HYDROGEN PRODUCTION FROM BIOMASS
BY INTEGRATING THERMO-CHEMICAL AND
BIOLOGICAL PROCESSES

Rafael Orozco-Pulido

A thesis submitted to

The University of Birmingham
for the degree of

DOCTOR OF PHILOSOPHY

School of biosciences

The University of Birmingham, UK




UNIVERSITYOF
BIRMINGHAM

University of Birmingham Research Archive

e-theses repository

This unpublished thesis/dissertation is copyright of the author and/or third parties.
The intellectual property rights of the author or third parties in respect of this work
are as defined by The Copyright Designs and Patents Act 1988 or as modified by
any successor legislation.

Any use made of information contained in this thesis/dissertation must be in
accordance with that legislation and must be properly acknowledged. Further
distribution or reproduction in any format is prohibited without the permission of
the copyright holder.



Rafael L Orozco, PhD thesis

Abstract

The purpose of this research was to contribute to the development of H, production
technologies from biomass. The study integrated thermochemical processes to achieve biomass
hydrolysis with biological methods to then obtain H;, by the fermentation of these hydrolysates using
E. coli.

Different strains of E. coli were tested under controlled conditions in 3 L scale fermentations
with the aim to find the most useful strain for the fermentation process in terms of H, produced and
the subsequent hydrogen production potential of the organic acid co-products in a downstream
photofermentation. Among the strains tested FTD89, FTD67 and RL009 gave the best results,
however ethanol was successfully abolished by strain RLO09 making this strain more suitable for
long term fermentations.

Model polysaccharide compounds such as starch and cellulose, and representative food and
lignocellulosic wastes were hydrolysed in hot compressed water in the presence of CO, under
pressure and various temperatures to produce hydrolysates with high sugar content suitable for
fermentation for H, production. Optimum hydrolysis conditions for maximum sugar yields for each
compound were determined. Fermentation of the obtained hydrolysates yielded acceptable amounts
of H, after their ‘detoxification” with activated carbon (AC), comparable to H, yielded by the
glucose controls in all cases. The maximum vyield of glucose after HCW treatment was obtained
from starch at 200 °C yielding 548 g C.kg C initial starch™; maximum glucose yield from cellulose
was 225 g C.Kg C initial cellulose™ obtained from cellulose hydrolysis at 250 °C, and the glucose
yield from food waste was 45.5 g.g food waste™. The main degradation product (DP) from these
hydrolysates was 5 Hydroxymethylfurfural (5-HMF), whereas the main DP obtained from the
lignocellulosic wastes was Furfural. Both were successfully removed by AC treatment.

The best hydrolysate obtained from wastes was evaluated for H, production at 3 L scale.
Despite obtaining low H; yields improvements would be possible and are discussed. Fermentations
for H, production at pilot plant scale were also trialled, indicating key areas for future development

for successful scale up.
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INTRODUCTION

The interaction between Earth and Human systems is more intense than ever before due to an
accelerated socio economic development involving population growth, technology, trade,
production and consumption patterns, and governance among others. As a consequence our natural
resources on Earth are being rapidly consumed; varied land use practices are employed across the
world as a result of urban sprawl while food security, desertification, soil erosion and degradation
and looming consumption and exhaustion of our fossil fuel reserves to produce ~90 % of the energy
we need are contemporary and increasing problems. Three major interconnected problems that
seriously threat our world and civilization arise from this global scenario: Climate change due to
accumulation of greenhouse gases in the atmosphere, waste disposal and the need of renewable and
environment friendly sources of energy [1]. In addition energy demand is increasing rapidly
according to world population which is estimated to grow from 6 to 9 billion by 2050, number of
light-duty vehicles is expected to increase from 1 to 2.8 billion cars by 2050 [2] and highly
populated developing countries will become more energy intensive as they expand their
economies[3, 4]. World Gross Domestic Product (GDP) (an indicator of world’s economy) has been
increasing from 21.9 Trillion US dollars in 1990 to 58.3 Trillion US dollars in 2009.

.1 Climate change

Climate change from global warming is evident from observations in global average air and
ocean temperatures, widespread melting of snow and ice and rising of sea levels. The earth’ surface
temperature has been increasing 0.1 —0.16 °C per decade during the last 50 years, arctic sea ice
extent has shrunk by 2.7 % per decade with larger decreases in summer of 7.4 % with the first
access by boat to the North Pole in open water reported in summer 2011; sea levels rose at an
average of 1.8 mm.yr* (1961- 2003) to 3.1 (1993 — 2003) [5]. Oceans have been taking up over 80 %
of the heat being added to the climate system which could be associated with an increase in intense
tropical cyclone activity in the North Atlantic since 1970 [1, 5]. In some recent events the
unprecedented and devastating tornado activity in 7 southern states in US (2011), Pakistan floods
(2010), China floods (2011) and the 50 mile wide dust storm that engulfed Arizona state in US
(2011) among others.
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A wide number of studies demonstrate that global warming and climate change are likely to be
caused by the accumulation of green house gases (GHG) in the atmosphere [1, 6]. Main GHGs are
CO,, methane (CHy), nitrous oxide (N2O) and halocarbons (gases containing chlorine, fluorine or
bromine). The global atmospheric concentration of CO, increased from a preindustrial (1750) value
~ 280 ppm to 379 ppm in 2005, CH, increased from 715 ppb to 1732 ppb and N,O from 270 to
319 ppb [5, 6].

As can be observed, CO, is the most abundant anthropogenic GHG in the atmosphere and
therefore the main contributor to climate change [5, 6]. It results from burning of fossil fuels and as
of June 2011 CO, levels reached 390 ppm ([7-9] an average increase of 3.3 ppm.yr™ during the last
6 years which is 1.7 fold the average increase from 1995 — 2005 (Fig.1). The earth has warmed
0.7 °C since 1900, it has been projected that if no action is taken to control mainly CO, emissions,
the concentration of GHG in the atmosphere could double its preindustrial level reaching 560 ppm
as early as 2035 with a consequent temperature rise that could exceed 5 °C with severe major
impacts in earth physical geography and peoples’ lives (Fig. 2) and notably loss of the world’s major
coastal cities [6]. In efforts to define a level of danger caused by a GHG interference with the
climate system in terms of global mean surface temperature change, a maximum of 2 °C above
preindustrial levels is the most widely accepted climate policy target, at temperatures higher than
2 °C ecosystems will become extremely vulnerable [6, 10] . In terms of economics, what we do now
will have an effect in the next 40 to 50 years. The risks of not taking action today will translate in
costs (and risk of climate change) as high as 5—20% of the global gross domestic product
(GDP).yr. The poorest countries and populations will suffer earliest and most (floods, droughts,
storms, etc). Instead, the cost of action would imply an estimated 1 % of global GDP.yr* and bring
stabilization [6]. The Stern report was ground-breaking being the first to show in clear economic
terms the necessity to invest heavily now in CO, mitigation technologies and reduction in fossil fuel
consumption by alternative approaches to energy production. The quest for alternative energy is no

longer merely an attractive option but is inescapable goal of human civilization.
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Fig.1 GHG emissions by source in terms of CO,q by 2004. Adapted from: IPCC 2007 report fig. 2.1 [5].
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Fig. 2 Trends and projections on CO, atmospheric concentrations (red) and temperature change (green) associated with
the increase in CO, emissions, relative to preindustrial levels (1750). Adapted from Manuscript RCP GHG
concentrations [11].
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1.2 Waste disposal

Waste is generated at all stages of the materials cycle (from extraction to consumption and
waste treatment) in urban and rural areas. The amount of waste generated and the way it is managed
influence their environmental impacts, for example through the emission of pollutants and the
demand for energy or land, and on human health, especially in the case of poor waste management.
Important waste streams of special focus in this work are municipal solid wastes (MSW) and
agricultural wastes. These wastes are rich in organic biodegradable materials, therefore having
potentially high environmental impacts compared to other types, especially if poorly managed since
they are capable of undergoing anaerobic or aerobic decomposition (biodegradability) generating
methane (CH,4), CO, and toxic leachate (liquid of varying composition that drains from a landfill
into the ground water contaminating water springs and flushes). Emissions of methane from landfill
sites make a contribution to global warming due the fact that methane is a 25 times more potent
greenhouse gas than CO; [6, 12].

Solid wastes are generally disposed in landfills which have been classified according to the
type of waste generated as: Inert (mining, quarrying, white glass, construction and demolition
wastes); Non hazardous (generated household and commercial waste) and Hazardous (solvents,
chemical products, pharmaceuticals, batteries, radioactive materials wastes among others). Each
carries a financial penalty for its disposal to landfill (see section 1.4) and in response biodegradable
waste is now generally segregated for composting or anaerobic digestion (AD) and many materials
can be regulated due to development in recycling technologies in parallel with development of clean
technologies such as biodegradable plastics.

Inert wastes represent a significant portion of the waste generated, it accounted for ~57- 61 %
of the waste generated in EU in 2006.

