35°C. The
preparation procedure was identical to the procedure used for preparing the 1 and 2™ batch.
The serum bottle was filled with the growth medium (150 ml) containing the aforementioned
composition as well as acetate and methanol. The growth medium, except the vitamin B
solution, the trace element solution and the yeast extract, was sterilised using an autoclave
(120°C and 140 kPa for 20 minutes) prior to the incubation. The vitamin B solution, the trace
element solution and the yeast extract was sterilised by the filtration using a 20 um cellulose
paper filter. The initial headspace composition consisted of 80% N, and 20% CO,. In this
pure culture incubation samples were taken from the broth to examine the metabolites, and
butyrate was the main metabolites observed (data not shown). The sampling procedure was
carried out in a sterilised fume hood to avoid the possible contamination. The fermentation
broth taken from this pure culture incubation was first centrifuged. The supernatant was

removed, and the pellet was washed with the sterilised growth medium. The centrifuging and
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washing were repeated for three times to lower the organic acid and methanol concentration

in the inoculum.

Calculation of CO; input and outputs in the UAB
Calculation of CO, outputs in different forms in the UAB is described here. Gaseous CO,

(240 ml/day) is the only form of CO, input used in the UAB. Gaseous CO,, dissolved CO,
(dCO3), H,COs and HCO3™ are four possible outputs considered in the calculation. In all
phases in continuous operation of methanol chain elongation, gaseous CO, output is
calculated based on the gas outflow data monitored by the gas counter (Ritter MGC-1
PMMA, Germany) and the gas composition identified with a gas chromatograph (Shimadzu
GC-2010, Japan). In continuous operation, there was CO, output in the form of dCO,, H,CO;
and HCOj' in the effluent of UAB, i.e. these three forms of CO, left the UAB together with
the effluent. The amount of each form of CO; in the effluent can be estimated by applying the
calculation method used in previous study on E.limosum'?, and everyday there was
approximately 0.66 litre of effluent discharged from the UAB. The net CO, change, i.e. CO,
consumed/produced, due to microbial activities in the UAB can therefore be calculated as

shown in Figure 3.4.

Calculation of production/consumption rates in continuous methanol chain elongation

In Figure 3.5, the production/consumption rate in Phase I is calculated differently from the
other phases as it was in batch operation while the others were in continuous operation. In
batch operation, the production/consumption rate of a substance is calculated by using the
formula below.

Production/consumption rate of substance x= (Cx,t-Cx,t-1)/HRT*24 (mMC/day)

Where Cx,t = the concentration of substance x at day t in mMC.

Cx,t-1 = the concentration of substance x at day (t-1) in mMC.

t = day of the sample taken (day)
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HRT = Hydraulic Retention Time, in this case 36 hours.

In this case, the production/consumption rate is calculated by comparing the concentration
of a substance on a sample point with such on the previous sample point, which is normally a
day before. On the other hand, in Phase II and Phase III with the continuous operation, the
production/consumption rate is calculated by using the formula below:

Production/consumption rate of substance x= (Cx,t-Cix,t)/HRT*24

Where Cx,t = the concentration of substance x at day t in mMC.

Cix,t = the concentration of substance x in the medium fed at day t in mMC.

In this case, the production/consumption rate is calculated by comparing the concentration

of a substance in the broth on a sample point with the concentration of such substance in the

medium fed into the reactor on the same sample point.
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Figure S3.1. The production and consumption of the main gas component in the head
space of each batch. All results presented were the mean value of the triplicate with the
standard deviations. Net CO, production was observed in all the batches.
Consumptions of hydrogen and methane were observed in some batches; this might be
caused by the impurities introduced during the gas flushing process prior to inoculation

(See section 3.2).
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Figure S3.2. (A) The carbon balance and (B) the pH in Phase II and III during the
continuous methanol chain elongation. In Phase III pH was controlled at 6.5 £ 0.1.
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Figure S3.3. The CO, partial pressure in the headspace of the 1% batch experiment at
day 21, the end of the experiment. For all batches CO, partial pressure in the

headspace reached the highest on day 21.
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Figure S3.4. The headspace gas composition of the UAB during the 45-day continuous
operation of methanol chain elongation. In the Phase III the methane production increased
especially after day 35. The headspace pressure was kept at the atmosphere pressure. On day
13 the headspace was flushed with the nitrogen gas due to the start of continuous operation.

*Phase I was in a batch operation for starting-up methanol chain elongation.
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Figure S3.5. The concentration profile of the main substrates and products in the liquid
phase (Fermentation broth) of the continuous methanol chain elongation for the whole 45-
day period. The caproate concentration was also included, but it was only observed in the
batch operation phase (Phase I); the caproate formation observed on day 13 was the residual
caproate from the batch operation of methanol chain elongation (Phase I). The HRT was
longer than 24 hours, so the caproate produced on day 12 was not completely washed out or
diluted on day 13. *Phase I was in a batch operation for starting-up methanol chain

elongation.
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Chapter 4. Isobutyrate biosynthesis via

methanol chain elongation

ABSTRACT

Isobutyrate is a platform chemical that is currently produced from a non-renewable fossil-
based feedstock. This study aimed at developing a renewable isobutyrate production process
by using methanol chain elongation, a novel bioprocess that uses organic waste as primary
feedstocks and an undefined reactor microbiome as the catalyst. A continuous anaerobic
bioreactor experiment was first performed using a synthetic medium containing acetate,
butyrate and methanol, all of which are common derivatives from organic residues.
Continuous isobutyrate (2.0 g/L.day) and caproate formation (0.2 g/L.day) from methanol,
acetate and butyrate were demonstrated. A batch test to synthesis isobutyrate from a real
organic waste i.e. acidified supermarket waste (ASW) was performed. Up to 6.2 g/L
isobutyrate was produced which accounted for 63% of all identified products. As such, a
proof-of-principle for isobutyrate production from organic waste via methanol chain
elongation was demonstrated. The continuous accumulation or supply of butyrate, the
suppression of methanogenic activity and methanol addition were shown to be of use to

provide conditions for isobutyrate formation.

A modified version of this chapter was published as: Chen, W.S.; Huang, S.; Strik, D. P. B. T.
B.; Buisman, C. J. N. Isobutyrate biosynthesis via methanol chain elongation: Converting

organic wastes to platform chemicals. Journal of Chemical Technology & Biotechnology

2016.
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4.1. Introduction

The current fuel and chemical production heavily relies on non-renewable fossil resources,
which has led to environmental concerns such as global warming and air pollution. Bio-based
production systems using biomass as a renewable feedstock, e.g. bioethanol from sugar-
containing crops and biodiesel from oil crops, have been implemented as alternatives to the
fossil-based production system. These crop-based systems expand rapidly and are estimated
to occupy 385 million hectares of plantation globally by 2050 in the most intensive
scenario''®. This enormous demand for land resources raises the concern towards the
competition with food production' and the deterioration of the natural systems due to the
emissions from land-use change’. Organic waste is an emerging bio-based feedstock for fuel
and chemical production that has a lower land requirement. Using organic waste as feedstock
can avoid the fuel versus food competition and concurrently fulfil the waste treatment for
these otherwise wasted organic materials. Moreover, using organic waste can also reduce the
feedstock cost due to its negative economic value. Recovering fuel and chemical precursors
from organic residues also yields higher economic values than recovering energy from

62, 63
d >

organic residue which is currently implemente . Research effort on the valorisation of

organic residues into chemical and fuel precursors has therefore gradually increased over
time'"’.

Chain elongation is a recently established bioprocess that can employ a mixed culture to
recover value-added chemicals and fuel precursors from organic waste’’*" ”’. Chain
elongation has been applied to, for example, solid organic waste such as organic fraction of
municipal solid waste (OFMSW). In such case, a biochemical pre-treatment, i.e. hydrolysis
and acidification, is first used to degrade and homogenise complex organic matters into basic

building blocks including Short Chain Fatty Acids (SCFAs; saturated carboxylic acid with 2

to 5 carbons), H, and CO,*. These building blocks then enter the chain elongation process to
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be clongated with an externally supplied electron donor such as ethanol™ ¥, H,*® or

methanol®

to Medium Chain Fatty Acids (MCFAs; saturated carboxylic acid with six to
twelve carbons). Alternatively, chain elongation can also be directly applied to liquid waste
streams such as a yeast-fermentation beer which already contains ethanol and other essential
substrates for chain elongation’” . In either case, caproate with a six-carbon chain is the
main end-product. Caproate is an emerging platform chemical with diverse applications such
as feed additives and precursors to fragrances, pharmaceuticals, antimicrobial, etc®. Caproate
is also by far the most widely-studied product of chain elongation due to its high economic
value, its high production specificity and the easier separation of it from the fermentation
broth. A pilot plant (ChainCraft B.V.) has been implemented to convert supermarket waste
into commercially viable caproate®. As the caproate production through chain elongation is
approaching the commercialisation, the future research on chain elongation may gradually
shift from producing caproate, which has a relatively small market, to other platform
chemicals that have larger markets™.

The present study aims at exploring potential novel products of chain elongation besides
caproate. We have identified isobutyrate as one of the interesting chemicals that are to be
produced through chain elongation. Isobutyrate, though not a MCFA, is a useful platform
chemical that can be used as a precursor for e.g. (1) Methyl Methacrylic Acid (MMA) that is
used for production of transparent thermoplastics with an annual market size of up to 2.2

o 57, 120, 121
million tonnes’” "

, (2) sucrose acetate isobutyrate that is used as an emulsifier in many
commodities with an annual market size of up to 100,000 tonnes’” '** or (3) 3-
hydroxyisobutyric acid that can be used for synthesis of vitamins, antibiotics and many other

bioactive compounds'*

. A recent study also showed that isobutyrate could be biologically
reduced in a syngas fermentation process to yield isobutanol'**, a commercially applied fuel

substitute that has a superior performance over ethanol'*"'?’. All these applications make
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isobutyrate an interesting platform chemical. Currently, isobutyrate is manufactured via a
chemical route that requires a fossil-based feedstock, an energy-intensive process and a

strongly acidic catalyst that is hazardous to the environment®” '*

. Biosynthesis of isobutyrate
has been reported but only in two previous studies that used glucose as the main substrate®”
122 which may still raise the concerns towards the fuel versus food competition. Furthermore,
these two studies both employed metabolically engineered microorganisms as the biocatalyst,
which made them difficult to be applied on organic waste™.

Although isobutyrate formation was previously observed during the anaerobic degradation

129-131 . 132
31 and in wastewater'>? under non-

of organic matters in sediments'*®, in organic waste
sterile conditions, isobutyrate production from organic waste has never been demonstrated.
This is due to that isobutyrate formation in these previous studies is mostly temporal, i.e.
cannot be sustained. The isobutyrate formation in these studies was from the biological
isomerisation of butyrate (hereinafter referred to as bio-isomerisation)'** under the condition
that methanogenic activity was suppressed and butyrate accumulated (or was supplied).
When the methanogenic activity was restored, the formed isobutyrate was de-isomerised into
butyrate which further degraded into acetate, H, and CO, and eventually methane'**'**. The
obstacle to achieving isobutyrate production from organic waste, therefore, lies in how to
sustain or even further stimulate bio-isomerisation during the anaerobic degradation of
organic waste. Chain elongation can be of use to overcome this obstacle. When methanol is
used in chain elongation as the electron donor (hereinafter referred to as methanol chain
elongation), butyrate is continuously formed via chain elongation of methanol and acetate®,
which may be used to provide sufficient butyrate for bio-isomerisation. At the meantime, the
methanogenic activity could be suppressed due to the presence of organic acids in high

. 136, 137 . . . .
concentrations ~ ~'. A novel bioprocess for isobutyrate production from organic waste

could, in theory, be developed by integrating the bio-isomerisation of butyrate and methanol
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chain elongation, in which isobutyrate formation is no longer temporal. Moreover, comparing
with the current isobutyrate production process, isobutyrate production via methanol chain
elongation has advantages including the use of a renewable feedstock i.e. organic waste, the
use of a self-regenerating biocatalyst and the possibility to work under non-sterile conditions
due to the usage of a mixed culture.

In the present study, we aimed at demonstrating the proof-of-principle for isobutyrate
production from organic waste via methanol chain elongation. A continuous anaerobic
bioreactor was first operated with a synthetic medium to investigate the effectiveness of
strategies for achieving isobutyrate biosynthesis from methanol and SCFAs via methanol
chain elongation. A batch test on acidified supermarket waste (ASW) was then carried out to
examine the feasibility of using a real organic waste for isobutyrate production via methanol
chain elongation. The isobutyrate production was evaluated on concentration, rate and
product distribution. The possible mechanisms behind the isobutyrate formation were further
discussed. A comparison with the previous isobutyrate biosynthesis through synthetic

metabolic pathways was also discussed.

4.2. Methodology

4.2.1. The continuous methanol chain elongation on a synthetic medium.

An anaerobic bioreactor was used for performing the continuous methanol chain elongation
experiment on a synthetic medium. The setup of the anaerobic bioreactor is identical to the
one used in a previous methanol chain elongation study’ (Figure S4.1) except for the use of
polyurethane cubes. In the present study polyurethane cubes (Recticel, Belgium) were added
in the bioreactor to increase the biomass retention, which was also used in several previous
ethanol chain elongation studies® *. The entire continuous experimental period consisted of
five phases (Table 4.1). In Phase I-IlII, methanol feeding rate was increased from 60

mMC/day (Phase I) to 120 mMC/day (Phase II) and 180 mMC/day (Phase I1I; mMC refers to
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millimolar carbon) to enhance the butyrate production rate, which might subsequently initiate
the isobutyrate formation. In Phase IV, methanol feeding rate was brought back to 120 mMC
to restore the microbial activity. In Phase V, 480 mMC/day butyrate was directly supplied to
stimulate the isobutyrate formation. Vitamin B12 (i.e. cyanocobalamin) was increased from
13 pg/L to 400 pg/L to ensure the sufficient availability of the essential coenzyme required
for catalysing both the methanol chain elongation'*® and the isomerisation of butyrate'**. The
hydraulic retention time (HRT) was 40 hours in all phases. pH was not controlled during the
entire 60-day operation. Internal recirculation (150 ml/minute) was carried out with a pump
(Watson-Marlow® 323Dz, UK) for continuously mixing the fermentation broth. The
temperature of the bioreactor was controlled at 35 °C using a water bath (Fisher Scientific
Polystat 37, USA). Gaseous CO, (240 ml CO,/day) was continuously supplied to the reactor

for sustaining the microbial growth*" .

Table 4.1. Experimental conditions for the five operational phases in the continuous

experiment

Variables used ( Changes are in bold font)
Phases

I 1 | v \
Period (day) 0-18 19-25 26-32 33-39 40-60
Methanol feeding rate 60 120 180 120 120
(mMC/day)
Butyrate feeding rate - - - - 480
(mMC/day)

"Batch mode on day 47 due to clogging of the medium feeding tubes and its replacement.

The anaerobic bioreactor was inoculated with an undefined mixed culture from a bioreactor

that performed methanol chain elongation in the previous study’. The synthetic medium
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consists of the basal medium, 200 mMC of acetate and methanol and/or butyrate supplements
in various concentration as indicated in Table 4.1. The composition of the basal medium was
identical to the one used by the previous methanol chain elongation study’ (see also Support
Information for Chapter 4; SI4). The synthetic medium was stored anaerobically in a

refrigerator and replaced every week during the entire operational period.