Non-hazardous wastes include MSW which contain municipal biodegradable waste (MBW)
(food, paper, wood, and yard trimmings); and plastics, metals, textiles, leather among others. MBW
represented approximately 64.5 % of the MSW generated in US (243 M tones, approx. 820 Kg per
person per annum) and as such is an abundant renewable resource that guarantees sustainability for
industrial applications through recycling, incineration for energy recovery or biological reprocessing
(composting or anaerobic digestion). In US in 2009, 82 M tonnes of MSW recycled provided an
annual benefit of 178 M metric tonnes of COq reduced that is comparable to the annual GHG
emissions from almost 33 M vehicles [13]. In Europe 258 M tonnes of municipal waste were

4
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generated in 2010 and 280 M tonnes projected by 2020, recycling would increase from 40 % in
2008 to 49 % by 2020 [14]. Adequate waste management is necessary for the reduction of landfill
and GHG emissions.

Sewage is water carrying waste in solution or in suspension from residences or institutions
containing body wastes, washing water, food preparation wastes, laundry wastes, and other waste
products of normal living which are classed as domestic or sanitary sewage. They also include liquid
carried wastes from stores and service establishments (commercial waste) and industry (industrial
wastes). Surface runoff (mainly rain water) flows also to defined channels; this water contains
absorbed gases and particles from the atmosphere, dissolved and leached materials from vegetation
and soil, washed spills and debris from urban streets and highways carrying these pollutants as
wastes in its flow to a collection point which is often a river [15]. Such run-offs are in fact a
resource since they contain high levels of precious and scarce metals (Pd, Pt, Rh) which are shed
from automotive catalysts from today’s cars but which are vital resources for the clean H; fuel cell
propelled vehicles of tomorrow.

Agricultural waste is waste produced at agricultural sites as a result of agricultural and
farming activity, this includes:

Manure from a variety of livestock and poultry which is the largest problem as shown: Farm
yard manure ~54%; Slurry (water and animal waste) ~39 %; straw ~ 3%; traditional ways to
reprocess these wastes are: as fertilizers, biological treatment, gasification and also burning (no
longer acceptable). A regular practice is to spread manure wastes at the place of production for the
benefit of agriculture (as fertilizers) however manure management is a critical component in
improving environment and water quality [16].

Agricultural residues (wheat, rice and corn straw, corn stover, grass, etc) are the biomass
materials remaining after harvesting agricultural crops; they constitute an important biomass
resource. Because of its abundance and availability, wheat straw (WS) is an opportunity feedstock
for biotechnology plants in the intermediate future. Potential products include bioethanol,
biohydrogen, biogas, polymers and a wide range of high value pharmaceuticals, neutraceuticals and
chemicals. In 2000 the availability of WS in the EU was ~44 M tonnes.yr™ [17], up 7-fold on 2007.
Total agricultural waste including manure and agricultural residues in the UK is ~ 110 M tonnes per
year [17-20].

Spent grains (SG) are the by-products of the mashing process in brewing and, depending on

the separation process, the amount of brewers’ SG would be 85 % of the total by products [21, 22].
5
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About 3.4 M tonnes of brewery SG are produced in the EU every year and UK contributes with
0.5 M tonnes annually. Brazil, the 4™ largest beer producer, generated 1.7 M tonnes of SG in 2002
[23]. Therefore, brewery SG is a high volume low cost by-product valuable for bio-processing.
Brazil also produces very large amounts of waste from sugar cane processing (‘bagasse’ ~50 M
tonnes dry basis in 2000 [24] ) since the Brazilian bioethanol industry from cane sugar has led the
world’s in development of biofuel (‘gasohol’) powered vehicles.
Food waste (FW) includes food materials discarded before or during food preparation and
‘plate wastes’. Approximately one third of the food we buy is thrown away, the majority being sent
to landfill. The largest producers of FW are domestic and commercial Kkitchens. FW has an
important social, economic and environmental impact especially in countries such as US and UK,
FW in UK is ~ 16 M tonnes per annum [25, 26].
Dumping food waste in landfill causes severe environmental damage; it is an important
contributor to anthropogenic release of CH, [12, 13, 27, 28]. Hence favourable options are to
intercept waste and turn it into CH4 controllably for combined heat and power (CHP) use (with

carbon capture) or by H, production (see section 11.4.4.1.).

1.3 Energy

Energy is the driving force that sustains our lifestyle. All our activities, economic, social and
physical welfare depend on energy. Its uninterrupted supply with an increasing worldwide demand
constitutes a significant challenge for our society. Fig. 3 shows that the world energy consumption
in quadrillion of British Thermal unit (Btu), energy demand is expected to increase by 49 % from
2007 to 2035, the largest projected increase demand is for emerging economies such as China,

Brazil, Russia and India.
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Fig. 3 World marketed energy consumption. Dashed line is projections from 2009 to 2035. Adapted from EIA [29].

This demand (78-87 %) has been met mainly by the exploitation of our enormous natural
reserves of fossil fuels (oil, coal, gas) that in addition emit GHG when burnt and other pollutants
which significantly contaminate our planet [6, 29]. Fig. 4A shows the different world energy
utilization (WEU) by fuel and Fig. 4B shows the world energy generation (WEG) by fuel which
comprises liquid, coal, natural gas, renewable and nuclear. The utilisation of all of them increases
over the time horizon. Liquids (gasoline, diesel, kerosene) consumption is increasing at an average
annual rate of 0.9 % from 2007 — 2035 whereas renewable (see section 1.4), the fastest growing
source of world energy, increases 2.6 % per year. Qil prices as well as concern about environmental
impacts of fossil fuel use are incentives for increasing the use of renewable energy throughout the
world. Oil prices has been on an upward path for more than six years and continue reaching record
levels in 2008 as shown in Fig. 5 with huge economic impact mostly on industrialized countries. As
can be noticed oil prices are expected to remain high through the projection period. As of July, 2011
the price per barrel was US$ 94.56 (£ 59.1) [29].
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Fig. 5 Oil prices; history (before 2009) and projections (after 2009) contemplating three scenarios: high oil price,
reference (most likely) and low oil price. Source EIA.
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Oil prices are subject to geopolitical regions (e.g. Middle East) but new sources of fossil
fuels are being developed e.g. a new large Norwegian gas field in the North Sea and development of
the heavy ‘oil sands’ of the Athabasca region in Canada.

Natural gas remains an important fuel for electricity production worldwide given that is
cheaper than oil and natural gas electricity generating plants and being less capital intensive than
those using coal, nuclear or most renewable energy sources. World natural gas consumption is
projected to increase by 1.3 % per year from 108 trillion ft® in 2007 to 156 trillion ft* in 2035 [29].
Petrol cars can be easily converted to run on natural gas.

World coal consumption increases by an average 1.6 % from 2007 to 2035 but demand will
escalate after 2020. China accounts for 78 % of the net increase of coal consumption. Fig. 4B shows
that coal provides the largest share of world electricity generation which was 42 % in 2007 and
remains unchanged through 2035 [29].

In developing nations, hydroelectric power is a major source of renewable energy growth.
Brazil, China and India in combination account for 83 % for the total increase in hydroelectric
production. Also growth rates for wind powered electricity production are high in developing
nations, especially in China where total generation from wind power plants is projected to increase
from 6 B Kw.h in 2007 to 374 B Kw.h in 2035; however the total increase in China’s wind power
will be less than half the projected increase in its hydroelectric generation. World nuclear power will
increase from 2.6 Trillion Kw.h in 2007 to an estimated 4.5 Trillion Kw.h in 2035, although there is
now considerable uncertainty about the future of nuclear power since plant safety, radioactive waste
disposal and nuclear material proliferation concerns have been paramount, and the recent events in
Fukushima, Japan have intensified the safety debate. Despite this, China, India and Russia account
for the largest increment in world installed nuclear power between 2007-2035 with 114 Gigawatts of
nuclear capacity of which 60 % belongs to China alone [29].

With regards to energy consumption by sector, the industrial and transportation sectors
account for more than 50 % of the total energy consumption in 2007 for the US and UK as shown in
Fig. 6. Note that the residential and commercial sectors together exceed industrial energy
consumption [29, 30].
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Fig. 6 Energy consumption by sector A) in US; B) in UK. Sources US EIA and UK department of energy and climate
change (DECC) [30].

The transportation sector accounted for 27 % of world energy consumption in 2007 and its
demand will increase more rapidly than in any other fuel end-use sector (>1.3 % per year)
(2007-2035). By 2035 world liquid fuel consumption in the transportation sector is projected to be
61 % of the world total liquid fuel consumption (assuming reference price of oil) this implies
approximately 67.2 M of oil barrels per day (Fig. 7). This is associated with the expected increase in

population, economic growth and 1 billion cars, projected to be 2.8 billion in 2050 [31].
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Fig. 7 Daily average oil world production, the dashed lines are projections from 2010. Source British Petroleum (BP).
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Global energy consumption is expected to increase by 49 % from 2007 to 2035 (considering
oil prices in reference case Fig. 5) with the most rapid growth in energy demand by developing
nations (84 %) compared to an increase of only 14 % by developed nations. About 78 to 87 % of the
world energy is derived from fossil fuels; therefore the ongoing growth in fossil fuel consumption

also suggests that CO, emissions will continue to rise with the aforementioned consequences.

1.4 The Challenge, actions and policies.

Table 1 shows the fossil fuel identified world reserves and consumption as of 20009.
Reserve/Production (R/P) ratio indicates our reserves in years under the assumption that energy
consumption remains constant which will not be the case due to the projected increase in global
energy demand as explained in section 1.3.

Table 1 Fossil fuel reserves (oil, natural gas and coal) and consumption as of 2009. Source BP [32].