4.2.2. The batch test on the acidified supermarket waste (ASW) and methanol.

A duplicate batch test on ASW and methanol was carried out using two serum bottles
(volume = 250 ml). The serum bottles were filled with 150 ml of ASW medium (see SI14 for
the ASW preparation procedure including the hydrolysis/acidification and the heat shock
applied) with methanol addition (200 mM). The headspaces of both batch bottles (100 ml)
were vacuumed and flushed with a pure nitrogen gas for five times to remove the oxygen
using a gas exchanger. After flushing with the pure nitrogen gas, the headspaces of both
batch bottles were filled with a gas mixture containing 80% N, and 20% CO, to 2 bars, which
was also used in the previous methanol chain elongation experiment to sustain the growth of
methanol chain-elongating microorganisms™ °°. The batch bottles were incubated in a shaker.
pH was not controlled during the entire incubation. The temperature was controlled at 35°C,

and the rotation speed was set at 120 rpm for the entire batch experimental period (39 days).

4.2.3. Sampling and Analyses

For the continuous experiment, liquid samples (1 ml) were taken from the anaerobic
bioreactor 5 days per week and the synthetic medium every time it was prepared
(approximately every week). Gas samples were collected from the headspace every two days.
For the ASW batch experiments, liquid and gas samples were collected every four to five
days. Headspace pressures of both batch bottles were measured with a gas pressure meter
(GMH3150, Greisinger Electronics, Germany) before taking the liquid and gas samples. A

liquid sample (3 ml) was collected from each bottle immediately after the headspace pressure
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measurements. All liquid samples were measured using two Gas Chromatographs (GCs) with

the standardised methods used in several previous studies™ *°

. The examined compounds
include acetate, propionate, isobutyrate (2-Methylpropanoate), butyrate, isovalerate (3-
Methylbutanoate), valerate, isocaproate (4-Methylpentanoate), caproate, heptanoate,
caprylate, methanol and ethanol in the liquid samples and O,, N,, CHy4, H, and CO; in the gas
samples. The pH of all liquid samples was also measured. The actual consumption/production
rate as presented in Figure 4.1, 4.2 and 4.3 was calculated based on the measured
concentration of each organic compound. In other words, the production and consumption

rate of an organic compound was calculate by subtracting its concentration in the growth

medium from its concentration in the fermentation broth.

4.3. Results

4.3.1. Continuous isobutyrate production from acetate and methanol with the presence
of high butyrate concentration

Increasing methanol feeding rate and the direct supply of butyrate to the bioreactor were
the two strategies used for initiating isobutyrate formation in methanol chain elongation.
Increasing methanol feeding rate from 60 mMC/day to 120 mMC/day in Phase II did increase
the butyrate production rate from 55 mMC/day to 102 mMC/day on day 18 and 21 (Figure
4.1). Further increasing methanol feeding rate to 180 mMC in Phase III resulted in an even
higher butyrate production rate (120 mMC/day). However, the higher butyrate production
rate did not lead to the formation of isobutyrate. From day 28 to day 32, both butyrate
production rate and the methanol consumption rate gradually decreased, indicating the
inhibition of methanol chain elongation by the increased methanol feeding rate (Figure 4.1).
On the other hand, the methane production rate increased along with the increased methanol
feeding rate (Figure S4.2). In Phase IV, the methanol feeding rate was decreased to 120

mMC/day, which re-established the methanol chain elongation activity as the butyrate
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production rate in Phase IV was similar to that in Phase II. The methanol consumption in
Phase IV was slightly less than such in Phase II. The less methanol consumption in Phase V
compared with Phase II may be due to the more efficient use of methanol by the shaped

reactor microbiome.
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Figure 4.1. Product formation and substrate consumption rates (in millimolar carbon per day)
over the entire operational period of the continuous methanol chain elongation. Negative
values indicate the overall consumption of the substrate, and positive values indicate the
overall production of the compound. The Roman numerals refer to different operational
conditions (see Table 4.1). Methanol and acetate were supplied during the entire experiment,

and butyrate was supplied in Phase V as an additional substrate.

In Phase V, when butyrate (480 mMC/day) was directly fed to the bioreactor and Vitamin
B12 supply was increased, the isobutyrate production started (Figure 4.1). From day 41, the
isobutyrate production rate gradually increased and lasted for 20 days until the end of the

experiment. Meanwhile, the butyrate production rate gradually decreased. From day 50
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onwards, isobutyrate production rate exceeded the butyrate production rate. The highest
isobutyrate production rate achieved was around 90 mMC/day (2.0 g/L/day) with the
isobutyrate concentration up to 136 mMC (3.0 g/L) in the reactor broth on day 53. In the
operational period from day 50 to 60, isobutyrate remained as the most dominant product
(hereinafter referred this period as the isobutyrate-dominant period). Other products formed
in the same period were caproate, butyrate and methane. The average isobutyrate production
rate in the isobutyrate-dominant period was 81 + 6 mMC/day (Figure 4.2a), which was the
highest among all the products. The carbon recovery in this period was mostly higher than
90% (Figure S4.3). The unrecovered carbon could be most likely attributed to the biomass
formation and/or the unconverted yeast extract. The pH of the fermentation broth in this

period ranged from 6.2 to 6.5 (Figure S4.4) without any external pH control.
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Figure 4.2. Overview of (a) the average product formation and substrate consumption rates
and (b) product distribution in carbon in the isobutyrate-dominant period (including all data
points from day 50 to day 60). The error bars represent the standard deviations of the

production/consumption rates.

In the isobutyrate-dominant period (day 50-60), acetate and methanol were the main
substrates for the isobutyrate formed. They were the primarily consumed substrates among all

the substrates supplied (Figure 4.2a). As neither of acetate and methanol could solely provide
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sufficient carbon for the amount of isobutyrate formed, both acetate and methanol must have
acted as the substrates for the isobutyrate formation. In this case, methanol was the electron
donor while acetate the electron acceptor. However, the amount of carbon in the overall
methanol and acetate consumption is higher than the amount of carbon in the produced
isobutyrate, which indicates that part of the methanol and acetate might be converted to other
products besides isobutyate, e.g. methane, caproate and butyrate. Butyrate was also supplied
in the isobutyrate-dominant period as a substrate for methanol chain elongation, which was
another potential substrate for the isobutyrate formation. Interestingly, in the isobutyrate-
dominant period, butyrate had mostly a gross production (except on day 52 and 53) instead of
a gross consumption even with such high butyrate feeding rate (Figure 4.1). This newly
produced butyrate possibly resulted from methanol chain elongation on methanol and
acetate’. In this case, it is most likely that the bio-isomerisation of butyrate into isobutyrate
and methanol chain elongation of acetate and methanol into butyrate occurred concurrently;
the latter had a higher production rate, so a gross butyrate production was observed in Phase
V. The other potential substrates for the isobutyrate formation include CO, and yeast extract.
CO, was less likely a substrate for the isobutyrate formation as the CO, consumption in the
isobutyrate-dominant period was not significant and was similar to such in the other
operational periods (Phase I-IV) where isobutyrate production was not observed (Figure
S4.2). Yeast extract was unlikely one of the main substrate for the isobutyrate production
because it could supply only a minimal amount of carbon (see SI4) and also it did not lead to
isobutyrate formation under similar conditions®’.

As for the product distribution, isobutyrate accounted for 73% of the total carbon in all the
products in the isobutyrate-dominant period (Figure 4.2b), while 10% attributed to the
methane formation. This showed that even though a methanogenic inhibitor was not used in

the continuous experiment, methanogenesis was not able to outcompete methanol chain
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elongation. Butyrate and caproate were minor products that accounted for 9% and 8%,
respectively. Nevertheless, the total carbon in the produced isobutyrate accounted only for
12% of the total carbon input (data not shown). This was due to a large proportion of supplied
substrates that remained unconverted (83% of the total carbon input), i.e. butyrate, acetate
and methanol. As this is the first demonstration of the proof-of-principle of isobutyrate
formation using acetate and methanol as the substrates, further process optimisation is

necessary to increase the substrate conversion efficiency.

4.3.2. Continuous caproate production from acetate and methanol

Although producing caproate is not the main objective of the present study, the continuous
caproate production from acetate and methanol using a mixed culture is reported for the first
time (Figure 4.1). In the isobutyrate-dominant period, a relatively stable caproate (9 + 1
mMC/day) production was observed along with the simultaneous isobutyrate and butyrate
production, which lasted for 10 days. The observed caproate could be produced from
methanol and acetate or methanol and butyrate via methanol chain elongation, as other
potential electron donors, e.g. H, and ethanol, were not detected during the entire
experimental period. Caproate formation from methanol and acetate™ as well as from
methanol and butyrate*’ by a pure culture of Eubacterium limosum was reported. Previously
we also demonstrated the caproate production from acetate and methanol with a mixed
culture but only in a batch operation®. In the present study, we achieved the continuous

caproate production via methanol chain elongation under a non-sterile condition.

4.3.3. Biosynthesis of isobutyrate using a real organic waste and methanol

Isobutyrate production using a real organic waste, i.e. acidified supermarket waste (ASW),
as a feedstock was demonstrated for the first time in the present study (Figure 4.3a and Figure
4.4). The ASW used in the present study contained a large amount of SCFAs especially

butyrate (>400 mMC). After the methanol addition and the 39-day batch incubation,
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isobutyrate was the most dominant product (31.7 + 0.6 mMC) that accounted for 63% of the
total carbon in all the products (Figure 4.3b; see also Figure 4.4 for the concentration profile).
Valerate and caproate were the by-products. Trace amounts of acetate and isovalerate were
also produced. The main consumed organic acids were butyrate and propionate. Other
consumed substrates included methanol that was added and ethanol that was produced in-situ
during the acidification of the supermarket waste. CO, (around 1 millimole in total) added in
the headspace was completely consumed at the end of the experiment. In the ASW medium,
there might be larger soluble organic matters (e.g. amino acids) that were not monitored,
which might have also contributed to a part of the product formation during the batch test.
However, based on the overall carbon recovery efficiency (97%, calculated from all the
substances measured), the amount of product formation resulted from the degradation of
these bigger soluble organic matters could not be significant. The unrecovered carbon (3%)

could be due to biomass formation.
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Figure 4.3. Overview of (a) the average product formation and substrate consumption (in
millimole carbon) and (b) product distribution in carbon in the entire batch test (including all
data points from day 0 to day 39) on ASW and methanol. Methanol was externally added as
an additional substrate, and the other consumed organic acids were originated from the ASW.

The error bars indicated the maximal and minimum values derived from the duplicates.
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The isobutyrate formed was evidently produced from butyrate and methanol based on the
production and consumption profile in Figure 4.3 and the concentration profile in Figure 4.4.
As aforementioned, possibly butyrate continuously transformed into isobutyrate via the bio-

isomerisation' 2% 131> 134 135

and simultaneously methanol chain elongation kept producing
butyrate from methanol and/or acetate’. Valerate most likely formed via the chain elongation
of propionate and ethanol, a known process that could occur with a mixed culture”’. In a
chain elongation process containing ethanol, acetate is produced through ethanol oxidation
for yielding ATP to support the microbial growth®', which may explain a part of the gross
acetate production observed (see also the later discussion section for a further elaboration on
the acetate production in the batch test). However, valerate production from methanol chain
elongation of propionate was also reported in a previous study®’. It could not be excluded that
part of the valerate was synthesised from methanol and propionate. Although it was not
possible to quantify the extent of ethanol and methanol chain elongation for the formation of
valerate in the batch test, supplying multiple electron donors (methanol and ethanol in this
batch test) in chain elongation was shown to be interesting due to the simultaneous formation
of multiple useful platform chemicals (e.g. isobutyrate, isovalerate, valerate and caproate in
this batch test). Moreover, the result from the batch test demonstrates the feasibility of
isobutyrate biosynthesis using a real organic residue, which is never reported before and

represents a novel renewable process for valorising organic residues into platform chemicals.
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Figure 4.4. Concentration profile of all organic acids and alcohol monitored during the entire
batch test on ASW except for isocaproate, heptanoate and capryalte that were always under
detection limit. To improve the readability of the figure all substances were classified into
two categories, the substances possibly involved in methanol chain elongation (a) and in

ethanol chain elongation (b). The error bars indicate the minimal and maximal value based on

the duplicate.
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4.4. Discussion

4.4.1. The proposed mechanism and the essential conditions for isobutyrate
biosynthesis via methanol chain elongation

A direct biological pathway for isobutyrate formation from acetate and methanol has never
been reported to authors’ current knowledge. The isobutyrate formation in the present study
was most likely resulted from the concurrent bio-isomerisation (reaction 1 in Table 4.2; also
refer to Figure 4.5) and methanol chain elongation (reaction 5.1-5.3 in Table 4.2), as
proposed in the introduction. Herein we provide a more in-depth explanation and an
elaborated discussion on our hypothesis based on the methanogenic anaerobic digestion as
illustrated in Figure 4.5 (see also Table 4.2 for the example reactions of all the biological

reactions involved).

(a) Anaerobic digestion (b) Methanol chain elongation
1

1

;l Caproate i

53

Isobutyrate |

Isobutyrate Butyrate
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L "
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L - xR o process

Figure 4.5. Overview of the conversion routes in a methanogenic anaerobic digestion system
(a) and a methanol chain elongation system (b), which is used to explain the isobutyrate

formation observed in the present study. A thick arrow indicates the dominant pathway.
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Table 4.2. List of example reactions of all the conversion routes in Figure 4.5.

Biochemical conversion process AG,° (kl/reaction)

1 Isomerisation of butyrate into isobutyrate'> 0
CH3(CH;),COO” — (CH3),CHCOO

1 De-isomerisation of isobutyrate into butyrate'*® 0
(CH3),CHCOO™ — CHj3(CH,),COO

2 Direct degradation of isobutyrate to acetate, CO, and H,'* 152.8
(CH3),CHCOO" + 6 H,0 — CH3COO™ +2 HCO3 + 6 H, +2H"

3 Butyrate degradation to acetate and H,'* 48.3

CH;3(CH,),COO" + 2H,0 — 2 CH;COO +2 Hy + H'

4 Methane production via acetoclastic methanogenesis®® -31.0
CH;COO" + H,0 — CH4 + HCO5
Methane production via hydrogenotrophic methanogenesis'** -135.6
4 H, + HCO; +H" — CH4 + 3H,0

5.1 Methanol chain elongation to acetate'' -221.6
4 CH30H +2 HCO;” — 3 CH3COO™ +H' +4 H,0

5.2 Methanol chain elongation to butyrate' "> -541.9
10 CH;0H + 2 HCO5 — 3 CH;3(CH,),COO + H" + 10 H,0

5.3 Methanol chain elongation to caproate (hypothetical) -106.9
2 CH30H + CH3(CH;),COO™ — CH3(CH;)sCOO" + 2H,0

6  Methane production via methylotrophic methanogenesis'*’ -314.6

4 CH;0H — 3 CH4 + HCO5 + H™ + H,0

In a methanogenic anaerobic digestion system (Figure 4.5a), butyrate is a common
intermediate product that is degraded via two pathways, the fB-oxidation into acetate and
hydrogen (reaction 3) or bio-isomerisation of butyrate into isobutyrate that is further

degraded into acetate, CO, and H, coupled with sulfate reduction (reaction 2)'?% 135 13 141,
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The produced acetate, H, and/or CO, are further converted via acetoclastic or
hydrogenotrophic methanogenesis into CH4 and CO, (reaction 4). The -oxidation of butyrate
is usually the dominant butyrate-degrading pathway in a methanogenic anaerobic digestion
system (Figure 4.5a). In a methanol chain elongation system, the methanol addition
stimulates butyrate formation from methanol, CO, and/or acetate (reaction 5)* 359 which
can outcompete the B-oxidation of butyrate and resulted in an accumulation of butyrate?’. The
continuous accumulation of butyrate could stimulate bio-isomerisation of butyrate into
isobutyrate (reaction 1). This was also observed in several previous studies especially when
methanogenic activity (reaction 4) is not effective in degrading the accumulated organic acids
due to the presence of a methanogenic inhibitor'®® "' ** 135 (Figure 4.5b). In both
experiments in the present study, the methanogenic activity might indeed have been
suppressed by the high organic acid concentrations, especially by the high butyrate
concentration'*®. Butyrate accumulation clearly plays an important role in the isobutyrate
formation observed in the present study. In the continuous experiment, the butyrate
accumulated in-sifu was not sufficient to stimulate isobutyrate formation, and an additionally
supplied butyrate was required. On the other hand, the butyrate concentration in the ASW
was already sufficient to trigger the bio-isomerisation. Future study may try to use ASW and
methanol directly for demonstrating the continuous isobutyrate biosynthesis.