Qil Natural Gas Coal
(M barrels) (T m?) (M tonnes)
World reserves 1
1.3331x 10 187.5 826001
(M barrels per (B m3 per (M tonnes per
Consumption day) year) year)
84.1 2940.4 3278.3
Years
R/P
45.7 62.8 ~ 240

As all sources of energy are expected to increase in utilisation, more efforts should be made
to increase particularly renewable resources in order to reverse the continuing tendency towards
fossil fuels.

Natural gas and coal are used to produce heat and electricity whereas oil is not only being
rapidly consumed by the transportation sector but is also an important and irreplaceable resource for
the manufacture of a huge range of high value chemicals with great demand that simply burning it
constitutes an appalling waste.

Organizations like the United Nations Framework Convention on Climate Change
(UNFCCC) created an international treaty more than a decade ago, to begin to consider what can be
done to reduce global warming and to cope with the causes of temperature increase. More recently,
a number of nations approved the addition to the treaty the Kyoto protocol, which has more
powerful and legally required measures. The UNFCCC supports all institutions involved in the

11
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mitigation of climate change process. As of March, 2011 there were 195 parties to the UNFCCC and
193 parties to its Kyoto protocol. However in 2012 the Kyoto Protocol will come to an end. In 2009
the parties of the UNFCCC met in Copenhagen in preparation for a new climate agreement; this
time the Intergovernmental Panel on Climate Change (IPCC) provided an objective source of
information about climate change. IPCC is a scientific intergovernmental body established by the
World Meteorological Organization (WMO) and the United Nations Environment Programme
(UNEP), IPCC was awarded the Nobel Peace Prize in 2007. During these meetings the US and
China, the two major contributors to CO, emissions to the atmosphere, announced their commitment
to the reduction of CO, emissions. Table 2 summarizes some of the most important milestones:

Table 2 Commitments in reduction of CO, emissions and in utilization of renewable sources (RS) of energy in transport

and as a share of total energy production by some industrialized countries and one of the biggest growing economies
(China). Sources WMO and UNEP.

Energy from RS  Energy from RS  Reduction in CO,

oy share in transport emissions
United Kingdom 20% 10%
20% by 2020
>20 % 2020 and >
- 0 0, - -
Germany 25-30 % andZ%% é) by 80 % by 2050
Europe 20% 10%
50 % in
Japan > 20 % psisggggracnaés 25 9% 2020
70 % by 2030
80% from clean 0
United States energy sources 178:’? (y20022(())5%nd
by 2035
40 to 45 %
China 15% reduction per unit
of GDP by 2020

The GHG balance may be also affected by land use changes and corresponding emissions
and removals. Land use, land-use change and forestry is defined by the UN as "A greenhouse gas
inventory sector that covers emissions and removals of greenhouse gases resulting from direct
human land use, land-use change and forestry activities”. Bioenergy can lead to avoided GHG
emissions from residues and wastes in landfill disposals and co products; the combination of bioenergy

with carbon capture and storage (CCS) may provide for further significant reductions.

12
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Proper governance of land use, zoning, and choice of biomass production systems are key
considerations for policy makers. Policies are in place that aim to ensure that the benefits from bioenergy,
such as rural development, overall improvement of agricultural management and the contribution to
climate change mitigation, are realized even though their effectiveness has not been assessed [33]. For
example, to stimulate alternative waste treatment options gate fees and landfill taxes were introduced in
some countries, in the UK the latter was introduced in 1996 and started at £ 7 per tonne of active
waste (wastes that decay like household wastes) and annually increased to a current £ 56 and
projected £ 72 per tonne by 2013. Since the introduction of the tax, the proportion of waste sent to
landfill fell by ~ 30 % by 2009, with a subsequent similar increase in recycling [34].

In front of this entire scenario, a vital strategic challenge is to transform our current fossil
fuel dependent energy systems to new clean renewable energy sources to protect our planet and
ourselves from the negative effects of excessive CO, emissions and to anticipate an imminent non
renewable fossil fuel shortage and energy crisis. For such strategy to be effective and long lasting, it
should embrace the following goals:

» Environmental quality:

Reduction of COzq emissions

Solution to pollution problems.

Solution to waste disposal problems.
» Energy security

Secure energy supply

Reduce dependence by diversification
» Economic Competitiveness

Innovative technologies and products

Economic wealth

Renewable sources of energy as considered in the IPCC report, 2011 include: Bioenergy,
direct solar, geothermal, hydropower, wave and wind energy. A new clean fuel that can be obtained
from renewable resources for use in the transportation sector is necessary to save the world from the
consequences of burning an increasing amount of 60 M barrels of oil per day.

Hydrogen has been recognized globally as an energy carrier that complies with all the
environmental quality, energy security and economic competitiveness demands. Hydrogen

roadmaps to the transition to the “Hydrogen economy” have already been developed by countries
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and regions, among them: The ‘Hyways Roadmap Europe’ by the European Commission (EC); The
National Hydrogen Energy Roadmap and the Hydrogen Posture Plan by the US Department of
Energy (DOE); The Hydrogen Technology Roadmap by the Australian Government Department of
Resources, Energy and Tourism and the Future Fuels for the Asia Pacific Economic Cooperation
(APEC) region roadmap [3, 35]. All of these roadmaps contemplate the vision, goals, resources,
opportunities, risk and challenges, milestones, strategies, investments and incentives, and economic
implications derived from the introduction of hydrogen into the energy system. The steps to this
transition have already been initiated as will be discussed in section I.5.

1.5 Towards the hydrogen economy

Hydrogen (H,) is the most abundant element in the universe and the third most abundant
element on Earth [36]. Under ordinary conditions H, is an invisible, nontoxic light gas that is very
rare in the atmosphere (~ 1 ppm by volume). Because of its high reactivity H, is always combined
with other elements; it is present in water, hydrocarbons, in every living organism and in natural and
artificial compounds. The energy content of H; (285.9 KJ.mol™) is 2.7 times higher than the energy
content of gasoline and, when used in fuel cells, the combination of H, and oxygen (O) generates
electricity, heat and water. The efficiency of a fuel cell to produce power or electricity is not limited
by the Carnot cycle as the case for fossil fuels (which is ~27 % efficient for most automotive
engines); it is determined by the ratio of the free energy change (AG°®) and the enthalpy change (AH®)
of the chemical reaction between H; and O, typical efficiencies of hydrogen fuel cells are between
50-70 % [37]. This implies that the efficiency of a H, fuel cell vehicle is 2-3 times greater than that
of conventional gasoline vehicle and 1.5-2 times greater than diesel-electric hybrids [4]. Based on
these considerations H-fuel cell systems constitute a solution for oil saving and power generation in
the transport sector.

Actually about 50 M tonnes of H, with a market value of £ 120 Billion are produced
annually to meet world demand, which has 6-15 % annual growth [38, 39]; the main uses and
applications of H, are currently in the chemical and petrochemical industry specially to produce
ammonia and in the hydro cracking process. The most important H, production technologies will be
discussed in chapter 1.

The utilization of H; as a source of power for mobile and stationary applications implies

major challenges in the development of new and clean H, production technologies to meet the
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increasing demand. The transition to the H; economy will require several decades to be
accomplished (estimated by 2050); this is demanding intensive research and development activities,
learning and commercial demonstrations to overcome the barriers to making hydrogen and fuel cell
technologies competitive with alternative technologies: the ultimate goal considered in any plan
towards the H, economy is to develop low cost methods for H, production and delivery.
Technologies for low cost CC and containment for fossil based H, production; compact, safe and
efficient storage systems, and advanced fuel cell technologies would enable the automobile and
energy companies to opt for commercial availability of fuel cell vehicles and a H; fuel infrastructure
by 2020.

Two of the most important roadmaps prepared to support the development of H, based
energy systems are The Hydrogen Posture Plan prepared in 2006 by the US DOE and the HyWays
action plan developed in 2007 by the EU. These plans explore the wide range of activities required
to recognize the potential of H, in resolving energy security, diversity, and environmental needs as
schematized in Fig. 8. They seek to motivate and support organizations that invest in H, energy
systems either public, private, state, federal or interest groups to become involved in a coordinated
effort to reduce risk, improve performance, decrease cost, and implement a secure, clean, and

reliable energy future.
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Tanks for compressed
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Fig. 8 Diagram of the different elements contemplated by the strategic plans to support the development of H, energy infrastructure.
Green boxes represent main areas under development. Source: US DOE Hydrogen Posture Plan
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Key questions are: how much H, will be needed, how will it be produced and how much it
will cost ?. The US produces 9 M tonnes of H, annually (DOE, 2006). The US department of
transportation (DOT) estimates that an additional 40 M tonnes of H, per year will be needed to
power 100 M fuel cell powered cars, or to provide electricity to about 25 M homes. According to
the US DOE the H; cost goal by 2015 is $2.00-$3.00 per gallon of gasoline equivalent (GGE) based
on the EIA forecast of gasoline cost. This ensures that consumers’ operating cost ($.mile™) in a H,
fuel cell vehicle will be equal to or less than the gasoline vehicle in 2015. In comparison the EU

scenario is summarized in Table 3.

Table 3 The projected scenario for the introduction of H, fuel cell vehicles into the EU market. Source: HyWays, 2007.

Year
2015 2020 2030 2050
_Vehicles 23 bl 2 byt 80 % of light duty
Cost vehicles and city
" N buses fuelled with
H, 4-5 €._Kg (50 € per 3-4 €:Kg (50 € per CO, free Hy; >
Start oil barrel) oil barrel) 80 % CO,
commercialization 1 4 reduction in
FC of Hp-fuel cell 100 €KW S0 €KW passenger car
Storage eliiels 10 €KWh' 5 €KWh e Uy
stationary
Salis OIf applications H, is
H2” ue > 5 % of new car sales >20 % of new car sales ~ used in remote
cell locations
vehicles

According to this picture, it is easy to forecast that the current world H, demand could at
least triplicate between 2030 and 2050. The US DOE through the national H, energy roadmap;
established a production “mosaic” that includes a combination of distributed (electrolysis, small
reformers) and centralized (coal and biomass gasification plants, oil and natural gas refinery) to
produce 40 M tonnes of H, per year and satisfy immediate demand; one scenario is shown below:

» 100,000 neighbourhood electrolysers (with electricity from renewables): 4 M tonnes
» 15,000 small reformers in refuelling stations: 8 M tonnes
» 30 coal/biomass gasification plants: 8M tonnes
» 10 nuclear water splitting plants: 4 M tonnes
» 7 large oil and gas SMR/gasification refineries: 16 M tonnes
Advanced methods that are not yet available include direct H, production from renewables

(carbon free) which will eventually dominate by 2050, while the next generation of nuclear reactors
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will couple waste heat to drive water electrolysis to make storable H,. The key feature of H, is that it
is an energy vector that can be stored as compressed gas or in e.g. solid hydride stores, whereas

electrical power can only be stored in batteries that have a shut life.

Air compressory
battery and
electric motor

Tanks for 100 KW fuel cell to

compressed H, produce eIectricy

storage from H,

Fig. 9 A) H, powered car shown at the World Hydrogen Energy Convention, Germany 2010, it can reach a speed of
~ 170 km.h%; the battery is a Lithium Polymer Battery; the target price for this car will be ~ £ 28-35,000 by 2015. B)
distribution of the H, storage tanks and fuel cell inside the car. There are three tanks with a total storage capacity of 3
kgs of H, gas compressed at 700 bars enough for ~ 300 miles, tanks filling time is ~ 3 min. The fuel cell is a proton
exchange membrane fuel cell (PEM FC), 100 KW; PEM FC estimated duration is ~ 5 years.
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HYDROGEN PRODUCTION TECHNOLOGIES

In response to the environmental, energy and economic security needs, international
attention towards the development of new H, technologies has emerged especially in developed
nations like US, Japan, UK and many European counties with Germany playing a leading role. The
technologies for H, production will be briefly described in this section. Major attention will be given
to those related to biological methods especially an alternative which integrates both,
thermochemical pre-treatment of biomass and biological hybrid system approaches to H, since they
constitute the basis of this research project.

a) Hydrogen from steam methane reforming (SMR).

b) Hydrogen from water electrolysis (WE).

c) Hydrogen from biomass.

d) Hydrogen from biological methods.

e) Hydrogen from biomass by integration of thermochemical and biological methods.

11.1 Hydrogen from steam reforming of methane

Nearly 96 % of global H, production is obtained from steam reforming of fossil fuels, with
natural gas or methane (CH,) being the most important source of H, production (49 %), liquid
hydrocarbons (29 %) and coal (18 %) [37, 40]. Steam methane reforming (SMR) is the preferred
current technology for H, and syngas production since it is highly efficient (65-75 %). It involves
the reaction of steam and CH, in the presence of heat (AH) and catalyst in a fired reactor, “the
tubular reformer” in which catalyst tubes are placed in a fired furnace that supplies the heat for the
reaction and the heat for arriving at the exit temperature required for the desired conversion

according to the following reactions:
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» Steam reforming reactions:
Ni/ceramic support catalyst
1) CH, + H,0 - CO +3H, AH,og ~ 206 KJ.mol™t
AH

2) CH,+ 2H,0 - CO,+ 4 H, AH,9g ~ 165 KJ.mol ™!
AH
> Water shift gas reaction
Copper catalyst
3) CO+ H,0 - Co, + H, AH,9g ~—41KJ.mol™!

Reactions (1) and (2) are highly endothermic; reaction (3) is exothermic. The first step is the
steam reforming at 750 — 800 °C; it produces synthesis gas which is a mixture of CO and H,. The
second step is the water gas shift (WGS) reaction (3) that is a catalytic reaction of CO with steam to
produce more H; and CO,. To achieve high energy efficiency, separation of CO, to increase the
equilibrium conversion and efficient heat process integration are important factors to consider [40].

Hydrogen for fuel cells applications (especially low temperature fuel cells) requires pure H,
as CO is a poison for the platinum anode. The integration of reaction/separation membranes to the
SMR process help to overcome thermodynamic limitations can also achieve almost 100 % CH,
conversion to H; at lower temperatures. The main issues regarding membrane reactors involve the
selection of a suitable membrane material (for stability), its mass transport characteristics, purity of
the H, required (selectivity), factors affecting membrane fouling, cost, etc. Parameters that affect the
performance of membrane reactors are operating pressure, temperature, membrane reactor length
and thickness, the latter as the most important construction parameter. Typical membranes used for
H, separation are Pd based due to its high selectivity towards H,; however they are very expensive
for industrial applications. Other options that have proved to be successful are composite
membranes with a thin Pd based layer supported on a porous substrate such as porous glass, alumina
and other metals; however mechanical strength and different thermal expansion coefficients could
represent a problem. Tong et al. (2005) prepared a thin and dense Pd/CeO,/MPSS (macro porous
stainless steel) membrane that overcame these difficulties and achieved 97 % CH,4 conversion at
500 °C [41]; mixed ceramic-metal membranes are also of potential use. Membrane reactor
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technology is advancing fast towards more efficient approaches and process integration that are
required for the SMR to produce H, for utilization in fuel cells.

Another issue associated with SR of fossil fuels is CO; footprint. According to stoichiometry
the CO, footprint of a SMR process is 0.25 CO,:H; yet in a modern CH, based plant is about 0.3-0.4.
CO, capture and storage (CCS) may well dictate the acceptance of fossil fuel technologies to
produce H; in the future. CCS is seen as a way to reduce CO, emissions into the atmosphere and
thereby decrease the threat of global warming. It involves the capture of CO,, transportation of CO,
to a store location (which requires diesel fuel) and storing and maintaining the CO, however
experience in CCS is currently limited and in need of more research and demonstration projects to
develop efficient and economic methods for its capture, transport and storage.

As SMR with ultimate CCS is projected to be the main source of H, to cover immediate
increasing demand it is important to keep in mind that CH,4 from fossil reserves is a non renewable
resource with its consequent depletion and price tendency to increase. The tendency to reduce
dependence on fossil fuel hastens the utilization of other sources of CH,4 (anaerobic digestion) and
the development of H, technologies from renewable resources such as biomass and water which are
expected to dominate H, production by 2050. ‘Green’ methods, such as those described in this thesis
(sections 0V1.3 and V1.4) utilise CO; as a catalyst, giving scope for in-process conversion and a zero

waste process.

11.2 Hydrogen from water electrolysis

Hydrogen production via water electrolysis (WE) consists of splitting water to H, and O, by
passing electrical current through an aqueous electrolyte hereby achieving the conversion of
electrical energy into chemical energy [42], which is more convenient for storage. The reactions at
the anode and cathode of the electrolyser are as follows :

Anode: 2H,0—0,+4H*+4e”

Cathode: 4Ht*+ 4e” - 2H,

Overall (as with alkaline electrolysers): H,0 — H, + E 0, AH~+ 285.8K].mol™?!
2

The electrical energy is later recovered by reacting H, with O, in a fuel cell (reverse reaction)
or combustion engine, therefore the efficiency of an electrolysis system can be calculated as the
heating value of the H, produced divided by the electrical energy input:
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LHV or HHV of H, produced
electricity used

electrical ef ficiency yy or npv) =

Where,

HHV=Higher Heating Value, which is determined by bringing all the products of
combustion back to the original pre-combustion temperature (25 °C), and considering the
condensation of any vapor produced.

LHV=Lower Heating Value, which is is determined by subtracting the heat of vaporization
of the water vapor from the HHV.

However it takes both electricity and heat to split water electrochemically and heat is not
included in the above equation. Splitting 1 mol of H,O to produce 1 mol of H, at 25 °C requires
285.8 KJ of energy of which 237.2 KJ as electricity and 48.6 KJ as heat and this is the minimum
energy required to split water in electrolysis cells. This translates into a cell voltage (Eo) of 1.481 V
and this is the voltage at which an electrolysis cell at 25 °C can operate without producing excess
heat; this voltage also corresponds to the HHV of H; representing a more reasonable value to use
when calculating cell and stack voltage efficiency. The equation for calculating such voltage
efficiency now becomes [37]:

thermal neutral voltage (E)

It Cl =
voltage ef ficiency cell operating voltage (V)

Conventional electrolysis technologies are alkaline based and with PEM FC electrolysis [43]
but they are limited in energy efficiency to 60-80 %. Hydrogen production via WE could play an
increasingly important role in the future if the electrical power needed to drive the reaction is
provided by a renewable resource such as wind, solar, geothermal, or low emission generators such
as hydro or next generation nuclear generators and if a higher energetic efficiency can be reached;
currently about 4 % of the H, produced worldwide comes from WE. WE at high temperature using
protonic or ionic conducting electrolytes is an advanced concept aimed at increased electrical to
chemical energy conversion efficiency; in recent years there has been special interest towards the
reversible operation of solid oxide fuel cells (SOFC) as H,0 electrolyser cells (SOEC). Cell voltages

under operation of around 1.0-1.3 V at 800 °C are achieved which translates into substantial saving
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of electrical energy compared with low temperature electrolysis but start up energy consumption is
an issue and highly effective thermal insulation is required to maintain 800 °C.