Despite that bio-isomerisation of butyrate into isobutyrate has been reported in many

. . 128, 131, 132, 134, 135
previous studies * 7 7 T

, the ecological function of such process remains to be
revealed. As the bio-isomerisation alone does not provide any growth energy, it has to be
coupled to other reactions that are of survival value. In a methanol chain elongation system, a
possible function of the bio-isomerisation could be to detoxify the inhibitory effect of the

unbranched SCFAs, especially the butyrate. A known methanol chain elongator, i.e.

E.limosum, was reported to be inhibited by elevated butyrate concentrations'*?. Lindley et al.
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(1987) showed that when butyrate concentration is lower than 800 mMC, E.limosum can still
produce butyrate from methanol and CO,. When butyrate concentration is higher than 8§00
mMC, E.limosum starts to convert butyrate to other products including acetate, caproate and
an unknown compound that is suspected to be an extracellular polymer®’. It is possible that
converting butyrate into other organic acids, e.g. caproate, the unknown compound or even
isobutyrate in the present study, could be a strategy for microorganisms to overcome the
butyrate inhibition. In this case, an electron donor that continuously stimulates the butyrate
formation is essential to push the bio-isomerisation of butyrate continuously. Methanol and
ethanol are both electron donors that can stimulate the butyrate formation under a non-sterile
condition®* 37 %, Nevertheless, using ethanol as the electron donor mostly results in the
formation of caproate as the dominant product instead of butyrate® ®. In contrast, using
methanol as the electron donor leads to the formation of butyrate as the dominant product,
which stimulates the isobutyrate formation.

In addition to the suppression of methanogenic activity, the accumulation of butyrate and
the presence of an electron donor, there are other potential key factors for stimulating bio-
isomerisation that remain to be further investigated, e.g. pH, Vitamin B12 concentration, the
composition of the shaped reactor microbiome, etc. Increasing pH to 6.5 in methanol chain
elongation was shown to increase the butyrate accumulation but also the methanogenic
activity’’. On the other hand, decreasing pH may be effective in further inhibiting
methanogens. Vitamin B12 is an essential catalyst for both methanol chain elongation and

s : . 133, 138, 143
bio-isomerisation ’

. In Phase V of the continuous experiment, Vitamin B12 was
increased to ensure the sufficient availability of the catalyst. Although a preliminary test

showed that supplying butyrate without increasing Vitamin B12 concentration still triggered

the isobutyrate formation in methanol chain elongation (data not shown), it remains unclear
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whether a higher Vitamin B12 concentration could further stimulate bio-isomerisation. These

factors should be further investigated in the future research.

4.4.2. The effect of SCFA supplementation and concentrations on isobutyrate
formation

SCFAs are essential substrates for isobutyrate biosynthesis via methanol chain elongation,
and different SCFA concentrations lead to different substrate utilisation patterns. In the
continuous experiment, acetate was the main consumed substrate while butyrate was mostly
produced along with the isobutyrate formation (Figure 4.1). In contrast, in the batch test, net
production of acetate was observed (Figure 4.3), and butyrate was likely the main substrate
consumed for the isobutyrate formation. Such difference in the substrate utilisation may be
explained by using E.limosum as a model microorganism. E./imosum was the only reported
bacteria that produces caproate from methanol, acetate, CO, and/or butyrate*” *°. Possibly
E.limosum or a similar microorganism was responsible for the butyrate and even the caproate
formation via methanol chain elongation in the present study. It was reported that when the
acetate concentration was below 190 mMC (95 mM), methanol and CO, were converted by a
pure culture E.limosum into both acetate and butyrate as the metabolites''’. The same study
reported that, with an acetate concentration higher than 280 mMC, E.limosum started to
consume acetate and produce butyrate as the only metabolite. Thus, the acetate concentration
does affect the metabolism of E.limosum. In the continuous experiment on the synthetic
medium, 200 mMC acetate was continuously supplied to keep sufficient acetate
concentration, while in the batch test on ASW the initial acetate concentration was around
113 mMC resulted from the acidification of the supermarket waste (Figure 4.4). When
acetate concentration is low (i.e. <190 mMC), part of the methanol supplied may end up in
the formation of extra acetate, which is a less desired product compared with butyrate and

isobutyrate. Given this context, we anticipate that if none of the SCFAs are supplied in
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methanol chain elongation, methanol will be elongate first to acetate and butyrate, and
isobutyrate may be produced only when acetate and butyrate accumulation reached certain
concentrations. Therefore, supplying sufficient SCFAs from a cheap source like ASW is
essential, and steering the acidification process of ASW to produce sufficient acetate is
beneficial in preventing the unnecessary acetate formation from methanol in methanol chain

elongation.

Table 4.3. Overview of the currently reported isobutyrate production via microbial processes.

Source Substrate Reactor type  Biocatalyst Isobutyrate concentration
(conc.), rate and yieldJr

Zhang et Glucose- 40 g/ Batch flask Engineered E.coli Conc.=11.7 g/L

al. with 5 ml strain BW25113 )

2011)” Yeaist extract- 5 working Yield = 0.27 g/gCODg
gL volume.

Lang et Glucose- 20 g/l Batch flask Engineered Conc.=2.0 g/L

al. with 250ml Pseudomonas sp. )

(2014)'? Yeast extract- 5 working Strain VLB120 Yield =0.11 g/gCODg
gL volume.

This study Acidified Batch flask Undefined mixed On Day 39,

(2016) supermarket with 150ml culture microbiome
waste working within the substrate. Conc. = 6.2 g/L
Methanol- 69 OV Yield = 0.15 g/gCODs
g/L

This study Acetate- 5.5 g/ 1L Anaerobic Undefined mixed On Day 53:

(2016) Bioreactor, culture microbiome
gB/lInyrate- 155 continuous from a previous Rate =2.0 g/L/day

operation. methanpl chain Conc. =3.0 g/L

Methanol- 7.0 elongation study.
g/L Yield = 0.06 g/gCODg

Yeast extract-
1.0 g/L

"The yield was evaluated based on the total COD of the substrate (gCODs). The yeast extract
was not included in the total substrate as the exact conversion of which was not reported in all the
reviewed studies. *Recalculated from Zhang et al. (2011)°7.
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4.4.3. Comparison with the existing isobutyrate biosynthesis processes

Isobutyrate production via methanol chain elongation uses a cheap and renewable
feedstock and conversion process, but its performance is still comparable to the existing
isobutyrate biosynthesis processes. There are currently two reported isobutyrate biosynthesis
processes, but both of which use glucose as the substrate and an engineered microbe as the
biocatalyst (Table 4.3)°” '**. Glucose is mostly derived from crop-based feedstocks, which
may again raise the food versus fuel competition'®. In contrast, in the present study, the
feedstock, i.e. SCFAs and methanol, can be derived from residual organic materials that are
cheap (owing to the negative economic value), renewable and widely available. Moreover, a
self-regenerating biocatalyst that can work in a non-sterile condition is used, which can avoid
the energy-intensive sterilisation process™. As for the production performance, both of the
isobutyrate concentration and the yield achieved in the batch test on ASW are in the range of
such achieved by the existing processes (Table 4.3). Moreover, in the present study, value-
added products like valerate and caproate were not yet accounted in the product yield. When
including the other products in the calculation, the overall yield will of course increase.
However, it should be noted that the presence of other products may also decrease the
effectiveness of the downstream process, i.e. separation and purification. As for the
production rate, the comparison cannot be made as the present study is the first and the only
continuous isobutyrate biosynthesis reported. Overall, the use of a cheap and waste-based
feedstock makes methanol chain elongation a competitive and promising isobutyrate
production process; the fact that it can be continuously operated further enhances the
applicability of the process. Future studies may focus on revealing the microbial pathways
behind the isobutyrate biosynthesis, testing the feasibility of using real waste feedstocks in
the continuous operation, examining the stability of a long-term operation as such done for
ethanol chain elongation process“, increasing the product specificity of isobutyrate and

exploring the proper downstream processes.
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4.5. Conclusion

In the present study, we demonstrated the proof-of-principle for isobutyrate production
from organic waste via methanol chain elongation. Continuous isobutyrate production (2.0
g/L/day) was shown to be feasible using a synthetic medium containing methanol, acetate and
butyrate. Use a real waste stream, i.e. supermarket waste, for isobutyrate production via
methanol chain elongation was also demonstrated in a batch test. In the batch test, 63% of all
identified products were allocated to isobutyrate at the highest achieved concentration of 6.2
g/L. The use of a renewable waste feedstock and a self-regenerating non-hazardous
biocatalyst makes isobutyrate biosynthesis via methanol chain elongation a potentially more

sustainable alternative compared with the current isobutyrate production process.
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Support Information for Chapter 4 (SI14)
Estimation of the carbon from the conversion of yeast extract.

The carbon contribution of the yeast extract to the product formation in the continuous
methanol chain elongation on the synthetic medium was estimated. A composition of yeast
extract, CH; 705Ny, was derived from a previous study and used in this study to calculate
the initially available carbon from the yeast extract added''*. Based on this estimation and the
concentration of the yeast extract used (1 g/L), 34.5 mMC was available assuming that the
yeast extract added was completely metabolised, which was around 20.7 mMC/day in terms

of loading rate based on the HRT.

Composition of the basal medium.
The basal medium contained NH4H,POy4 - 3.6 g/L, MgCl,.6H,0 — 0.33 g/L, MgS04.7H,0O

- 0.2 g/, CaCl,.2H,0 — 0.2 g/L, KCI — 0.15 g/L, yeast extract — 1 g/L, Vitamin solution 1
ml/L and trace element solution 1 ml/L'". Vitamin B12 was increased to 400 pg/L in Phase
V to ensure the sufficient availability of the essential coenzyme required for catalysing the

. I~ 134
isomerisation of butyrate ~".

Preparation of the acidified supermarket waste (ASW)

The ASW was prepared by acidifying a supermarket waste with a mixed culture
microbiome as the biocatalyst. The supermarket waste was collected from ROTIE (Lijnden,
The Netherlands), a supermarket waste processing company in the Netherlands. 10kg of
supermarket waste consisting of mainly outdated food scraps was collected. The collected
supermarket waste was already shredded into a slurry-like solution, which had a volatile solid
content approximately 15 wt%. 10kg of tap water was added to the supermarket waste to
dilute the volatile solid content to approximately 7.5wt%. NaOH (5M) was added to adjust

the pH of the diluted supermarket waste solution to 6.8. A mixed culture inoculum (around

110



Isobutyrate biosynthesis via methanol chain elongation

0.4kg) from an acidification bioreactor (ChainCraft, the Netherlands) was added to enhance
the acidification.

A 20-litre batch reactor was used to perform the acidification of the supermarket waste.
The reactor was continuously stirred at 44rpm (Haarlem Holland motor, type TD315, the
Netherlands). A water jacket and a heating bath were installed to control the reactor at 35 °C
(Julabo F25 & Julabo HD, Germany). The pH in the reactors was monitored (Liquisys M,
Endress & Hauser) and controlled at around 5.9+0.4 using a pH controller with a 5SM NaOH
solution. No gas was supplied during the acidification process. Gas meter (Schlumberger,
USA) was installed to monitored the gas production during the acidification of the
supermarket waste. 2 ml of antifoam was added before the start of the acidification.

The acidification process lasted 14 days. After the acidification, the effluent containing
ASW was centrifuged (5000 rpm for 10 minutes) and sieved to remove floating particles to
derive the ASW ready for further experiments. In the present study, the ASW was further
treated by applying a heat shock (100°C for 15 minutes) to suppress the potential
methanogenic activity in the later experiment'**. 200 mMC of methanol, 1 ml/L vitamin
solution and 1 ml/L trace element solution were added to the ASW after the heat shock to
obtain the growth medium for the batch experiment. Yeast extract was omitted in this batch

experiment.
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Figure S4.1. Reactor setup of the anaerobic bioreactor used in this study for

performing continuous methanol chain elongation.
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Figure S4.2. CHj production and CO; consumption rates over the entire

operational period of the continuous methanol chain elongation.
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Chapter 5. Concurrent use of methanol and
ethanol for chain-elongating short chain

fatty acids into caproate and isobutyrate

ABSTRACT

This study investigated the feasibility of using two electron donors, i.e. methanol and ethanol,
for upgrading short chain fatty acids (SCFAs) into isobutyrate and caproate concurrently in
chain elongation. Chain elongation is a novel bioprocess which utilises an open mixed culture
fermentation to valorise organic waste. Caproate is an economically valuable chemical,
which can be produced via chain elongation of ethanol and acetate. Isobutyrate is an existing
platform chemical with a large market potential, and it was recently demonstrated to be a
novel product from chain elongation of methanol and acetate. Supplying both methanol and
ethanol in chain elongation was shown to simultaneously convert acetate and/or butyrate into
caproate and isobutyrate, due to the use of an open mixed culture microbiome. Moreover, the
butyrate supplement stimulated the caproate production rate to 2.6 g/L.day and induced
isobutyrate production (1.5 g/L.day). Further increasing the ethanol feeding rate enhanced the
direct use of butyrate for caproate production, which improved the caproate production rate to
6 g/L.day. Overall, the integration of two microbial pathways, i.e. ethanol and methanol chain
elongation, in one reactor system to upgrad SCFAs was demonstrated. As such, chain
elongation can be applied to valorise organic waste(water) streams into a wider variety of

value-added biochemicals.

This chapter is to be submitted as: Chen, W.S.; Huang, S.; Strik, D. P. B. T. B.; Buisman, C.
J. N. Concurrent use of methanol and ethanol for chain-elongating short chain fatty acids

into caproate and isobutyrate.
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5.1. Introduction

Microbial chain elongation is an emerging biotechnology that converts the carbon materials
found in waste streams into value-added biochemicals®® **. Chain elongation refers to the
elongation of the carbon chain of a molecule. Examples of microbial chain elongation include
homoacetogenesis, which converts CO; to acetate, the succinate formation from glycerol and
CO; and the conversion of short chain fatty acids (SCFAs; saturated carboxylic acid with 2 to
5 carbons) into medium chain fatty acids (MCFAs; saturated carboxylic acid with 6 to 12
carbons)***!. The last example, i.c. chain elongation of SCFAs, is particularly interesting due
to its ability to use an open mixed culture biocatalyst, its applicability to valorise complex
organic waste streams, the high economic values and the potential separation of its end-
products, i.e. the MCFAs. This paper focuses on the microbial chain elongation of SCFAs
using an open mixed culture reactor microbiome, which we refer to as chain elongation
throughout the following text. The use of such a microbiome as a stable catalyst in chain
elongation was demonstrated in several lab-scale systems, with various reactor configurations
and is currently under development at a pilot-scale level*>. The use of organic waste as the
feedstock for chain elongation was also demonstrated in several studies® *> '**. The end-
product from chain elongation, i.e. the MCFAs, are value-added chemicals that can be used

67, 68

. oo L. 26,65, 1
as feed additives or can serve as building blocks for several commodities®® > '%. Several

MCFA separation techniques have been developed and integrated into chain elongation®” >

7. A pilot-scale microbial chain elongation system (ChainCraft B.V., The Netherlands) has
also been recently established, which aims to convert supermarket food waste and ethanol

. . . 33,145
into commercially-viable caproate™ .