The H, produced by WE is pure and can be used for fuel cell vehicles, electricity generation,
or industrial applications. In addition, during periods of low electrical demand, many renewable
power generators, such as wind turbines, produce excess electricity, which is lost. Electrolysis
enables the storage of this excess energy as H, that can be later converted to electrical energy on
demand.

Costs of H, vary depending on technology, scale of production and form of delivery. In 2009
the cost of decentralized electrolysis varied from $ 3.5 per gallon of gasoline equivalent (gge) using
non-renewable electricity from the grid to $ 4.1-6.1 per gge using 100 % renewable electricity from
the grid to $19.4 per gge for using electricity from solar driven photovoltaic (PV) cells since
sunlight is free it is clear that the cost of solar-PV is a major limitation at current grid electricity
prices. Other costs (as of 2009) including transport are $7.2, $4.4 and $11.30 per gge for
distributed electrolysis, central wind electrolysis and central solar electrolysis respectively [37].
Even though these costs are still significantly higher than the $ 2.6 per gge cost of H, from central
SMR process and from the set goal of $ 2.0-3.0 per gge set by the US DOE by 2015 (section 1.5),
WE costs are expected to drop significantly in the near future as it is expected to be an important

source of H,.

11.3 Hydrogen from biomass utilisation

Biomass is an abundant renewable resource capable of supporting the future H, economy [2,
4, 39]. In recent studies made by the Biomass R&D Technical Advisory Committee (BTAC) of the
US Department of Energy and Agriculture it is reported that biomass now exceeds hydropower as
the largest potential domestic source of renewable energy. It currently provides over 3% of the total
energy consumption in the United States where the total annual consumption of biomass feedstock
for bioenergy and bioproducts together currently approaches 190 million dry tons.

Hydrogen from biomass is an emerging technology that offers a feasible and potentially
more attractive alternative for bio-hydrogen production since biomass resources are abundant,
renewable and quite diverse. In general biomass includes agricultural residues, forest resources,
perennial grasses, woody energy crops, wastes (municipal solid waste, urban wood waste, and food

waste), and algae. Its distinctive characteristic among renewable energy resources is that it can be
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converted to carbon based fuels and chemicals, in addition to power. Biomass is the only renewable
resource with the potential to replace petroleum based fuels used for transportation and approach
carbon neutrality; it is estimated that the US alone has over a billion tons of sustainable biomass
resources that can provide fuel for cars, trucks, and jets; make chemicals; and produce power to supply
the grid, while creating new economic opportunities and jobs throughout the country in agriculture,
manufacturing, and service sectors [44, 45].

The Office of Energy Efficiency and Renewable Energy (EERE) at the U.S. Department of
Energy (DOE) developed the Biomass Program, 2011 [44, 45]. This plan identifies the research,
development, demonstration, and deployment activities on which the program will focus on over the
next five years, and its mission is to develop and transform the renewable biomass resources into cost
competitive, high performance biofuels, bioproducts, and biopower through targeted research,
development, demonstration, and deployment supported through public and private partnerships.
The program main goals are to enable the production of biofuels in the US and reduce its
dependence on oil through the creation of a new domestic bioenergy industry supporting the goal of
36 B gallons per year of renewable transportation fuels by 2022 and to increase biopower’s
contribution to the national renewable energy goals (Table 3) through increasing biopower
generating capacity.

Examples of similar programs for the transformation of renewable biomass developed by
other nations and regions are the UK renewable energy roadmap and the Europe renewable energy

technology roadmap. Among the main challenges contemplated by the programs are:

> Feedstock supply: Produce large, sustainable supplies of regionally available biomass
and implement cost-effective biomass feedstock infrastructure, equipment, and
systems for biomass harvesting, collection, storage, preprocessing, and transportation.

> Bioenergy production: Develop and deploy cost effective, integrated biomass
conversion technologies for the production of biofuels, bioproducts and biopower.

» Bioenergy distribution: Implement biofuels distribution infrastructure (storage,
blending, transportation both before and after blending, and dispensing).

» Bioenergy end use: Assess impact of fuel blends on end-user vehicles.

Biomass composition varies depending on its nature. Starch, cellulose, hemicelluloses and
lignin are the most important components of biomass and as such are also among the most abundant
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renewable resources on earth. From these, starch, cellulose and hemicelluloses are polymers of
sugars and consequently a valuable potential source of fermentable hydrolysates into products such
as Hy, ethanol, butanol among others. Biomass hydrolysis methods will be presented in chapter I11.

Agricultural food and food waste biomass is usually rich in starch whereas wood, plants,
grass, agricultural crop wastes (typically known as lignocellulosic biomass) mainly consists of
cellulose 25-50 %, hemicelluloses 20-40 % and lignin 15-35 % [46].

Other components of biomass include organic compounds that perform different functions
such as intermediates in metabolism, energy reserves and protection against microbial and insect
attack; these compounds may be extracted using polar or nonpolar solvents as part of a pretreatment
to hydrolysis ([47, 48]. Small amount of inorganic substances such as potassium, sodium, calcium
among others are also present as a result of nutrients uptake during growth.

Starch, a main constituent of biomass, is one of the most abundant renewable organic
compound on Earth, being present in a wide variety of agricultural and staple food wastes such as
potatoes, corn, rice, wheat, pasta and wastes from textile industries [49, 50]. Starch molecule
exhibits two types of linkage: 1,4-a-linked glucosyl units in the form of linear, water insoluble
amylose (20-25%) (Fig. 10 A) and 1,6-a-linked branched, water soluble amylopectin (75-80%) (Fig.
10 B). Starch molecules form semicristalline structures which, as a consequence of its linkages are
highly amorphous making it more succeptible to enzyme and other hydrolysis systems to be broken

down into glucose units [51, 52].

OH

Fig. 10 A) Amylopectin molecule structure with glucose units held together by 1,6-a-glucosyl bonds shown by the
dotted circle; B) Amylose with 1,4-a-linked glucosyl units shown by the solid circle. Source: Wikipedia images.

Cellulose is also one of the most abundant renewable organic compound on earth being a
major component of agri-food wastes; cellulose is a homopolymer comprising 7000 to 15000

D-glucose units linked by B (1,4) glucosidic bonds, with a molecular weight within the range of
25
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300,000 to 500,000 units depending of the length of the cellulose chain (Fig. 11) [53]. Due to
intermolecular and intramolecular hydrogen linkages through the hydroxyl groups, cellulose
molecules form crystalline strong structures with low surface area that are insoluble in water under
normal conditions and are strongly resistant to enzymatic attack and chemicals such as acid
compounds. As a consequence of its structure, cellulose is more difficult to hydrolyse into glucose
units than starch [54, 55].

Fig. 11 Molecular structure of cellulose with D-glucose units linked by 8 (1,4) glucosidic bonds (filled arrow pointing at
one) and H, bonds (dotted lines, one is indicted by the circle). Source: Wikipedia images.

Hemicellulose is a heteropolymer containing many different sugar monomers (xylose,
galactose, mannose, arabinose, etc) with xylose always present in the largest amounts linked at the 1
and 4 positions, hemicellulose has a random amorphous structure usually comprising from less than
100 to 200 units and with little strength that is more easily hydrolysed than cellulose [54, 56]. See
Fig. 12.
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Mannose

Glucose

Galactose

OH
- Aylose - B(1,4) - Mannose - Bi1.4) - Glucose -
- aphal1,3) - Galactose

Hemicellulose

Fig. 12 Structure of hemicellulose; in this figure units of xylose, mannose, glucose and galactose held together by
glucosidic bonds (see arrow). Source: Wikipedia images.

Lignin is a highly branched polyphenolic compound with different amorphous polymeric
complex structures formed by very stable p-hydroxyphenylpropane units that are connected together
by ether and carbon-carbon linkages and some percentages of other substances such as minerals and
proteins [46, 54]. The three general monomeric phenylpropane units exhibit the p-coumaryl,
coniferyl, and sinapyl structures (Fig. 13); the amorphous structure of lignin guides to a huge
number of interlinkages between these individual units with ether bonds predominating, Fig. 13
shows a model of lignin structure [54].

Lignin serves as cement between wood fibres due to the existence of covalent linking
between lignin and polysaccharides hereby assuming an important structural role as are responsible
for the longevity of standing trees due to its relatively high resistance to enzymatic attack (decay)
[57].

Lignin is usually present with cellulose and hemicellulose constituting lignocellulosic
compounds which must be broken down to make the cellulose or hemicellulose accessible to

hydrolysis systems.
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OCH,

Fig. 13 Shows a model of a lignin molecule. The ether bond is indicated by the cicle; The dotted circle shows a sinapyl
unit as a part of the complex structure Source: Wikipedia images.

The available technologies to produce H, from biomass can be divided in two general
categories: thermochemical and biological processes.

11.3.1 Thermochemical processes

Thermochemical processes consist of the conversion of biomass into a gaseous mixture of
fuel gases or liquids and other compounds by applying heat under pressure and steam; the products
obtained can be used for the production of electric power, heat, chemicals or fuels [49]. The two
most feasible thermochemical technologies for biomass conversion to H; are: biomass gasification

(section 11.3.1.1) and biomass pyrolysis (section 11.3.1.2) [43, 58].

11.3.1.1 Biomass gasification

Gasification is an efficient method to convert biomass into gaseous products with a usable
heating/power value. Gasification is achieved by partial oxidation of biomass under heat and
pressure to form a gaseous mixture of H,, CO,, CO and CHy, and light and heavy hydrocarbons and

char. The gas mixture is called synthesis gas (syngas) and has important applications in synthesis
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reactions in the chemical industry and for the production of H, . Technologies for biomass
gasification can be classified based on the moisture content of the biomass as: dry biomass (DB) and
wet biomass (WB) (moisture content > 70 %) gasification technologies; operating conditions and
reactor types depend strongly on these two biomass conditions and have also strong influence in the
product distribution in the syngas generated [37, 49, 58].

At present, about 90 % of the biomass used worldwide for energy supply is combusted by
firing and less than 1 % is used in CHP plants. Efficiency for electricity generation obtained from
biomass combustion is in the order of 20-40 %, however modern biomass gasification plants can
preserve between 75 and 88 % of the heating value of the original fuel and achieve efficiencies
35-50 % based on the lower heating value [37].

A variety of processes for different products are currently being tested at pilot plant scale and
recently technologies for gasification of dry biomass have approached commercialization for some
applications. In the near future, biomass gasification processes could provide a significant
contribution for the sustainable production of syngas and H, to be used as energy carrier for mobile
or stationary applications; however these technologies are under intensive research and development
before large scale plants are in operation [37].

Another problem to be addressed with the use of this technology is the tremendous amount
of resources and transportation needed to concentrate large amounts of biomass to central processing
plants. Alternatives to develop smaller efficient gasification plants deployed in strategic locations
may be required for this technology to be cost effective for H, production.

11.3.1.1.1 Dry biomass (DB) gasification

DB gasification is applicable to biomass having moisture content less than 35 % [37, 58];
examples of such biomass are: coal, wood, bagasse and saw dust, as a consequence the gasification
process usually suffers from low thermal efficiency with less so than with wet gasification (see
11.3.1.1.2) since moisture contained in the biomass must also be vaporized.

Gasification proceeds at high temperatures (800-1000 °C) with or without catalyst and in a
fixed bed or fluidized bed reactor; a variety of oxidation agents can be used: air, oxygen, steam and
CO,. Air is the cheapest and most widely used, however it introduces N, in large concentrations in
the syngas (about 50%) hereby reducing its heat value. Oxygen is expensive whereas steam provides

a feasible alternative to increase the heating value of the syngas. One of the major issues in biomass
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gasification is to deal with the tar and char formation that occurs during the process, several
approaches are available to minimize this problem, in one of them it has been found that utilization
of CO, as an oxidant is an interesting option since it is one of the products of the syngas obtained
and CO; with a catalyst such as Ni/Al can convert char, tar and CH, into H, and CO [59-61]. When
steam or CO; is used as the oxidant, an external heat supply has to be provided. Superheated steam
(900 °C) has been used to reform DB using a fluidized bed gasifier and suitable catalysts achieving,
high syngas yields (~0.95 g gas. g initial source material™) with ~ 60 % vol. H, [43, 58] which is ~
two fold higher than typical thermal biomass decomposition yields.

Catalysts not only help to reduce the tar content, they also improve the gas product quality
and biomass-gas conversion efficiency. Dolomite, Ni based catalysts and alkaline metal oxides are
amongst the most widely used [58].

The optimization process of biomass gasification involves tests with different biomass types
at various operating conditions in gasifiers (reactors). Reactors are classified into fix bed, fluidized
bed and entrained flow process [37] . In fixed bed reactors the biomass moves slowly downwards
due to gravity during gasification either in co-current (same direction) or counter-current (opposite
direction) with the oxidants. Fixed bed reactors have high thermal efficiency, require minimal
biomass pretreatment and are economically feasible on a scale smaller than 1 MW [58].

In fluidized bed reactors a high flow rate of a bed material (which may act as a catalyst) is
evenly fluidized by the gasification agent providing optimal heat and mass transfer conditions.
Superficial velocities of the mass may vary from slow (1-2 m.s-%) to fast (6 m.s™); in this case the
bed material is fed to the reactor via a cyclone delivering particles of average size between
0.2-4 mm. Fluidized bed reactors are suitable for plants larger than 10 MW for economic reasons
and are mostly applied for biomass gasification[37, 61-63].

Currently, some teams are focussing research on three possible combinations of dual
fluidized bed reactors, specifically two fixed bed, one fixed bed and one fast fluidized bed, or two
fluidized beds [37, 64]. By using two fluidized bed reactors, gasification is carried out by steam in
the first reactor, whereas in the other bed combustion takes place to generate the heat for
endothermic gasification, heat pipes are used to transport heat between the dual fluidized bed
systems. Industrial application of this technology has been implemented successfully [37, 65].

In recent years another interesting approach namely, Hydrogen Production by Reaction
Integrated Novel Gasification (HyPr-RING) was proposed by Lin et al., 2001 [66]. This method

consists of an integration of the water hydrocarbon reaction, water-gas shift reaction and absorption
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of CO; and other pollutants in a single reactor under both sub critical and super critical water
conditions. This is an exothermic process and a high yield of H, can be obtained at relatively low
temperature (650-700 °C) as compared with conventional gasification processes. This novel
technology can be conducted in a simpler manner as the reaction for H, production and gas
separation occur in one single reactor at a lower temperature; the method has been analyzed
theoretically and demonstrated experimentally to be a very efficient technique for H, production
from biomass.

The costs of H, production by biomass gasification are competitive with SMR [37, 58, 67]
and taking into account the environmental benefit it constitutes a promising option based on both
economic and environmental considerations. As gasification technologies develop, they will
integrate systems with solid oxide fuel cells (SOFCs) which are attractive due to their higher
electrical efficiency and lower requirements of gas quality.

11.3.1.1.2 Wet biomass (WB) gasification

The technologies applicable for DB gasification are not suitable for wet biomass (WB)
gasification (moisture above 35 %). A large proportion of biomass wastes contain up to 95 % water
therefore the drying costs will prohibit classical gasification processes. Supercritical water (SCW)
gasification of wet biomass is a very promising alternative to transform WB into a pressurized clean
mixture of gases (CH4, H, and CO,) with high calorific value and high H; content. The term critical
condition or critical point of a material usually denotes its vapor-liquid critical point. The vapor-
liquid critical point defines the conditions above which liquid and gas phases do not exist or become
indistinguishable (absence of phase boundaries). The critical point of water occurs at its critical
temperature (Tc) of 374 °C and critical pressure (Pc) of 218 atm. Water at or above critical
conditions (SCW) has organic solvent-like behaviour and provides a single fluid phase chemistry
since gases are also miscible in SCW; hereby serving as an excellent solvent for homogeneous
reactions of organic compounds with gases (e.g. the oxidation of organic compounds with oxygen
and air) [68]. SCW gasification of WB can advantageously avoid high drying costs and at the same
time has been shown to achieve high gasification efficiency (total mass of the product gas.total mass
of the dry feed™), high molar fraction of hydrogen content and the availability of the products at
high pressure (HP) which is wanted for most applications (Lu et al., 2006, Yoshida et al, 2004) [69,
70]. However, this would require the application process to be co-located with the WB gasification,
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and, due to the complexity of plant, small localised processes are unlikely and WB transportation
costs to the plant would be incurred. There are also several other problems to solve, among them
reactor plugging by accumulation of tar and reactor wall deposits in typical tubular reactors utilized
for WB gasification that are caused by degradation of products such as furfural and phenols; for this
different reactor configurations have been proposed (fluidized bed reactors) along with extensive
studies of the reaction pathways of the different constituents of biomass (cellulose, lignin,
hemicelluloses, protein, etc) [71-74] and studies of the parametic effects such as pressure,
temperature, residence time, reactor sizes and types, heating rate, reactor wall properties, biomass
types, particle size, catalysts and solution concentration on the WB gasification in SCW [75].

Matsumura et al., 2005 contemplated two approaches to biomass gasification in SCW: the
first proceeds at low temperature (350 to 600 °C) in the presence of metal catalysts and the second
at high temperature (500 to 750 °C) without catalyst or with non-metallic catalysts [70]. SCW
oxidation is, however, highly corrosive and hence high capital investment in corrosion resistant
materials is required.

WB SCW gasification reactor systems: As SCW gasification takes place at high temperature
and pressure the reactor setup needs special consideration; for experimental purposes quartz
capillary batch reactors, fluidized bed microreactors and process development unit (PDU) tubular
reactors have been widely utilized to generate data on reaction kinetics under well-defined
conditions and develop models of the dominant steps [70, 76]. However for commercial SCW
gasification a proper reactor design has yet to be defined. Tubular and series of stirred tank reactors
among many others may be suitable but these should also incorporate heat exchange systems
between the reactor outlet and inlet streams to achieve high thermal efficiency. Pre heating of the
incoming biomass slurry through the inlet tube of a reactor is likely to cause plugging problems due
to the thermal decomposition of the biomass starts at ~ 260 °C which is far below the gasification
temperature (~ 600 °C). It is also possible that the feed stream may reach the supercritical point in
the heat exchanger with unknown consequences.