In recent years, research efforts are continuously dedicated to chain elongation, especially

with regards to the expansion and investigation of its substrate and product spectrums™ .
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The use of different substrates for both the electron donor and acceptor in chain elongation

can lead to distinct product spectrums®> "’

, with a variety of studies completed on the topic.
For example, Steinbusch ef al. (2011) and Agler et al. (2012) investigated the use of even-
chain SCFAs, i.e. acetate and butyrate, as the electron acceptors and ethanol as the electron
donor, which yielded caproate as the main product’ . Van Eerten-Jansen et al. (2013) used
electricity as the electron donor to chain-elongate acetate into butyrate, caproate and
caprylate®. Grootscholten ef al. (2013) used propionate as the electron acceptor and ethanol
as the electron donor to synthesise valerate and heptanoate’'. Zhu ez al. (2015) and Kucek et
al. (2016) demonstrated the use of lactate as both the electron donor and acceptor to produce

caproate“’ “

. Chen et al. (2016) employed methanol as the electron donor to chain-elongate
acetate to butyrate, isobutyrate and caproate’”®'. Isomerised fatty acids, e.g. isobutyrate, are
an established platform chemical that has a much larger market than caproate’’. Recently,
Coma et al. (2016) also did a thorough investigation of several combinations of electron

donor and acceptor in chain elongation in order to explore product diversity and to

understand the microbial community linked to the versatile substrate combinations’’.

Most of the aforementioned chain elongation studies supplied only one electron donor at a

time for chain-elongating SCFAs, with the exception of two batch experiments®” °'

. Using
two or more electron donors concurrently can be beneficial for the overall product yield, the
extensive utilisation of the SCFA and the formation of novel products. In Steinbusch et al.
(2011), hydrogen and ethanol were used simultaneously as electron donors for elongating
acetate. The concurrent use of hydrogen and ethanol as electron donors led to a higher yield,
a better product recovery efficiency and the formation of novel products, i.e. butanol, hexanol
and caprylate®”. In the same batch experiment, when ethanol was used as the sole electron

donor, butanol and hexanol were not produced and less caproate was formed. Thus, the

formation of hexanol and butanol could result from the biohydrogenation of caproate which
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was produced via chain elongation of ethanol and acetate®™ **. In Chen er al. (2016),
methanol and ethanol were simultaneously available as the electron donors for chain-
elongating SCFAs in the acidified supermarket food waste. The ethanol was endogenous and
formed due to the degradation of larger organic molecules, like glucose, during the hydrolysis
and acidification of the supermarket food waste, while the methanol was added. The
simultaneous presence of methanol and ethanol led to the formation of multiple valuable end-
products, i.e. isobutyrate, valerate, caproate and trace amount of isovalerate. Moreover, the
formation of isovalerate was not reported in previous chain elongation studies, and it possibly
formed via the isomerisation of valerate that was produced by chain elongation of ethanol and

propionate’’.

Previously, Kenealy and Waselefsky (1985) examined the simultaneous use of methanol
and ethanol during the growth of Clostridium kiuyveri (a well-known ethanol chain-
elongating microorganism)'*®. Their results showed that, when methanol and ethanol were
supplied simultaneously, C.kluyveri does not uptake methanol as an electron donor. The
product formation and growth of C.kluveri slightly decreased compared to the use of ethanol
as the sole electron donor'*®. On the other hand, Eubacterium limosum, the only known
microorganism that chain-elongates methanol and SCFAs into butyrate, valerate and
caproate, does not use ethanol as a substrate®>. The consumption of methanol and ethanol
observed in Chen et al. (2016) was suspected to occur via different microbial pathways, i.e.
different microorganisms, within the mixed-culture reactor microbiome. This implies that two
distinct microbial metabolisms can be integrated to simultaneously upgrade SCFAs in
organic waste into multiple valuable biochemicals via the use of a mixed culture microbiome.

This could be an advantage of using an open mixed culture microbiome?’.
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In summary, the simultaneous use of two or more electron donors for chain-elongating
SCFAs could be beneficial due to the extensive utilisation of SCFAs, the formation of
multiple valuable products and the potential formation of novel products. Nevertheless, the
concurrent use of two electron donors for chain-elongating SCFAs was never demonstrated in
a continuous operation. Additionally, the production of valuable products besides the major
product was shown to be limited. In Steinbusch ez al. (2011), caproate was the major product,
amounting to 100 millimole carbon (mmoleC)/batch, while caprylate amounted to 20
mmoleC/batch and butanol and hexanol to 5 and 1 mmoleC/batch™. In Chen ez al. (2016),
isobutyrate was the major product, amounting to 30 mmoleC/batch, while valerate amounted
only to 10 and caproate to 5 mmoleC/batch only. It remains uncertain whether the ethanol
chain elongation did occur and contribute to the organic acid formation, as the formation of

. . . 47,90,91
valerate and caproate could have occurred via methanol chain elongation™” ™",

In this study, we examined the feasibility of using methanol and ethanol in a single reactor
system to chain-elongate SCFAs simultaneously and continuously. We anticipated that
isobutyrate and caproate will be produced simultaneously, and the caproate production will
be in a higher concentration and rate than the previous study’' due to the increased ethanol
concentration and feeding rate. Moreover, the effect of butyrate supplement as an additional
SCFA towards chain elongation was examined in this study. Butyrate is a common
intermediate in hydrolysed/acidified organic wastes besides acetate®’, and the presence of
butyrate in higher concentrations appears to be essential for isobutyrate formation®’'. The
outcome of this study may serve as an example of stimulating two microbial pathways for
extensively upgrading SCFAs into multiple value-added platform chemicals, within a single

reactor microbiome in a continuous operation.
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5.2. Methodology
5.2.1. Continuous bioreactor setup and operation

A 1-L anaerobic bioreactor was operated in the continuous mode for 118 days during this
study (Figure 5.1). The setup of this anaerobic bioreactor was identical to the one used in a
previous methanol chain elongation study, except for the installation of an automated pH
controller, which was added for this studygl. This addition (LIQUISYS M, Endress+Hauser
B.V., NL; modified by Elektronica ATV, WUR, NL) was installed on day 38 in order to
maintain a stable pH, as the organic acids produced via chain elongation continue to acidify
the fermentation broth. Potassium hydroxide (KOH; 1M) was dosed by the pH controller to
maintain the broth pH around 6.6 + 0.1. The entire continuous operational period consisted of
the start-up phase and five experimental phases with different variables tested, as shown in
Table 5.1. The hydraulic retention time (HRT) was set as 37 hours; the actual HRT was
calculated by measuring the weight of the medium bag before and after the medium
replacement. The temperature was kept at 35 °C using a water bath (Fisher Scientific Polystat
37, USA); the actual temperature was regularly measured and examined using a thermometer

(Fisher Scientific Traceable digital thermometer, USA).
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Table 5.1. Conditions for the start-up phase and the five experimental phases of the continuous

bioreactor operation.

Variables used (Changes are in bold font)

Phases Strat-up I I 11 v v
Period (day) 0-6"  7-23% 24-40 40-62 63-83 84-97 98-104 105-118
Ethanol feeding rate - 140 140 140 140 280 - 140
(mmoleC/L.day)

Butyrate feeding rate - - - - 480 480 480 -
(mmoleC/L.day)

CO, feeding rate 10 10 20 20 20 20 20 20
(mmole/day)

Automated pH control* - - - v v v v \%

"Vitamin B12 was increased from 13 pg/L (supply rate = 7.8 pg/L.day) to 400 pg/L (supply
rate = 240 pg/L.day) from day 7 onwards. ‘Internal recirculation rate was increased from 150
ml/minute to 300 ml/minute from day 24 onwards. *The automated pH controller was installed
on day 38, and a stable pH was maintained from day 40 onwards.

5.2.2. Inoculum and medium

The inoculum used in this study was a reactor microbiome derived from a previous chain
elongation reactor fed with acetate and ethanol*®. Before starting this experiment, the reactor
microbiome was kept in a continuous reactor (the same one used in this study but without an
automated pH controller) for 200 days. During this 200-day incubation, the reactor
microbiome was fed with a medium containing acetate, ethanol and methanol. The main
products were caproate and butyrate, and the main substrate consumed were ethanol and
acetate. The methanol supplied was hardly consumed during the entire 200-day incubation

(data not shown). After the 200-day incubation, the feeding was stopped and the reactor was
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switched to batch-mode for 50 days. In this study, the continuous reactor was restarted by

feeding a medium containing methanol and acetate as the main carbon source.
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Figure 5.1. The schematic illustration of the continuous bioreactor used in the present study.

A synthetic medium was used to perform the continuous chain elongation, which contained
the basal medium and the addition of ethanol, butyrate or a mixture of both (see Table 5.1).

The basal medium contained methanol - 6.4 g/L, acetate - 6.0 g/LNH4H,PO, - 3.6 g/L,
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MgCl,.6H,0 - 0.33 g/L, MgS0,4.7H,0 - 0.2 g/L, CaCl,.2H,0 - 0.2 g/L, KCI - 0.15 g/L, yeast

3 In different

extract - 1 g/L, Vitamin solution 1 ml/L and trace element solution 1 ml/L
experimental phases, various concentrations of ethanol, butyrate or both were added to the
synthetic medium to test the effect of alternative feeding rate, as shown in Table 5.1. During
the bioreactor operation, the synthetic medium was stored anaerobically in a refrigerator and
replaced every week. Gaseous CO, was continuously supplied to the reactor as another
substrate for sustaining biomass growth. The CO; supply rate was controlled by a mass flow

controller (Brooks mass flow controller 5850E, USA) at 240 or 480 ml CO,/day (see Table

5.1).

5.2.3. Sampling and Analyses

Liquid samples (1ml) were taken from the fermentation broth 5 times a week and from the
synthetic medium every time it was prepared (approximately once per week). Gas samples
were taken with a syringe from the headspace every two to three days. All liquid samples
were analysed with two gas chromatographs (GCs) using the standardised methods that were
employed in several previous chain elongation studies®* *°. One GC (HP5890, USA) analysed
the concentration of the saturated carboxylic acids including acetate, propionate, isobutyrate
(2-Methylpropanoate), butyrate, isovalerate (3-Methylbutanoate), valerate, isocaproate (4-
Methylpentanoate), caproate, heptanoate and caprylate. The other GC (HP5890, USA)
analysed the concentration of methanol and ethanol. The gas samples were analysed
immediately after their extraction from the headspace of the bioreactor. One GC (Shimadzu
GC-2010, Japan) was used to measure the Oy, N>, CHy and CO, concentrations, whilst the

other GC (HP5890, USA) was used to measure the H, concentration in the gas samples.
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5.3. Results and discussion

5.3.1. Concurrent use of methanol and ethanol for upgrading SCFAs

The concurrent consumption of methanol and ethanol was observed in Phase I with the
butyrate and caproate found to be the main products (Figure 5.2a). Both methanol and ethanol
were used for chain-elongating acetate into butyrate and caproate, as the total amount of
carbon consumed (in terms of ethanol and acetate), was not sufficient to provide the total
amount of carbon in the produced butyrate and caproate. Nevertheless, most of the produced
organic acids were likely formed via chain elongation of ethanol and acetate, while methanol
contributed less.

In the previous study on chain elongation of methanol and acetate, caproate was produced
at both a low rate (9 mmoleC/L.day) and low concentration (15 mMC or 0.3 g/L; mMC =
millimolar carbon)”. Most likely, the observed caproate in Phase I of this study (up to 81
mmoleC/L.day) was formed mainly via chain elongation of ethanol and acetate. As for the
butyrate, in the previous study conducted under a similar condition but without ethanol
feeding, the maximal butyrate production rate was 60 mmoleC/L.day, whilst during Phase I it
rose to 145 mmoleC/L.day®. This supports the assumption that more than half of the butyrate

produced in Phase I was from chain elongation of ethanol and acetate.
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Figure 5.2. The production and consumption profile (a) and the concentration profile (b) of
all products and substrates in the fermentation broth during the entire operational period of
the chain elongation reactor, using methanol and/or ethanol as the electron donors

(Temperature = 35 °C, HRT = 37 hours).

Figure 5.2b showed the concentration profile of the entire fermentation experiment. In
Phase 1, the ethanol concentration was always under the detection limit, showing that ethanol
was completely used. From day 40, the caproate concentration gradually increased until day

50, and from this point it remained relatively stable until day 62 (110 mMC). This could be
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an indication for the enrichment of ethanol chain-elongating microorganisms. In contrast,
from day 40 to 50, there was residual methanol found in the fermentation broth. The
methanol concentration gradually decreased from day 44 due to the increasing methanol
consumption rate. The consumed methanol was probably converted into methane, as the
methane production rate gradually increased from day 44, following a similar trend as that of
the methanol consumption rate (Figure 5.3). Moreover, comparing day 44 with day 62, the
methanol consumption rate had increased by approximately 40 mmoleC/L.day (Figure 5.2a)
and there was no residual methanol concentration (Figure 5.2b). The methane production rate
was also increased by 30 mmole/day from day 44 to day 62 (Figure 5.3). It is likely that all
the increased methanol consumption was converted into methane as there are methylotrophic
methanogens present, which are known to metabolise methanol and even prefer methanol

47 Overall, in Phase I, methanol and

over other substrates available in this study, e.g. acetate
ethanol were both used for chain-elongating acetate into longer fatty acids. However,
methanol contributed less than ethanol to the organic acid formation and contributed

considerably to the methane production. From Phase II, several strategies for improving the

methanol use for organic acid production were investigated, as discussed in section 5.3.2.
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Figure 5.3. The profile of the total CHs and CO, production/consumption (a) and the

headspace CH4 and CO, compositions (b) throughout the entire operational period.

Comparing the start-up phase and Phase I, pH control at 6.6 + 0.1 was shown to be
essential for the concurrent use of methanol and ethanol for chain-elongating SCFAs. In the
start-up phase, the ethanol supplement in methanol chain elongation constantly caused pH
drops (Figure 5.4). In the first six days of the start-up phase, ethanol was not supplied, and
the pH was around 6.2 without any external pH control means. The consumed methanol was
mainly converted into acetate and butyrate via methanol chain elongation or into methane via

% 91 From day 7 when ethanol was added, ethanol

methylotrophic methanogenesis
consumption gradually started and methanol consumption gradually stopped. Chain

elongation of acetate and ethanol into butyrate became the dominant reaction, and pH

dropped to below 5.5 constantly (Figure 5.3). The pH was adjusted to 6.3 by adding KOH to
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the bioreactor on days 15, 21 and 28; nevertheless, the pH dropped quickly after each pH
adjustment. The pH reduction could be due to proton formation during the ethanol chain
elongation®® and could inhibit the methanol chain-elongating microorganisms. As a result, a
stable methanol consumption was no longer observed during the the start-up phase, following
the pH drop. When the pH dropped below 5.5, e.g. on day 34, chain elongation of ethanol to
butyrate was also no longer observed. Both methanol and ethanol chain elongation started
again when an automated pH controller was installed to constantly maintain the pH at 6.6 +
0.1. The same pH range was maintained for the rest of the experimental period to ensure the

activities of both methanol and ethanol chain elongation.
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Broth pH
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Figure 5.4. The profile of broth pH during the entire experimental period.