Low temperature catalytic gasification of biomass: In low temperature (350-600 °C)
catalytic gasification complete gasification of feedstock is difficult despite catalysts being employed.
Studies with regards to the role of catalysts, reaction mechanisms using model compounds,
interaction between components, batch and continuous reactors and partial oxidation in an attempt

to improve gasification efficiency has been also studied by various authors.
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A limited range of metal catalysts can be used for low temperature gasification due to the
oxidation of metal components in the hot water environment [70, 77]. Combinations of Ruthenium
and Nickel supported on Carbon or Titania have shown to be valuable in this process environment.

Minowa and his group [77, 78] investigated the effect of catalyst on cellulose and glucose
(model compounds) under hot compressed water (HCW) using an alkali catalyst (Na,SO,) and a
Nickel (Ni) metal catalyst. They found that the alkali catalyst lowered the onset temperature of
cellulose degradation but also promoted sugar degradation since higher yields of gas and oil were
obtained. The alkali catalyst also showed inhibition of char formation resulting in high oil yield even
at temperatures as high as 350 “C.

The metal catalyst also catalysed the gasification of water soluble products to syngas. CO,
and H; were produced first and then CH, was formed by methanation; oil and char were minimal.
Minowa found that the gas yield also increased with the Ni catalyst loading and that the oil materials
produced were no longer gasified.

Another important factor to consider in the course of SCW gasification is the interaction
between components and its effect on H, production. Yoshida et al., 2001 [70, 74] studied this
interaction by preparing different mixtures of cellulose, xylan (model compound for hemicellulose)
and lignin with a Ni catalyst and treating them by SCW using a 4-ml tubing bomb reactor. Their
results indicated that a mixture of cellulose and hemicellulose is summative in the production of H..
Conversely, when lignin was present in any of the mixtures, the production of H, was suppressed. In
further studies, Yoshida and his co-workers showed that this effect depends on the species of lignin
[50]. This result shows the importance of component interactions during the gasification process.

Batch processing tests to provide comparative low temperature gasification results with
different biomass feedstocks and catalysts have been performed by several research groups. Yanik et
al., 2008 [79] tested trona (NaHCO3.Na,C03.2H,0) and red mud (Fe-oxide containing residue from
Al-production) as catalysts besides the commonly used K.COs and Raney-Ni catalysts to perform
SCW gasification of cotton stalk, corncob and a tannery waste using an Inconel 625-lined, tumbling
batch autoclave (volume of 1 L), with three thermocouples inserted internally into the reactor. They
found that the effect of catalysts on gasification varied with the type of biomass. In general, the
results showed that the tested catalysts significantly increased the H, yield in comparison to catalyst
free gasification and showed similar or better activity than K,CO3 and Raney-Ni. All of the catalysts
used enhanced the water—gas shift reaction and reformation of methane due to the H, production

rather than methanation.
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Matsumura et al., 2005 [70] tested a variety of high moisture feedstocks suitable for wet
gasification varying from fermentation ethanol beverage distillation residue to cattle manure solids.
The reactor was a stirred 1 L vessel and the catalysts employed are described as follows:

> Ru/TiO2=3 % Ru on rutile titania (by Degussa).

» Ru/C =7 % Ru on carbon (by Engelhard).

» Ru/Ni =1 % Ru on GI-80 Ni methanation catalyst (by BASF).
» Cu/Ni =1 % Cu on GI-80 Ni methanation catalyst (by BASF).
» No catalyst.

The gasification was very limited with the catalyst un-supplemented test. The Ru on titania
catalyst exhibited the lowest activity whereas the Ru/Ni catalysts showed the highest conversion
activity especially on the manure solids followed by the lightly processed grains. The effect of
temperature was eminent since higher conversions were achieved at the critical point of water
(374 °C), however at higher temperature there was no noticeable difference.

It is believed that partial oxidation, which is commonly used in gasification technology, will
enhance the gasification efficiency of SCW gasification. Matsumura et al., 2002 tested this effect by
adding hydrogen peroxide (2.5 wt %) to 6 wt % cabbage slurry; the reaction temperature was 400 °C
and the pressure applied was 25 MPa. The gasification efficiency was successfully improved to 0.87
(87 %).

High temperature catalytic gasification of biomass: The temperature range for this process is
between 500 to 750 °C; high gasification efficiencies are achieved due to the reactivity of biomass at
these temperatures however such efficiencies are highly dependent on biomass concentration. In
reactions performed on glycerol and glucose at concentration (1-20 wt%) without catalyst at reaction
temperatures of 500-800 °C and at pressure of 5-45MPa it was found that concentrations higher than
5-10 wt% lead to significant reduction of the H, yield and gasification efficiency. It was found also
that upon increasing the reaction temperatures above 650 °C, the yields of H, and CO, sharply
increased reaching 100 % (complete gasification) with small biomass concentration (< 3 %), while
CO decreases, indicating strong water-gas shift reaction activity at T > 650 °C.

In addition to research conducted on model compounds like glucose or cellulose which
provided a good understanding of the main reaction pathways detected by key compounds [80, 81],
a real model biomass of reproducible composition and similar to potential feedstocks such as
residues from the food industry was also needed. Baby food (by Hipp) consisting of mainly cooked

potatoes and carrots with water content of 89.2 % and 6.2 g.kg™ ash content (mainly K and Na salts)
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was selected for long term WB gasification investigations. In these experiments, the role of alkali
salts during biomass gasification, changes of product composition as a function of temperature and
heating rate and the influence of dry matter content were studied. Two different reactors were used,
a tumbling batch reactor (up to 500 °C and 50 MPa, 1 L internal volume) and a stirred vessel used in
continuous or batch mode (up to 700 °C and 100 MPa, 0.190 L internal volume) [71]. In both modes
of the stirred vessel heating of the biomass was achieved by injecting the biomass into heated water
and mixing. The tumbling batch reactor was used with a low heating rate of 1 to 3 °K.min* from
room temp. to 500 °C. Key compounds belonging to the following categories: sugars, aldehydes,
acids, furfurals, phenols and gases were selected to elucidate different reaction pathways.

Experiments in the tumbling reactor revealed that the presence of KHCO;3; leads to an
increased amount of aqueous products, less coke/char formation, a lower concentration of furfurals
and higher concentration of phenols ([70, 71]. This is important considering that salts can influence
a number of reaction mechanisms and that real biomass includes salts, which would mean high H,
yield and low yields of CO.

Biomass conversion is also strongly dependent on temperature. Slow heating up leads to the
formation of coke and char which was found in the tumbling reactor in every reaction but never in
the stirred vessels. A decrease of heating rate also led to a decrease in H, yield [71]. One
explanation for the formation of coke and char in the tumbling reactor is that when the wet biomass
spends long time in subcritical temperatures, furfurals and other compounds may polymerize when
free radicals are formed above the critical temperature. Another interesting finding was an increased
yield of phenols with temperature, suggesting that the degradation rate of phenols is slower than that
of furfurals; in this respect phenols can be considered the last obstacle before complete gasification.

The dry matter content (carbon input) is of special interest. In a tubular reactor, the higher
the dry matter or carbon input the lower the gasification efficiency; conversely in a stirred vessel an
increased gasification rate was achieved at increasing dry matter input. Thus the type of reactor was
determinant in the results; the stirred vessel reactor had fast heating-up and back mixing of the
products, therefore one possible explanation could be that due to the back mixing, the H, present
inhibited unwanted polymerization through the saturation of the free radicals which would lead to
less coke or tar and high gas yields [70].

Due to the difficulty to recover alkali catalysts from the reactor effluent metal oxide catalysts
have been also tested but in contrast with low temperature catalytic gasification of biomass the

gasification efficiencies using these catalysts is low, mostly due to deactivation of the catalyst. For
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example when Ni/MgO catalyst was used the deactivation of the catalyst was attributed to: a) lack of
regeneration treatments by the presence of char-like carbonaceous products and the formation of
Mg(OH), and b) with regeneration treatments to a change in Ni structure resulting in a decrease of
surface area [70, 74, 79, 82].

Yoshida et al., 2004 investigated the effects of Ni catalyst amounts in the gasification of five
different lignin species using a microreactor made of 316 stainless steel tubing with an outer
diameter of 9.53 mm and inner diameter of 6.53 mm at 653 °K, 25 MPa and reaction time of 20 min.
The gasification efficiencies were very low possibly due to a deactivation of Ni catalyst by tarry
products; when the amounts of catalyst were increased higher gasification efficiencies were
observed despite deactivation of the catalyst. They also found that different lignin showed different
gasification characteristics due to different lignin structure [50].

Furuzawa et al., 2007 also investigated the gasification of lignin with 10 wt % Ni/MgO
catalyst prepared by impregnating MgO with aqueous solution of Ni(NOgz), and calcined in air at
temperatures of 773 and 1173 °K in SCW using a stainless steel tube bomb reactor at 673 °K and
30-37 MPa. The best results were obtained with 10 wt % Ni/MgO(873 °K) with a carbon yield of
gas products (CH4, CO; and C,Hg) of 30 % which, despite the low conversion, is an improvement
and further research is necessary [83].