5.3.2. Concurrent caproate and isobutyrate production and its relation to ethanol and

butyrate feeding rates

5.3.2.1 Feeding butyrate and ethanol induces concurrent production of caproate and

isobutyrate

In Phase II, butyrate was fed to the reactor directly, with the same feeding rate used in the
previous methanol chain elongation study’'. After feeding butyrate, the concurrent production
of caproate and isobutyrate was observed (Figure 5.2). The isobutyrate production provided

further support for the concurrence of two distinct microbial pathways. Isomerised organic
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acids were not reported as a product from ethanol chain elongation, and this was only
observed in methanol chain elongation. Moreover, the caproate production rates observed in
Phase II of this study were also much higher than those reported in previous methanol chain
elongation studies. Chen et al. (2016) observed simultaneous isobutyrate (81 + 6
mmoleC/L.day), butyrate (10 = 28 mmoleC/L.day) and caproate (9 + 1 mmoleC/L.day)
production in a continuous methanol chain elongation fed with a synthetic medium
containing methanol, acetate and butyrate but no ethanol’'. The reported production rate was
an average derived from a 10-day period (approximately 6 HRT) when a steady production of
isobutyrate and caproate was maintained. To compare, we took a 7-day period in each phase
of the study (with the exception of Phase IV, which was too short), during which a steady
organic acid production was maintained. During this period we calculated the average
production and consumption rates (see Figure 5.5). The isobutyrate production rate (66 + 2
mmoleC/L.day from day 76 to 82) in Phase II of this study was slightly lower than that in the
previous study’'. The caproate production rate in Phase II (132 + 6 mmoleC/L.day), on the
other hand, increased by 13 times when compared to the previous study’'.

The operational conditions and medium composition in Chen et al. (2016) were similar to
that in this study, with the exception of the ethanol supplement and an increased CO; feeding
rate in this study. The ethanol feeding was mainly responsible for the elevated caproate
production rate in Phase II, as the increased CO; feeding rate (from 10 mmole/day in the
previous study to 20 mmole/day in this study) was far less than the increased caproate
production rate. The ethanol feeding stimulated the chain elongation of ethanol and acetate
into caproate while the chain elongation of methanol and acetate into isobutyrate occurred
continuously (Phases II, IIl and V in Figure 5.2a). As mentioned in section 5.1, the
simultaneous consumption of methanol and ethanol by a single microorganism has not been

reported. In contrast, the use of a mixed culture allows the coexistence of two distinct
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microbial pathways as observed in Phases II, III and V of this study. A previous study by
Chen et al. (2016) also suggested the coexistence of methanol and ethanol chain-elongating
microorganisms in a reactor microbiome taken from an ethanol chain elongation bioreactor
where methanol was not suppliedgo. The methanol chain-elongating microorganisms were
suspected to grow on H, and CO, in the ethanol chain elongation reactor, and to gradually
adopt to grow on methanol and acetate when methanol was present in the environment™.
Therefore, the observed concurrent conversion of methanol and ethanol with SCFAs into
higher organic acids possibly occurred via two distinct microbial pathways. This further
supports our aim of the study, i.e. the stimulation of two distinct metabolisms in one reactor

microbiome for extensively upgrading VFAs to isobutyrate and caproate concurrently.

(2 w4 (4 Emm C6 == MeOH mmm EtOH mmmm CHy msmm CO)

400

300
200
100
C2 C2 C2 c2
-100
-200

-300

Average production/consumption rate
(mMC/day or mmole/day for CH, and CO,)
(=}

-400

Phase I (day 55-61) Phase 11 (day 76-82) Phase I1I (day 90-96)  Phase V (day 112-118)

Figure 5.5. The average production and consumption rate of all measured compounds,
including that in the broth and in the headspace, during the relatively steady period in each
phase. The relatively steady period is indicated in the figure. The vertical bar in each phase
stands for (from left to right): C2, acetate; iC4, isobutyrate; C4, butyrate; C6, caproate;

MeOH, methanol; EtOH, ethanol; CH,4, methane; CO,, carbon dioxide.
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5.3.2.2 Increasing ethanol feeding rate stimulates chain elongation of butyrate and ethanol to

caproate

In Phase III, the ethanol feeding rate was increased from 140 to 280 mmoleC/L.day. This
increased the ethanol consumption rate by 136 mmoleC/L.day, the caproate production rate
by 174 mmoleC/L.day and the butyrate consumption rate by 48 mmoleC/L.day (Figure 5.5).
The incrase in caproate production rate was 38 mmoleC/L.day more than the increased
ethanol consumption rate. This indicates that the increased caproate production rate partly
resulted from the increased butyrate consumption rate, and implies the direct use of butyrate
and ethanol for producing caproate by the microorganisms. In other words, the increased
ethanol feeding rate enhanced the chain elongation of butyrate to caproate using ethanol as an
electron donor, under the condition that a high butyrate concentration was present in the
bioreactor. To our best knowledge, direct chain elongation of butyrate and ethanol into
caproate in a mixed culture fermentation was reported previously but only in a batch
operation’’. This study demonstrated the continuous chain elongation of butyrate and ethanol
into caproate in a mixed culture condition. The direct use of butyrate as a starting material for
producing MCFAs is more beneficial than using acetate, because the ethanol required for
chain-elongating acetate to butyrate is avoided.

The ethanol feeding rate was increased in Phase III to examine whether the production rates
of isobutyrate and caproate could be further enhanced. Previously, Chen et al. (2016) tried to
increase the methanol feeding rate to 300 mmoleC/L.day, which seemed to inhibit the
methanol chain-elongating microorganisms, as both methanol consumption and butyrate
production rates decreased considerably’’. As a result, the ethanol feeding rate was increased
instead of the methanol feeding rate during this study. A higher ethanol feeding rate may
increase the caproate and butyrate production rate via stimulating the chain elongation of
ethanol and acetate. The consequentially increased endogenous butyrate concentration may

then enhance the isobutyrate formation. The selected ethanol feeding rate and concentration
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were also used in previous studies, where the ethanol chain-elongating activity was not
inhibited™ *°.

The increased ethanol feeding rate did increase the caproate production rate, but not the
butyrate production rate or concentration (Figure 5.5 and Figure 5.2b). Moreover, it
decreased both methanol consumption and isobutyrate production rates by 34 mmoleC/L.day
and 23 mmoleC/L.day, respectively (Figure 5.5), which may be an indication of the
decreased methanol chain elongation activity. From a bioprocess point of view, there are
several possible causes to the decreased activity of methanol chain elongation. These include
competition for substrates e.g. acetate or butyrate and the competition and/or availability of
(specific) nutrients, e.g. amino acids (provided in the form of yeast extract), trace elements
and vitamins, as well as the inhibitory effect of ethanol and caproate. The competition for
butyrate as a substrate is a plausible cause, as the isobutyrate production rate gradually
decreased, along with the decreased butyrate concentration (days 84 -89; Figure 5.2). In the
previous study and under a similar experimental condition, the isobutyrate production rate
seemed to correlate positively with the in-situ broth butyrate concentration’'. The availability
of other substrates, e.g. methanol, CO, and acetate, is less likely to be a limiting factor for
isobutyrate production or methanol chain elongation, because they were sufficiently available
in the environment (Figure 5.2b and 5.3b). The micronutrient may also be limiting the
methanol chain elongation activity or the isobutyrate production rate. Previously,
Grootscholten ef al. (2014) found that the amount of yeast extract addition could be a limiting
factor for a high-rate chain elongation process” . Although the caproate production rate was
not as high as that achieved by Grootscholten et al. (2013), the methanol chain-elongating
microorganisms in this study might also require yeast extract for growth, which could
become a limiting factor when ethanol chain elongation activity was high®>. In this study, the

effect of increasing micronutrient supplement was not investigated; nevertheless, increasing
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the micronutrient loading rate may help improve the methanol chain elongation. The
inhibitory effect of caproate or ethanol may be another cause. Inhibition of a high caproate
concentration on methanol chain-elongating microorganisms was reported'*®. Pacaud et al.
(1986) investigated the inhibition effect of various SCFAs and caproate on the growth of
E.limosum. It was reported that for E./imosum, a threshold inhibition concentration of each
tested organic acid exists, above which the inhibition effect occurs and increases linearly with
the increasing organic acid concentration. The threshold inhibition concentration of the
organic acid decreases, along with the increasing number of carbon atoms of the organic acid.
Based on Pacaud et al. (1986), the threshold inhibition concentration of caproate for
E.limosum is about 34 mMC, and a 50% growth rate inhibition is expected at a caproate
concentration of around 540 mMC'®®. Assuming that the methanol chain-elongating
microorganism in this study was E.limosum or had a similar metabolism, the caproate
concentration in Phase III, c.a. 500 mMC, approximated the 50% inhibitory concentration,
which could decrease the growth rate of E.limosum to 0.058 h™'. Considering the 37-hour
HRT in this study, the methanol chain-elongating microorganisms, though inhibited, could
not be washed out. The inhibitory effect of caproate is unlikely a main cause to the decreased
methanol chain elongation activity. The inhibitory effect of ethanol is also an unlikely
possible cause, as there was hardly any residual ethanol concentration in the bioreactor
(Figure 5.2b). Overall, despite the decreased activity of methanol chain elongation, it is still
remarkable that increasing the ethanol feeding rate stimulated the use of butyrate as a starting
material for ethanol chain elongation to produce caproate, and that chain elongation of
methanol and acetate/butyrate to isobutyrate still occurred under such high ethanol feeding

rate.
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5.3.2.3 Caproate production rate decreased substantially after stopping ethanol feeding

In Phase IV, the ethanol feeding was stopped. The caproate production rate decreased
rapidly, from 314 mmoleC/L.day (503 mMC in concentration) on day 97 to 26
mmoleC/L.day (40 mMC) on day 103. The significant decrease in caproate production rate
was anticipated, as the chain elongation of methanol and SCFAs to caproate never exceeded a

concentration of 40 mMC in either a pure or mixed culture incubation*” - *!

. Lindley et al.
(1987) demonstrated the caproate production from methanol (100mMC), butyrate (1600
mMC) and CO; (15% in the headspace) up to 38 mMC in a batch incubation of a pure culture
E.limosum®. Chen et al. (2016) demonstrated the continuous caproate production from
methanol (200 mMC), acetate (200 mMC), butyrate (800 mMC) and CO, (20% in the
headspace) up to 15 mMC (10 mmoleC/L.day in rate) with a mixed culture microbiome
under a non-sterile condition’'. In Phase IV of this study, where the operational condition was
similar to that of Chen et al. (2016), the caproate production was still maintained at around 35
mmoleC/L.day (22 mmoleC/L.day in rate), taking day 104 as an example. The isobutyrate
production rate (105 mmoleC/L.day), methanol and acetate consumption rates (105 and 35
mmoleC/L.day) are all higher in Phase IV of this study when compared with that of Chen et
al. (2016; 81 mmoleC/L.day for isobutyrate production rate, 60 and 26 mmoleC/L.day for
methanol and acetate consumption rates)’’. The only different operational condition between
Phase IV of this study and that in Chen et al. (2016) was the CO, supplementation rate, i.e.
20 mmole/day in this study versus 10 mmole/day in Chen et al. (2016). The higher CO,
supplementation rate resulted in a higher CO, consumption rate, i.e. 10 mmole/day more CO,
was consumed in Phase IV of this study. The effect of a higher CO, availability towards the
isobutyrate and caproate production rates is unclear and has never been described in the
literature, not even by those addressing the metabolism of E./imosum. However, the results of

this study do show that CO, consumption into biomass and/or products is not negligible, i.e.
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15 mmole/day. It may be of use to investigate whether increasing CO, availability could
further stimulate isobutyrate and caproate production rates. Another possible explanation for
the improved production rates could be the different composition of the reactor microbiomes,
which could not be further evaluated based on the currently available information. Phase IV
was operated for only 7 days and the ethanol was fed again to the bioreactor to prevent

potential wash-out of the ethanol chain-elongating microorganisms.

5.3.2.4 Isobutyrate production continued even without feeding butyrate

In Phase V, the operational condition was the same as Phase I, but the production and
consumption profile was very different from what was observed in that earlier phase (Figure
5.2a and Figure 5.5). The most interesting finding in Phase V is that isobutyrate production
continued even after the butyrate feeding was stopped and the broth butyrate concentration
(around 175 mMC) was lower than that in Phase I (around 200 mMC). Previously,
isobutyrate production only occurred in the presence of a high butyrate concentration in the
environment, e.g. 800 mMC in Chen et al. (2016)°" and in Phase II of this study, and 600
mMC in Phase III of this study. In Phase I, isobutyrate was not observed, even with the same
operational condition used in Phase V and with a higher broth butyrate concentration. A
possible explanation as to the isobutyrate production is the different compositions of the
microbial community. In other words, the isobutyrate-producing microorganism(s) may have
been enriched during Phase II-IV and continued the isomerisation/isobutyrate production
with a lower butyrate concentration. For other products and substrates in Phase V (when
compared with Phase I), the caproate production rate was slightly increased, while the
butyrate production rate was slightly decreased. Methanol and ethanol consumption rates
were slightly increased, while the acetate consumption rate increased almost 2-fold. The
increase in the acetate consumption is beneficial, as acetate can be derived from a cheap,

waste-based feedstock. The overall increased substrate utilisation and production formation
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rates could be attributed to the enrichment of the reactor microbiome, especially those
immobilised on the polyurethane cubes*® and/or in the biofilm attached to the inner wall of
the bioreactor. This finding may be interesting for isobutyrate production in particular, as the
butyrate concentration required for inducing isobutyrate production could be lowered and

consequently the amount of exogenous butyrate supply could, if necessary, be reduced.

5.3.2.5 Effect and role of increased CO, feeding rate
As discussed in section 5.3.2.3, the CO, feeding rate in this study was 2 times higher than

90, 91

that of previous methanol chain elongation studies . Both methanol and ethanol chain-

elongating microorganisms require CO, for growth. E./imosum requires CO, as an electron

acceptor when it grows on methanol and acetate, except for one mutant'

. C.kluyveri requires
CO, for protein synthesis "*°. It was also reported that increasing the CO, availability in a
mixed culture ethanol chain elongation increased MCFA production®’. In the start-up phase,
when ethanol feeding started and the ethanol consumption rate gradually increased (since day
7; Figure 5.2a), CO, composition in the headspace gradually decreased until it was fully
depleted on day 11 (Figure 5.3b). Meanwhile, methanol consumption ceased until day 24
(Figure 5.2a). From this day, when the CO, feeding rate was increased 2-fold, methanol
consumption started again (Figure 5.2a). Therefore, a sufficient CO, supplement is possibly
another essential condition, besides maintaining a stable pH, for integrating methanol and
ethanol chain elongation in one reactor system. The increased CO, feeding rate was
maintained for the rest of the operational period to prevent CO, depletion (Figure 5.3b).
Throughout the entire experiment operation, the CO, composition in the headspace varied
according to ethanol consumption. When the ethanol consumption rate increased, the
headspace CO, composition decreased due to the higher CO, consumption (Figure 5.2a and

5.3). This was especially obvious in Phase IIl and Phase IV. In Phase III, the increased

ethanol feeding rate stimulated the ethanol chain elongation activity and caproate production

138



Concurrent methanol and ethanol chain elongation

rate; meanwhile, the CO, consumption increased from 10 to 20 mmole/day and the headspace
CO; composition decreased from 20% to 10%. In Phase IV, when ethanol feeding stopped,
the headspace CO, composition increased from 10% to 30%. In contrast, methanol chain
elongation may not require as much CO, as ethanol chain elongation, as observed both in this

study and the previous methanol chain elongation studies” '

5.3.2.6 Methane production stimulated by methanol and inhibited by high butyrate
concentration

The methane production rate was higher in Phases I, I and V and lower in Phases III and
IV (Figure 5.3 and 5.5). The highest methane production rate was up to 40 mmole/day, which
occurred on day 61. As the supplied CO; could not sufficiently cover the total amount of
carbon in the methane produced, part of the methane formation must come from other
substrates. Methanol is the most probable substrate for methane production, as the methanol
consumption rate increased, along with the rising methane production rate throughout the
entire experiment (Figure 5.2a and 5.3a). In Phase III and IV, the lower methane production
rates can be due to the presence of butyrate in high concentrations, e.g. > 8 g/L or 363 mMC,
which is inhibitory to the methanogenic activities'”’. In Phase I and V, butyrate concentration
was always lower than 5 g/L, which might not have been enough to inhibit methanogenic
activities. The previous methanol chain elongation study also had the same finding regarding
the inhibition of butyrate concentration on methanogenic activity’'. As mentioned in section
5.1, butyrate is a common intermediate from the hydrolysis and acidification of organic
waste, and it can easily accumulate more than 8 g/L®. In Chen ef al. (2016), a high butyrate
concentration (about 9 g/L or 400 mMC) was also obtained after the hydrolysis/acidification
of supermarket food waste’'. Based on the induction of isobutyrate production by adding
butyrate, the direct chain elongation of butyrate and ethanol (section 5.3.2.2.) and the possible

inhibitory effect on methanogenic activity, using butyrate as a starting material for chain
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elongation is worthy of further study. On the other hand, the methane composition in the
headspace was mostly higher than 80% (Figure 5.3b), which could be considered as another

value-added product®.

5.4. Conclusion

The concurrent use of methanol and ethanol for upgrading SCFAs was demonstrated in the
present study. Without butyrate feeding, caproate and butyrate were the main products
formed from chain elongation of ethanol and methanol with acetate. With a continuous
butyrate feeding, caproate and isobutyrate were the main products, suggesting the
concurrence of two distinct microbial pathways, i.e. ethanol and methanol chain elongation.
Most likely, caproate was derived from chain elongation of ethanol and acetate, and
isobutyrate from chain elongation of methanol and acetate and isomerisation of butyrate.
Increasing the ethanol feeding rate further increased the caproate production rate as well as
stimulating the direct use of butyrate for producing caproate via chain elongation, which
improved the ethanol-to-caproate efficiency. However, in this instance, the isobutyrate
production rate decreased. The reactor microbiome at the end of the experiment showed the
capability to produce isobutyrate without an exogenous butyrate feeding, as well as a higher
caproate production rate. Overall, this study exhibited the feasibility of stimulating two
microbial pathways within the microbiome of a single reactor system for upgrading SCFAs
into two value-added biochemicals simultaneously, which was done by supplying two

electron donors at the same time, i.e. methanol and ethanol.
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Benchmarking of microbial chain elongation

based on methanol
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6.1. Summary of the research outcomes

This thesis investigated the use of methanol as an alternative substrate in microbial chain
elongation for chemical production from organic waste. Table 6.1 gives an overview of the
main findings, in addition to the substrates used and the products achieved in each chapter.
This is in response to the research questions proposed in this thesis (see Table 1.3). The most
important outcomes (including the main finding) from each research chapter in this PhD
thesis are summarised as follows:

Life Cycle Assessment of caproic acid production via microbial chain elongation (Chapter

2)

e FEthanol use has the largest share in the life-cycle environmental impact of caproic
acid produced via microbial chain elongation in all assessed cases.

e Extraction solvent use also contributes substantially to the life-cycle environmental
impact; however, its contribution can be reduced considerably by efficient solvent
recovery, as illustrated in the pilot-scale case.

e Supermarket food waste is preferred (without applying pre-treatments) as the
feedstock over the organic fraction of municipal solid waste. This is mainly due to
in-situ ethanol formation in the former and the high content of hardly-biodegradable
organic matter in the latter.

Methanol as an alternative electron donor for butyrate and caproate production in microbial

chain elongation (Chapter 3)

e Microbial chain elongation of methanol and acetate to butyrate and caproate is
feasible using an open mixed culture (proof-of-principle).
e Butyrate (3 g/L) and caproate production (0.1 g/L) were achieved via microbial

chain elongation of methanol and acetate.
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e Continuous butyrate production (2.3 g/L; 1.5 g/L.day) from methanol and acetate
was demonstrated.

Isobutyrate biosynthesis from organic waste via methanol chain elongation (Chapter 4)

e Isobutyrate production via chain elongation of methanol, acetate and CO, was
demonstrated for the first time (proof-of-principle).

e Continuous isobutyrate production (3.0 g/L; 2.0 g/L.day; > 10 days) was
demonstrated using a synthetic medium containing methanol, acetate and butyrate.

e [sobutyrate (6.2 g/L) and isovalerate (0.5 g/L) production was achieved using
acidified supermarket food waste and methanol as substrates.

e A possible mechanism for isobutyrate production via methanol chain elongation,
i.e. chain elongation to butyrate and the isomerisation of butyrate, was proposed.

Concurrent use of methanol and ethanol for upgrading SCFAs into caproate and isobutyrate

(Chapter 5)

e Feeding ethanol during methanol chain elongation increased the caproate

production rate up to 1.5 g/L.day.

e Using butyrate as a supplement improved caproate production rate (up to 2.6
g/L.day) and induced isobutyrate production (1.5 g/L.day).
e Increasing the ethanol feeding rate enhanced chain elongation of butyrate to

caproate.
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Table 6.1. Overview of the main findings of chapters 2-5, the main substrates used, and the main

products achieved (see Table 1.3 for an overview of the research questions).

Chapter  Main finding Substrate used Achieved products

2 Ethanol use is the major environmental ~OFMSW/SFW*  Caproic acid (non-
impact source within the life cycle of experimental
caproic acid production via microbial chain Ethanol result)

elongation. Replacing or reducing current
ethanol use can be a potential strategy for
improving the environmental sustainability
of caproic acid production.

3 Chain elongation of methanol and acetate =~ Methanol Caproate
into butyrate and caproate is feasible using
an open mixed culture. Acetate Butyrate

4 Isobutyrate production via methanol chain =~ Methanol Isobutyrate
elongation is feasible, and isobutyrate is the
dominant product. Acetate/SFW

5 Concurrent use of methanol and ethanol in ~ Methanol Caproate
chain elongation led to the concurrent
production of isobutyrate and caproate. ~ Ethanol Isobutyrate
Integration of methanol chain elongation A
. . . . cetate
into current chain elongation system is
possible. butyrate

*OFMSW: organic fraction of municipal solid waste; SFW: supermarket food waste.
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6.2. Methanol chain elongation for caproate production: Not
promising when compared with ethanol and lactate chain

elongation

Ethanol chain elongation is an established bioprocess for caproate production from organic
waste. Lactate chain elongation, on the other hand, is a promising bioprocess that can also be
applied to produce caproate from organic waste. Ethanol, methanol and lactate chain
elongation share a potential advantage, that they can be implemented in an existing anaerobic
digestion facility without the need for significant infrastructure modification. Therefore, in
this section, methanol chain elongation is compared with ethanol and lactate chain elongation
for the production of caproate from organic waste. There are other emerging alternative
electron donors for microbial chain elongation including H», syngas and electricity; however,
the use of these alternatives requires operational facilities that are distinct from those used by
ethanol chain elongation. Though these options may have potential, microbial chain
elongation based on H, syngas and electricity (bioelectrochemical chain elongation) were not
included in the comparison in this section. Nevertheless, in the future, it may be of interest to
include syngas and bioelectrochemical chain elongation, given the recent progresses on these
processes’® °!.

When compared with ethanol chain elongation, the caproate concentration, production rate
and yield of methanol chain elongation are around 30, 200 and 50 times lower, respectively.
This low caproate yield in methanol chain elongation may be associated with the nature of
the microbial metabolism, which balances the excessive reducing equivalent from the
substrate in different ways. E.limosum is the only known bacteria that can elongate methanol
and SCFAs into caproate. In the available literature, only two studies reported caproate

47, 55

production by E.limosum , while most studies on E.limosum reported butyrate as the

major product from methanol chain elongation. In Genthner ef al. (1981), a pure-culture
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E.limosum growing on methanol (50 mM) and acetate (30 mM) produced butyrate (8.9 mM;
0.8 g/L) and caproate (0.1 mM; 0.01 g/L)*. In Lindley ez al. (1987), a batch test showed that
a butyrate supplement (> 100 mM) was necessary for E./imosum to produce caproate, though
the caproate production was found only in trace amounts. Increasing butyrate supplement to
400 mM (35.2 g/L) in the same batch test yielded 6 mM caproate (0.7 g/L) with 395 mM of
residual butyrate in the broth (recalculated from Fig. 1. in Lindley e al. (1987))*". In the
same study, a fed-batch fed with methanol and CO, yielded around 10 mM caproate (1.2 g/L)
after butyrate production accumulated to 250 mM. The caproate production reported in pure-
culture experiments are in the same range as the result in this thesis using an open mixed

culture.
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Figure 6.1. The proposed mechanism of a potential energy consuming futile cycle associated
with non-passive excretion of butyrate against a concentration gradient. The figure is taken
from Loubiere er al. (1990)'*. pHe and pHi refer to extracellular and intracellular pH,
respectively. Butyric acid and butyrate refer to the undisassociated and disassociated form of

butyrate, respectively.
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For acetogens like C.kluyveri and E.limosum, chain elongation is a way to balance
excessive reducing equivalent in the form of chain-elongated metabolites. In the case of
E.limosum, an unknown compound forms alongside, or before, caproate production?’. This
unknown compound contains considerably more carbon and reducing equivalent flux than the
caproate formed*’. It is possible that E.limosum produces another product, in addition to
caproate, to store the excessive reducing equivalent from the substrate. So far the product
remains unknown and requires further investigation*’. It may be interesting to investigate
whether the unknown compound is isobutyrate, and such an investigation could be conducted
via a pure culture experiment on E./imosum.

Another possible way for E.limosum to get rid of excessive reducing equivalents is by
operating an energy-consuming futile cycle that continuously excretes butyrate from the
cytoplasm to the fermentation broth (see Figure 6.1)'**. This energy-consuming futile cycle
keeps the intracellular butyrate concentration lower than that of broth, which helps E.limosum
continue metabolising methanol and CO, into butyrate, even when the broth butyrate

142 .
. In either case,

concentration is at an elevated level (though not unlimitedly high)
E.limosum shows the flexibility of using different means to balance the reducing equivalent
pool. Producing caproate from methanol and butyrate seems to be one strategy, and is
probably activated when broth butyrate/butyric acid concentration reaches a threshold*’. The
multiple and flexible reducing-equivalent balancing strategy is likely to be of survival value
for E.limosum. However, it may not be of value for caproate production, due to the low
caproate yield and high butyrate concentration required to trigger caproate production.

Based on the current development, methanol cannot compete with ethanol as an electron
donor for caproate production via microbial chain elongation. In other words, methanol chain

elongation is currently a less promising process for caproate production; though several

measures can be taken to improve the process. Alternatively, methanol chain elongation can
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be used to elongate acetate into butyrate prior to ethanol chain elongation producing caproate,
which saves the ethanol used for chain-elongating acetate to butyrate. In that case, an
additional reactor must be used, and the cost-benefit between the operation of the additional
reactor and the saved ethanol should be evaluated.

When compared with lactate chain elongation, caproate concentration, production rate and
total yield of methanol chain elongation are about 20, 15 and 40 times lower, respectively
(see Table 6.2). It is proposed that the lactate-to-caproate process occurs via the reverse-f3-
oxidation, the pathway also used by the ethanol chain-elongating microorganisms. Reverse-f3-
oxidation seems to balance the reducing equivalent for both ethanol- and lactate-chain
elongating bacteria, as no significant side products were reported (besides the propionate and
valerate reported by Kucek et al. (2016), which were possibly formed via the acrylate
pathway, i.e. a competing microbial process)®. This may explain why lactate chain
elongation achieves a higher caproate concentration and productivity than methanol chain
elongation.

Additionally, both ethanol- and lactate-chain elongation achieve a high selectivity (based
on the electron balance) towards caproate, i.e. higher than 80%. This is much higher than that
of methanol chain elongation. In methanol chain elongation, most of the consumed carbon
and energy ended up in isobutyrate, with little in butyrate and caproate (Chapter 4). Based on
these comparisons, both ethanol and lactate are better electron donors than methanol for
caproate production via microbial chain elongation. A possible explanation is that both
ethanol- and lactate-chain elongation employ the reverse-f-oxidation as the main pathway for
obtaining growth energy and managing the reducing equivalent, and excrete caproate as the
main metabolite. In contrast, methanol chain-elongating bacteria may have multiple

pathways, other than the reverse-f-oxidation, for managing the reducing equivalent, e.g. the
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energy-consuming futile cycle, and the multiple product output, e.g. butyrate, caproate and
(possibly) the unknown compounds.

When comparing ethanol and lactate, ethanol has a better production rate and reaches a
higher concentration in the continuous operation, which is the result of extensive studies on
the optimisations®” ***’. In contrast, lactate chain elongation has been specifically addressed
only in two studies* *. Despite this, there is likely still room for optimisation of lactate chain
elongation. From a practical perspective, acidification of the carbohydrate-rich organic waste
could accumulate lactate up to 16 - 20 g/L¥, which is close to the lactate concentration range
used in substrate for lactate chain elongation (i.e. 16 — 30 g/L)* *. On the other hand,
ethanol accumulation during the acidification of mixed organic waste hardly exceeded 3 g/L
in previous studies®. In this case, a substantial ethanol addition is needed for chain-
elongating SCFAs into caproate. Alternatively, heat pre-treatment and enzymatic hydrolysis
can be applied to increase ethanol production during the acidification of mixed organic waste
to up to 30 g/L'*?, which may circumvent the additional ethanol input. However, the higher
cost and environmental impact of the pre-treatment should be carefully assessed. Overall,
caproate production from organic waste via lactate chain elongation can be considered a
promising process worthy of further exploration, especially when a carbohydrate-rich organic
waste is used as the feedstock.

Additionally, it may be interesting to integrate both ethanol- and lactate-chain elongation
for caproate production. When acidifying supermarket food waste (the SFW used in Chapter
2 of this thesis) at a lower pH, i.e. 5, a substantial amount of lactate (14 g/L; unpublished
data) was produced along with the ethanol production (6 g/L). The mixture of lactate and
ethanol may be produced via the heterolactic fermentation of the carbohydrate fraction'* or
as a consequence of diverse metabolic pathways within a mixed culture fermentation.

Although 13 g/L lactate is not as high as those employed in the lactate chain elongation

151




Chapter 6

studies (i.e. 16 - 30 g/L), it is still a valuable substrate for caproate production. Given this
context, stimulating ethanol and lactate accumulation alongside the concurrent use of lactate
and ethanol for caproate production, via microbial chain elongation, in the same reactor may
be interesting to explore. The concurrent use of two electron donors for chain-elongating has
been demonstrated in Chapter 5 of this thesis, though this was conducted with methanol and
ethanol.

In sum, based on the experimental results, methanol chain elongation is currently not a
promising process for caproate production, due to its low caproate production rate and yield.
Optimisation of caproate production via methanol chain elongation may be investigated, but
room for improvement may be limited, possibly due to the nature of the metabolism.
Nevertheless, there are many process parameters that have not been tested in methanol chain
elongation. Examples include pH, HRT and biomass retention. Future studies may further
explore the effectiveness of these strategies on improving caproate production via methanol
chain elongation. Alternatively, methanol chain elongation may be used as an isobutyrate
biosynthesis technology. In methanol chain elongation, a relatively high isobutyrate
concentration and production rate were achieved, and another novel isomerised fatty acid,
e.g. isovalerate, was also discovered (Chapter 4). It may be more valuable to position
methanol chain elongation as a bioprocess for isomerised fatty acid production and to further

explore its potential.
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Table 6.2. Overview of the caproate production and in microbial chain elongation under a non-sterile

condition using different electron donors.

Electron Electron Reactor type pH Temper Caproate  Caproate  Yield Other Source
donor* acceptor (+HRT) ature concentra  productio  (gCOD,, products
(°C) tion (g/L) nrate roate/ 8CO
(g/ L-daY) D suhslrale)
Ethanol Acetate Upflow 6.5- 30 9.3 46.5 0.49 Caprylate Grootsc
(13.8g/L) (7.2¢g/L) anaerobic filter 7.2 (0.3 g/L) holten
(HRT = 0.2 day; et
Day 69) al.,201
33
Lactate NA Batch 6.0- 30 12.5 2.5 0.86 NA Zhu et
(30g/L) 6.5 al,
2015%
Lactate NA Fed-batch 6.0- 30 234 NA NA NA Zhu et
(20g/L) 6.5 al.,
2015*
Lactate Butyrate Uptlow 5.0- 34 59 3.1 0.39 NA Kucek
(l62gl) (89¢glL) anaerobic filter 5.5 et al,
(HRT = 1.9 day; 2016%

Day 176 - 193)

Methanol Acetate Upflow 6.0- 35 0.3 0.2 0.01 Isobutyrate ~ Chen et
(6.0 g/L) 3.2¢gL) anaerobic filter 6.5 (3 gL al,
Butyrate (HRT = 1.7 day; 2016
9.1 g/L) Day 54 in
Chapter 4)
Methanol SCFAs Batch 5.9 35 0.8 NA 0.04 Isobutyrate Chen et
(6.9 g/L) (from (6.2 g/L) al,
acidified 2016™
SFW) Isovalerate
(0.5 g/L)
Ethanol Acetate Upflow 52 30 0.03" 5t 0.11 Caprylate Kucek
(from a (from a anaerobic filter (0.7 g/L) etal.,
syngas syngas with in-line 2016"*
fermentati ~ fermentati  extraction (Phase
on on II-Period 11; day
effluent) effluent) 174-186; HRT =
1.5 day)

Note: Selectivity was not included, as different units and calculations for selectivity were used. It is not comparable and too
difficult to be recalculated.

*Electrode can also be used to provide electrons directly to microorganisms for chain elongation, i.e. a bioelectrochemical
system. Such process was not included in this comparison table considering the distinct process configurations.

"This refers to the residual broth caproate concentration after the in-line extraction.
“The production rate was taken from Kucek et al. (2016), which included both the residual broth caproate and the extracted

caproate production.
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6.3. Methanol chain elongation for isomerised fatty acid
production: a promising and novel process, but

improvement is needed

In Chapter 4, isobutyrate production via methanol chain elongation was compared with
other bio-based isobutyrate production processes (see Chapter 4, Table 4.3) . It was shown
that methanol chain elongation is a promising isobutyrate production process, mainly due to
the use of a self-regenerated biocatalyst, the circumvention of the sterilisation process, the
use of mixed organic waste as substrate and the demonstrated feasibility of a continuous
operation. In this section, we elaborate on the potential and promise of isomerised fatty acids
as novel chain elongation products. Three aspects were selected to be addressed in this
elaboration; namely production performance, market potential (including price and

applications) and the possible integration with the current chain elongation plant.

6.3.1. Production performances

In this section, we first compare the isobutyrate and isovalerate production in methanol
chain elongation with other potential novel products in chain elongation, i.e. caprylate and
odd-chain fatty acids including valerate and heptanoate. Table 6.3 summarises the production
performances of the potential products in microbial chain elongation, with the exception of
caproate which was evaluated in section 6.2. Isobutyrate production using acidified SFW and
methanol shows the highest yield and concentration, especially the latter, which is 2-30 times
higher than the other products. This is due to the fact that, in most of the chain elongation
studies, reverse-f-oxidation producing caproate is the most dominant process due to the use
of ethanol or lactate as the electron donor. In Grootscholten et al. (2013), although higher
heptanoate and valerate concentrations were achieved due to the propionate supplement,
caproate concentration was still the highest amongst all products’'. Kucek et al. (2016)

reported an improved caprylate production in chain elongation by employing a higher
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substrate ethanol-acetate ratio and an in-line MCFA extraction'>*. Nevertheless, the caproate
concentration is still in the same range of that of caprylate. In contrast, during methanol chain
elongation, isobutyrate is the dominant product, and its concentration and production rate is
always 10-fold of the caproate. This makes isobutyrate an interesting product of methanol
chain elongation, because of the absence of the caproate dominance in the products. When
comparing the production rate, isobutyrate is 2-3 times lower than that of other products. As
this thesis is the proof-of-concept, there may still be room for improvements.

The main drawback of isobutyrate production via methanol chain elongation is the high
butyrate concentration required. There is a possible improvement strategy based on our
hypothesis of isobutyrate production mechanism (Chapter 4, Figure 4.5). In our hypothesis,
methanol chain elongation continues producing butyrate. The high and persistent butyrate
concentration triggers the isomerisation of butyrate, possibly to overcome the butyrate
toxicity. As illustrated in Figure 6.1, the main butyrate toxicity possibly originates from the
protonated form of butyrate, i.e. butyric acid. Butyric acid can passively diffuse through the
cell membrane, and extra energy is invested to excrete the intracellular butyrate which
resulted from the passive diffusion of butyric acid. The broth butyric acid concentration,
instead of the broth butyrate concentration, may be the actual trigger for the isobutyrate
production. In this case, maintaining a more acidic pH could be of use when trying to
stimulate isobutyrate production. This is because the ratio between butyric acid and butyrate

increases with decreasing pH.
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Table 6.3. Overview of the other value-added products, in addition to caproate, chain elongation using

different electron donors.

Electron Electron Reactor type pH Temper Novel Concentr  Production  Yield Source
donor acceptor (+HRT) ature product ation rate (gCOD/
§®) (g/h) (g/l.day)  gCODy,
bs\rme)
Ethanol Acetate (7.2 Upflow 6.5- 30 Caprylate 0.3 1.8 0.02 Grootscho
(13.8gL) gL) anaerobic 7.2 Iten et al.,
filter (HRT = 2013%
0.2 day; Day
69)
Ethanol Acetate- (0.6  Upflow 6.5- 30 Heptanoate 3.2 4.5 0.19 Grootscho
(13.7g/L) gL) anaerobic 7.0 Iten et al,
Propionate  filter (HRT = 2013™
(7.3 g/L) 0.7 day; Phase
1)
Valerate 4.6 6.6 0.23
Methanol ~ Acetate (3.2  Upflow 6.0- 35 Isobutyrate 3 2 0.11 Chen et
(6.0gL)  gL) anaerobic 6.5 al.,2016™
Butyrate (9.1 filter (HRT =
g/L) 1.7 day; Day
53 in Chapter
4)
Methanol  Acidified Batch 5.9 35 Isobutyrate 6.2 - 0.27 Chen et
(69gL)  SFW al,. 2016”
Isovalerate 0.5 - 0.02
Ethanol Acetate (6.6  Upflow 5.2 30 Caprylate 0.77 5.4 0.21 Kucek et
(425¢gL  g/Lfroma anaerobic al,2016"*
from a syngas filter with in-
syngas fermentation  line extraction
fermentati  effluent) (Phase II-
on Period 11; day
effluent) 174-186; HRT
= 1.5 day)

Note: Selectivity was not included, as different units and calculations for selectivity were used. It is not
comparable and difficult to be recalculated.

"This refers to the residual broth concentration after the in-line extraction.

“The production rate was taken from Kucek et al. (2016), which included both the residual broth caprylate
and the extracted caprylate production.
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The experimental result of Chapter 4 also supported this hypothesis regarding the effect of
pH. Figure 6.2 gives an overview of isobutyrate, butyrate, butyric acid (calculated) and total
butyrate concentration (sum of butyrate and butyric acid) for the continuous (Figure 6.2a) and
batch experiments (Figure 6.2b) in Chapter 4. In Figure 6.2a (Phase V), the butyrate and total
butyrate concentration are about 2 times higher than in Figure 6.2b. However, the isobutyrate
concentration in Figure 6.2a is lower than in Figure 6.2b. This shows that a higher butyrate
concentration is not necessarily beneficial when attempting to achieve a higher isobutyrate
concentration. Instead, the butyric acid concentration in the broth may be the key factor for
stimulating isobutyrate production. A lower pH can result in a higher butyric acid
concentration without a butyrate concentration as high as that shown in Chapter 4, which may
be useful for stimulating a higher isobutyrate production. For readers’ information, the pH for
the continuous experiment was around 6.2 - 6.5 and for the batch experiment 5.9, as reported
in Chapter 4. In Figure 6.2b, the isobutyrate concentration rises with the increased broth
butyric acid concentration. This provides another potential support to our hypothesis
regarding the effect of pH. However, the experiments conducted in Chapter 4 were not
specifically designed to investigate the effect of pH on isobutyrate production, so further
study is necessary in order to justify this hypothesis. Interestingly, isovalerate was formed in
the batch experiment in Chapter 4, where a higher valerate concentration and a lower pH
were present. It would be interesting to investigate whether the isovalerate production can be

further stimulated by increasing the broth valeric acid concentration.
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Figure 6.2. The overview of isobutyrate, butyrate, butyric acid (the undisassociated form of
butyrate; calculated based on the broth pH and butyrate concentration) and total butyrate
concentration (sum of butyrate and butyric acid) for the continuous (a) and batch experiment

(b) in Chapter 4. Refer to Chapter 4 for the detailed experimental and phase conditions (Phase

V).
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6.3.2. Applications, market potentials and prices

Isobutyrate is a bulk chemical with a higher price than butyrate, though it has a similar
price as caproate, based on the price per mole carbon (see Table 1.2). Isobutyrate, however,
has more extensive applications than caproate, because it is an existing platform chemical. A
promising application is a precursor for isobutanol. Isobutanol has been considered a better
fuel additive than ethanol due to its property of being a drop-in fuel, its high energy content
and its higher octane number'?’. USA-based biofuel company Gevo (Minnesota, USA), is
commercialising the isobutanol production via fermentation of glucose using a metabolically

engineered microorganism as the biocatalyst (http:/www.gevo.com/)'*®. They estimate the

annual market potential for isobutanol as being more than 450 million tonnes, when targeting
the use of isobutanol as a fuel. It was demonstrated that syngas can be used to reduce
isobutyrate into isobutanol via a pure-culture fermentation'>*. This syngas fermentation can
be potentially integrated with methanol chain elongation to produce isobutanol from two
types of sustainable feedstock; lignocellulosic waste and mixed organic waste (see section 1.3
for the definition of a mixed organic waste). The advantage of isobutanol via methanol and
syngas fermentation, comparing with the Gevo process, includes the use of a sustainable
feedstock and the use of a self-regenerating biocatalyst, both of which makes the process
potentially more environmentally sustainable and cost-effective. This makes isobutanol an
interesting application for isobutyrate produced via methanol chain elongation, especially
considering the growing market demand for isobutanol.

Another promising application of isobutyrate is as the precursor for methacrylate.
Methacrylate is the basic building block for methyl methacrylate (MMA). The polymer of
MMA is called polymethylmethacrylic acid (PMMA), a transparent thermoplastic. MMA has
a large market size of 2.2 million tonnes per year, globally’’. The production of MMA
currently uses a fossil-based feedstock, thereby contributing 20 million tonnes of global

warming potential (CO,-eq) annually'>. To obtain MMA from organic waste may therefore
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be more environmentally sustainable than existing MMA production procedures. Using an
oxidative dehydrogenation process, isobutyrate can be converted into methacrylate, which is
then esterified with methanol to PMMA'*®. The oxidation of isobutyrate to methacrylate was
also shown to be feasible via microbial process, though only using a pure culture’®’. Given
this context, it may be interesting to study the feasibility of adding a post-methanol chain
elongation aerobic process to convert isobutyrate into methacrylate.

A possible obstacle for the application of isobutyrate is the process of separating it from the
fermentation broth. To the author’s best knowledge, there are no studies which address
isobutyrate separation from fermentation broths, possibly because isobutyrate has not been
reported as a major fermentation product. Isobutyric acid has a solubility of 16.7 g/L in water

oC 158, 159

and a logarithmic acid dissociation constant (pKa) of 4.84 at 20 , which is similar to

butyrate. Solvent extraction for separating isobutyrate may be a feasible practice, as this
process has been used for separating butyrate from fermentation broths in prior studies'® '°'.
Other example techniques used for separating organic acids from fermentation broth include,
for example, precipitation’® and electrodialysisgs. For a fermentation broth containing both
SCFAs and MCFAs, precipitation has a tendency to separate mainly MCFAs from the
fermentation broth®”. Electrodialysis, on the other hand, separates smaller SCFAs like acetate
and propionate prior to longer chain fatty acids, e.g. butyrate and MCFAs™. Neither of these
may be effective techniques for isobutyrate separation. Further study should address the
separation of isobutyrate or its derivatives, e.g. methacrylate, from the fermentation broth
using solvent extraction or other emerging techniques.

Overall, isobutyrate has a large, established market thanks to its variable applications.
Isobutyrate and its derivatives are mostly produced from fossil-based feedstock. Substituting

the fossil-based isobutyrate and its derivatives with the isobutyrate produced from organic

waste is therefore worthy of further study.
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6.3.3. Integration of isobutyrate production to the current chain elongation production
chain

In Chapter 5, we demonstrated the concurrent use of methanol and ethanol in chain
elongation to produce caproate and isobutyrate in a single reactor. Although the isobutyrate
production rate needs further improvement, such demonstration, as shown in Chapter 5,
already implies the possibility of integrating isobutyrate production into the existing chain
elongation production system. Due to the different solubility between caproate (10.8 g/L) and
isobutyrate (miscible) in water, it may be possible to selectively extract caproate from the
broth via solvent extraction, depending on the diffusion coeffiicent of the solvetn towards
different organic acids. In the case that the isobutyrate-to-butyrate ratio can be improved
significantly (as discussed in section 6.3.2.), the residual broth will contain mainly
isobutyrate. The residual broth containing isobutyrate may be used for other applications as
discussed in section 6.3.2. Another possible integration is to use the residual fermentation
broth from the current chain elongation production system as a feedstock for isobutyrate
production. The current residual fermentation broth, after caproate extraction, contains a
large amount of SCFAs, an ideal feedstock for isobutyrate production. By adding another
fermentation process with methanol for isobutyrate production, the residual fermentation
broth is valorised. In this way, the overall cost-effectiveness and environmental performance
of the chain elongation production system may be improved due to the multiple output

products.

6.4. Chain elongation and organic waste management: A life-

cycle perspective

This thesis deals with managing mixed organic waste with the recovery of value-added
chemicals. One could question, however, whether this is a better way to treat organic waste

than other existing practices. Current waste management strategies are landfilling,
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incineration, composting and anaerobic digestion. An emerging type of waste management
recovers value-added materials, i.e. polyhydroxyalkanoate (PHA) production. These methods
have their specific pros and cons as well as their own specific niche within waste
management. The preferred method is dependent on many factors including waste
composition and availability, economic feasibility, etc. In this section, microbial chain
elongation is compared with other waste management practices. Based on this, the author
discusses how microbial chain elongation could evolve into a more effective and efficient
waste management strategy. One should note, however, that the proceeding discussion does
not try to justify the superiority of microbial chain elongation over other waste management
strategies. Rather, the author intends to discuss how to promote the use of microbial chain
elongation within the waste management industry, and vice versa, i.e. how microbial chain

elongation can improve the current waste management.

6.4.1. Pros and cons when comparing microbial chain elongation with other waste
management strategies

A major advantage of microbial chain elongation over other waste management strategies
is the higher economic value of its end-products, i.e. caproate and isobutyrate. Caproic acid
has a market price ranging from 2.2 — 8.2 €/kg and isobutyrate has a market price of around
1.9 €/kg (see Table 1.1%). Both seem higher than that of PHA. For PHA, in order to compete

with petroleum-based plastic, the price should be below 1.4 €/kg'®

. The production costs of
PHA are estimated to be 0.4'® — 1.4 €/kg'®, depending on the carbon source and the
bioprocess employed. This gives a limited profit margin for PHA production. The higher
economic value of caproate and isobutyrate may provide a larger profit margin, which makes

microbial chain elongation more economically attractive. Waste incineration, anaerobic

digestion and composting typically yield energy, energy carriers and soil amendments.

* Considering the density of caproate is around 0.93 kg/L
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However, they are usually less economically competitive, as discussed in the introduction of
this thesis. It may be of use to perform a comparative economic analysis to validate the
economic advantage of microbial chain elongation.

Another major advantage of microbial chain elongation over other waste management
strategies is the potentially higher carbon recovery efficiency in its end products. During
landfilling, incineration and composting, most of the carbon in the waste is transformed into
CO;. In the case of microbial chain elongation, theoretically, three-quarters of carbon in the
waste is recovered in the form of caproic acid, which is a higher recovery rate than that of
anaerobic digestion and PHA production (see Table 1.1). The higher carbon recovery
efficiency makes microbial chain elongation a more efficient resource-recovering waste
management strategy over the others.

A potential issue for microbial chain elongation is that it cannot be directly applied to
manage all kinds of waste, due to its limited feedstock spectrum. Microbial chain elongation
is not an option for the treatment of hardly-biodegradable waste, like plastics and polymers.
Integration with incineration or landfilling is therefore necessary to completely manage the
waste. This is the same for the other biological waste treatment processes, i.e. composting,
anaerobic digestion and PHA production. Thus, the waste management processes are not
completely mutually exclusive. Therefore, exploring the variety of waste strategy
combinations currently available should be addressed. It is important to integrate the current
waste management practice with the emerging resource-recovering waste treatment (e.g.
microbial chain elongation and PHA production) to maximise the resource-recovery
efficiency and cost-effectiveness of waste management, as well as to minimise the
environmental impacts generated throughout the waste management chain. A life-cycle

approach could be employed when analysing such integration.
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Overall, microbial chain elongation is a promising waste management strategy because of
its higher economic feasibility, higher carbon recovery efficiency and continuous up-scaling.
Although microbial chain elongation cannot be a comprehensive waste management strategy
by itself, the expansion of its feedstock spectrum is beneficial as it increases its applicability
and role in an integrated waste management scheme. In 6.4.2, the feedstock expansion for

microbial chain elongation during this thesis and in the future is discussed.

6.4.2. Expanding the feedstock spectrum: lignocellulose, and what next?

In this thesis, lignocellulosic biowaste was integrated into the feedstock spectrum of
microbial chain elongation via the use of methanol. Such integration not only promotes the
application of microbial chain elongation in waste management, but also formulates a new
biorefinery chain by integrating the thermochemical and biochemical conversion processes.
The integration of thermochemical process has the potential to further expand the feedstock
spectrum of microbial chain elongation beyond the mixed organic waste and lignocellulosic
waste that were the focus throughout this thesis. In recent years, the use of thermochemical
conversion processes to treat non-recyclable plastic waste has emerged'®. The co-
gasification of dry biomass and plastic waste for high-quality syngas that may be directly
used for methanol production was demonstrated, though this is still in the early stages of
development'®. Given this wider context, plastic waste may become an interesting and
promising feedstock for chemical production via methanol chain elongation. In such a case,
one can expect that the feedstock for microbial chain elongation will increase substantially.
Subsequently, novel products and applications of the end-products from microbial chain
elongation will have to be further explored to balance the feedstock supply and the market

demand for the end-product from microbial chain elongation.
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6.4.3. Food, fuel or material? Decision making on what to be produced via microbial
chain elongation

What to produce from organic waste via microbial chain elongation will likely become an
important question in the future. Unlike current waste management practices, microbial chain
elongation opens the door to valorising mixed organic waste into functional materials, rather
than only energy or energy carriers (e.g. CH4). More novel products, and their application,
produced through microbial chain elongation are also emerging (this thesis) and expanding™.
Given this context, the decision making process regarding what to produce from waste may
become more complex.

Caproate produced from organic waste via microbial chain elongation is about to be used as
a feed additive to improve the feed-to-food conversion efficiency in the animal production
industry. This application is beneficial in terms of increasing food supply and production
efficiency. On the other hand, caproate can also be used as a precursor for fuels and
lubricants, which are currently manufactured from fossil-based resources. Using caproate for
fuel and lubricant production can be beneficial in terms of reducing (1) the dependency on
fossil-based resources and (2) the associated environmental impacts. One could question
what, in the end, is more sustainable: promoting animal production or produing renewable
fuels from organic waste. Questions like this can only be answered by accounting for the
environmental, economic and social sustainability of the wider system, meaning a
continuation of the LCA performed in this thesis is important. Further analyses could, for
instance, try to assess multiple applications of caproate and the consequences of these
applications from an environmental, economic and social sustainability point of view. Such
analyses can help decision making in promoting the effectiveness of microbial chain

elongation for waste management.
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6.4.4. Altering the current waste separation scheme to improve the valorisation of
OFMSW

Valorisation of OFMSW via microbial chain elongation needs to be further improved.
OFMSW is a mixed organic waste continuously produced in a large quantity and needs to be
disposed of. Treating OFMSW with microbial chain elongation was shown to be less
effective when compared with other mixed organic waste like supermarket food waste and
food processing waste, probably due to the high lignocellulosic content of OFMSW (in some
cases reaching up to 90%)*. A thermochemical conversion process, e.g. gasification of
OFMWS, is unlikely to be energy-efficient due to the high water content of the waste.
Moreover, comparing with other mixed organic wastes, the prevention and reduction of
OFMSW generation is likely to be more difficult due to the involvement of greater numbers
of stakeholders.

New waste separation schemes based on the water and lignocellulosic content may be
useful to improve the use of OFMSW in microbial chain elongation, provided that a
thermochemical conversion process is integrated into microbial chain elongation. In the new
waste separation scheme, dry organic waste like lignocellulosic waste and plastics can be
collected together, and the wet and readily biodegradable organic waste, like kitchen waste,
can be collected together. The dry organic waste can be processed via the thermochemical
conversion process to produce syngas, which can be then used to produce methanol (via a
chemical process) or ethanol (e.g. via syngas fermentation). The wet fraction can be used
directly in the hydrolysis and acidification for SCFA production, which is expected to have a
higher conversion efficiency (due to the smaller quantity of hardly-biodegradable organic
matter) and an accumulation of more reduced intermediates, e.g. ethanol and lactate. This can
be described as a resource-recovery-oriented waste separation scheme, which may be useful

for improving the resource recovery efficiency of OFMSW.
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There are potential drawbacks that must be overcome and evaluated in the new waste
separation scheme, such as the potentially low social acceptance. A more detailed evaluation
should be performed to confirm its feasibility and the benefits to the current waste
management practice of OFMSW. The proposal of this new waste separation scheme did not
aim to adapt the current waste management scheme to promote microbial chain elongation.
Instead, through this proposal, the author aims to initiate a reflection on the current waste
management scheme and how it can be altered to become a resource-recovery-oriented waste

management system.

6.5. Concluding remarks & Outlook

Microbial chain elongation has been considered a promising and serious bioprocess for
several years. Through my thesis research, microbial chain elongation was further developed.
Ethanol use and the limited end-product spectrum were identified as the potential bottlenecks
for promoting chain elongation in waste management. Methanol was used to replace ethanol
in microbial chain elongation for caproate production. Production of a new product, i.e.
isobutyrate, in methanol chain elongation was achieved. Moreover, the integration of
methanol and ethanol chain elongation was demonstrated. My thesis shows that microbial
chain elongation based on methanol can be considered a promising bioprocess, especially
when used for isobutyrate production. The use of methanol also introduces the
thermochemical conversion process into microbial chain elongation, which broadens the
feedstock spectrum for caproate and isobutyrate production. Nevertheless, further research is
still required, especially focusing on improving the isobutyrate production performance and
integrating microbial chain elongation with other existing waste management practices.
Creating and facilitating a discussion on the application of the products of microbial chain
elongation would be greatly beneficial. Based on the application, a complete life cycle

assessment, i.e. cradle-to-grave or even cradle-to-cradle, can be performed to assess the
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overall environmental impacts of microbial chain elongation. When comparing with existing
waste management practices, microbial chain elongation can recover end-products with
higher economic values from organic waste, which makes this process more economically
attractive. It is recommended to make an economic analysis on microbial chain elongation, in
comparison with other waste management methods, in the near future to further evaluate its

cost-effectiveness.
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Our society relies heavily on fossil resources to fulfill our energy and commodity demands
and this dependence has led to negative economic, environmental and societal consequences.
The re-generation rate of fossil resources is much slower than their consumption rate, making
these resources a non-renewable feedstock for the supply of energy and goods to our society.
Moreover, the rapid consumption of fossil resources releases the carbon sequestrated in the
last few million years in a much shorter time span, which contributes to the carbon dioxide
(CO,) concentration increase in the atmosphere and potentially global warming. The
geographically-uneven distribution of fossil resources also induces social insecurities and
political conflicts. An alternative feedstock is necessary for energy and goods supply to our
society, and such alternative feedstock should be renewable, economically sustainable,
environmentally sound and geographically wide-spread,.

Organic waste is an emerging and promising alternative feedstock. The production of
organic waste is inevitable, occurs in large quantities and is geographically wide-spread,
especially the so-called “mixed organic waste,” e.g. organic fraction of municipal solid waste
(OFMSW) and food processing waste. Mixed organic waste contains a large quantity of
carbon materials that can be valorised into energy carriers and commodities. However, the
extremely heterogeneous composition and the relatively high water content of mixed organic
waste make its valorisation via the current waste management methods (e.g. incineration,
composting and anaerobic digestion) less efficient and not economically attractive. Given this
context, a novel bioprocess based on a mixed culture fermentation, i.e. microbial chain
elongation, was developed to promote the valorisation of mixed organic waste. In microbial
chain elongation, the diverse, complex organic matter in mixed organic waste are
homogenised via hydrolysis and bacterial acidification into basic building blocks; like short
chain fatty acids (SCFAs), CO;, and hydrogen (H,). After the homogenisation, energy-rich

co-substrates like ethanol are added to these basic building blocks to synthesise medium
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chain fatty acids (MCFAs) via a mixed culture fermentation. MCFAs are organic compounds
with a higher economic value and a higher energy content. Microbial chain elongation can be
operated under a non-sterile condition, which makes it applicable to valorise mixed organic
waste where diverse microorganisms exist. Caproate is the most dominant product in the
microbial chain elongation of mixed organic waste and ethanol, which can be produced at a
high rate and selectivity. Caproate has a higher economic value, a lower solubility in water
and an interesting market potential. Thus, caproic acid production from mixed organic waste
and ethanol via microbial chain elongation is currently undergoing up-scaling and
commercialisation.

Many studies were done to improve the process of caproate production via microbial chain
elongation to make it of industrial interest. The on-going commercialisation of microbial
chain elongation also supports the economic feasibility. However, until now, no study
addressed the environmental sustainability of microbial chain elongation. Chapter 2 of this
thesis took the first attempt in analysing the life-cycle environmental impacts of caproic acid
production from organic waste via microbial chain elongation, based on the literature and
existing business case. The use of ethanol as a co-substrate (i.e. the electron donor) was
shown to be the largest cause the environmental impact. This was found in in all assessed
cases and all impact categories studied, and regardless of the feedstocks from which ethanol
was produced. An alternative for ethanol as electron donor in microbial chain elongation is,
therefore, an effective way to improve the environmental sustainability of microbial chain
elongation.

In Chapter 3, we investigated the use of methanol as an alternative electron donor in
microbial chain elongation, i.e. methanol chain elongation, for butyrate and caproate
production. Methanol chain elongation was previously demonstrated using a pure culture, but

never with a mixed culture. To employ organic waste as feedstock, the feasibility of applying
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methanol chain elongation in an open mixed culture condition needs to be investigated. In
Chapter 3, it was demonstrated in a batch incubation that methanol chain elongation could
occur with a mixed culture, where butyrate was the dominant product (4.2 g/L). Caproate
production via methanol chain elongation was also demonstrated, though only in a low
concentration (0.1 g/L). In a continuous reactor operation, continuous butyrate production
(1.5 g/L.day) was achieved via microbial chain elongation of acetate and methanol. However,
caproate was not observed in the continuous methanol chain elongation. Interestingly,
microorganisms that can perform methanol chain elongation were likely present in the
inoculum taken from a previous ethanol chain elongation reactor without any methanol
supplement.

In Chapter 4, the use of methanol chain elongation to synthesise a novel product, i.e.
isobutyrate, was proposed and investigated. Methanol chain elongation was found to
continuously produce butyrate as the main metabolite, the accumulation of which was found
to trigger isobutyrate formation in several previous methanogenic anaerobic digestion studies.
It was, therefore, hypothesised that by elevating the butyrate concentration in the medium,
methanol chain elongation might be able to produce isobutyrate as another metabolite. The
result showed that isobutyrate could be produced as the main product, up to 6.2 g/L, when
using acidified supermarket food waste and methanol as the substrate. A continuous methanol
chain elongation using synthetic medium was also performed, which achieved a production
rate of 2.0 g/L.day over five hydraulic retention times. Moreover, the production of
isovalerate was also observed. Isobutyrate has a much larger market potential than caproate,
though its production relies wholly on fossil-based feedstock. Isobutyrate biosynthesis was
demonstrated in previous studies, but was only achieved using metabolically engineered
microorganisms as the biocatalyst and glucose as the substrate. Methanol chain elongation, in

contrast, could employ derivatives from organic waste as the substrates and a self-
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regenerating mixed culture biocatalyst for producing isobutyrate. Moreover, methanol chain
elongation may be integrated into the current microbial chain elongation production facility
without a significant infrastructure retrofit. All these advantages make methanol chain
elongation an interesting and promising isobutyrate production process. The relatively large
market potential of isobutyrate promotes the application of chain elongation and the use of
organic waste for value-added chemical production.

In Chapter 5, isobutyrate production was integrated with the caproate production via
microbial chain elongation, by concurrently feeding both methanol and ethanol to a mixed
culture. The result from Chapter 3 supports the possibility of coexistence of ethanol and
methanol chain elongation microorganisms in the same microbiome. In Chapter 4, the
possible concurrence of methanol and ethanol chain elongation was also observed. Based on
these observations, we hypothesised that methanol and ethanol chain elongation could be
integrated to simultaneously produce caproate and isobutyrate. The result showed that such
integration was possible when a stable pH was maintained. When pH was controlled between
6.2 — 6.5 and butyrate was supplied in the medium, caproate and isobutyrate could be
produced simultaneously. Additionally, increasing the ethanol feeding rate promoted the
chain elongation of butyrate to caproate via ethanol chain elongation. The outcome of this
chapter demonstrated the possibility of producing two valuable products in a single reactor
with a mixed culture which, coupled with further process improvement, may be of industrial
interest.

In Chapter 6, we reflected on the caproate production performance of methanol chain
elongation, in comparison with other electron donors used in microbial chain elongation, i.e.
ethanol and lactate. Furthermore, we also reflected on the isobutyrate production via
methanol chain elongation, in comparison with other emerging products in microbial chain

elongation. These reflections could serve as a benchmark for methanol chain elongation as a
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waste management strategy. Based on this benchmarking, we proposed that methanol chain
elongation is a promising bioprocess for isobutyrate production but not for caproate
production. A potential strategy for improving the isobutyrate production via methanol chain
elongation was proposed and discussed. The outcomes of this thesis may contribute to future
application and assessments of microbial chain elongation in waste management. It may fuel
discussion on how to further promote microbial chain elongation for a more sustainable waste

management.
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