The need for new catalysts with high activity, high stability and scope for regeneration of
catalytic performance is necessary for significant improvements on WB SCW gasification.

With respect to the engineering of SCW gasification process, several technological
challenges arise due to the high temperature and high pressure (HP) conditions of the reactor [70].
Among these are: feedstock pre-treatment and pumping equipment to continuously feed a HP
reactor; a heat recovery unit which is essential for SCW gasification to be energy efficient; a
depressurization system and a gas recovery unit which may involve unit operations for the
separation of the gas mixture (CHg, H, and CO,) if H, is to be used for fuel cell applications.

The VERENA test facility located in Karlsruhe, Germany apparently is the largest SCW
gasification plant with a throughput of 100 Kg.h™ [37]. In this pilot plant different types of biomass
have been used successfully and converted with heat transfer efficiency greater than 80 % whereas
typical energy efficiencies for different SCW gasification processes vary from 44 to 65 % [37, 84].
Yoshida et al., 2003 [37, 85] found that SCW gasification was the most energy efficient technology

for biomass with water content > 30 %; commercialization of gasification plants is in its initial stage.
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11.3.1.2 Biomass pyrolysis

Pyrolysis can be defined as the thermal degradation of biomass by heat in the absence of
oxygen, which results in the production of charcoal (solid), bio-oil (liquid), and fuel gas products. In
this process biomass is heated at low pressure (1 to 5 bars) at temperatures within the range of
280 °C and 780 °C in the absence of air [49, 58, 86]. The product distribution depends on the type of
biomass, heating rate, residence time and type of catalyst. Depending on these operating conditions,
the pyrolysis process can be divided into three subclasses: slow pyrolysis (carbonization), fast
pyrolysis, and flash pyrolysis. Slow pyrolysis is not considered for H, production as the products are
mainly charcoal and oils [58]. Fast pyrolysis is the preferred technology for the production of liquid
and gaseous products from biomass, in this process biomass feedstock (particle size <1 mm) is
heated rapidly (10-200 °C.s™) at temperatures of 580-980 °C and a short residence time (0.5-10 s) in
the absence of air. Gaseous products include H,, CH4, CO and CO, and possibly other gases
depending on the biomass composition; liquid products include tar and oils; and solid products are
mainly char, carbon and other inert materials [87].

Fast pyrolysis proceeds at temperatures above 780 °C at much higher heating rates than fast
pyrolysis (> 1000 °C.s™), a particle size <0.2 mm is therefore necessary and low residence time
(<0.55) also in the absence of air. Recently this technology has attracted great interest for
maximizing liquid yields. [58, 86, 87].

The mechanisms of biomass pyrolysis have been studied based on the major components of
biomass (hemicellulose, cellulose and lignin). In essence the thermal degradation process of these

components can be summarized as shown in Fig. 14:

UlnErhre] Qegradatlon [> Of cellulose [> Of lignin
of hemicellulose

Fig. 14 Thermal degradation sequence of main components of biomass from lowest to highest temperature. This
indicates that hemicellulose is degraded first, then cellulose and finally lignin.
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Even though H, can be obtained from biomass by pyrolysis processes, this technology is
mainly seen to have great promise as a means for converting biomass into chemicals and higher
value liquid fuels and in that sense it differs from gasification. It is said that pyrolysis lies at the
heart of all thermochemical fuel conversion processes and is assumed to become an avenue to
petroleum type products from biomass resources, for example pyrolytic oil may be used directly as a
liquid fuel, added to petroleum refinery feedstocks, or catalytically upgraded to transport grade fuels
[88].
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11.4 Biological methods

Biological methods for H, production (biotechnologies) provide an alternative that is more
environmentally friendly and less energy intensive than thermochemical and electrochemical
processes due to the capacity of these systems to utilize sunlight and organic wastes (biomass) as
substrates for bio H, conversions. In addition, bio H, does not contain CO and H,S which are
catalyst poisons for fuel cells applications [89]. Biological methods for H, have formed the subject
of several recent reviews [90-92].

As described in sections 1.2 and 1.3 biomass suitable for biotechnologies are abundant and
guarantee sustainability, they can be found in agricultural residues [93], food wastes [94] and
effluents specially from food and farming industrial processes such as manure [95] sugar mills [96],
olive processing [97], dairy products [98] among others. Consequently biotechnologies could
provide a valuable contribution to reduce organic waste disposal and environmental damage, and
saving increasing costs associated when disposed in landfill (section 1.2) which in UK are currently
in £56 and expected to increase to £72 per tonne by April 2013 (WRAP gate fees report 2010,
http://www.wrap.org.uk/recycling_industry/market_information/).

Hence biotechnologies for H, production are expected to grow in importance in the near
future as research and laboratory scale work develops for demonstration and practical applications.

Biological H, production occurs through the active use of different microorganisms under
the appropriate conditions; it is controlled by the action of hydrogen-producing enzymes such as
hydrogenase and nitrogenase following specific metabolic pathways. The main bio-process
technologies for bio-hydrogen production can be classified as follows:

» Biophotolysis of water
Photobiological hydrogen production
Dark hydrogen fermentation

Hybrid systems using photosynthetic and fermentative bacteria

YV V VYV V

Hybrid system using Bio methane production followed by steam methane
reforming (SMR)
It is not the purpose of this overview to provide a thorough review of these technologies (see

review papers) [90-92] but a brief description of them will be provided.
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11.4.1 Biophotolysis of water

Photosynthesis is a chemical process utilized by plants, algae and many species of bacteria
that converts CO, into organic compounds especially carbohydrates using the energy from sunlight.
Photosynthetic organisms are called photoautotrophs since they can create their own food.

Biotechnologies involving microorganisms that harness light (solar or artificial) for growth
and that are useful for H, production are all photosynthetic. Biophotolysis of water utilizes
microorganisms (microalgae and cyanobacteria) capable to use photosynthesis processes for the
generation of H, gas instead of carbon containing biomass. Microalgae and cyanobacteria, like
plants, possess two photosynthetic systems for light absorption (Photosystem I and 1l: PSI and PSII)
that operate in series (direct photolysis) and can decompose water to release H, and O, (oxygenic
photosynthesis) [90, 91, 99].

Direct photolysis: In general by this mechanism microalgae and cyanobacteria convert solar
energy into chemical energy in the form of H,. In this process water is split evolving O, (PSII) and
PSI generates the reductant for CO; fixation. In this sequential process, two photons (one per
photosystem) are used for each electron removed from water and used whether in CO, reduction or
H, (2¢° & 2H") formation. In green plants only CO, reduction takes place as the enzymes that
catalyze H, generation (hydrogenase and nitrogenase) are absent, however microalgae and
cyanobacteria have such enzymes and can produce H, under defined conditions. The mechanisms
involved in H;, production by these two types of microorganisms are more detailed in various
reviews [90, 99, 100].

An important limitation for obtaining sustained H; production from biophotolysis of water is
the sensitivity of the hydrogenase enzymes to O,. Oxygen irreversibly inactivates H, producing
systems. Recent attempts to increase H, production by direct photolysis involve nutrient deprivation;
under sulphate limitation PSII subunits can not be maintained and PSII activity ceases, thereby
reducing O, production, while respiration rates remain high causing anoxia, this allows hydrogenase
(or nitrogenase) to express and therefore H, production [90] .

Indirect photolysis: In this process the CO, generated is fixed via the Calvin cycle to
synthesise polycarbohydrates (starch in microalgae and glycogen in cyanobacteria) which can be

subsequently metabolised by fermentation to produce H, indirectly [90].

40



Rafael L Orozco, PhD thesis

11.4.2 Photo fermentative processes.

Photofermentative processes utilize photoheterotrophs (microorganisms that use light for
energy and organic compounds for carbon source) for H, production under anaerobic conditions in
the presence of light in a process known as photofermentation. Purple non-sulphur (PNS) bacteria
are the preferred microorganisms for photofermentations; they are anoxygenic photosynthetic
bacteria (bacteria that capture light energy and store it as ATP without the production of O,) with a
single photosystem (PSI) which prevents these microorganisms from producing O, thereby making
sustained H, production possible [90]. Also PNS bacteria do not produce H,S (a catalyst poison).
PNS bacteria are capable of converting organic acids (OA) to clean H, appropriate for use in PEM-
fuel cells [100]. They evolve H, through the action of the nitrogenase enzyme whose primary
function is to fix N, gas into NH4" ion for assimilation in an irreversible process [101] which is
activated anaerobically under nitrogen limitation according to Equation 1 [102].

Equation 1
2e” + 2H* + 4 MgATP —» H, + 4 MgADP + 4 P;

The nitrogenase complex has to be saturated with ATP and NADH for optimal activity. For
this reason H, photo production rates are favored under light saturating intensity, a fermentation
media with mineral components and organic substrates in anaerobic conditions with optimal
temperature and pH [90, 91].

Nitrogenase expression and activity are strongly inhibited by O, which damages the photo
pigments needed to maintain ATP flux for nitrogenase activity. Therefore sustained H, photo
fermentative processes are possible as PNS bacteria are unable to generate O, due to their single PSI
as explained.

Hydrogen production capabilities of some species of PNS bacteria have been investigated,
among them species belonging to the genera Rhodobacter, Rhodopseudomonas and Rhodospirillum
[90]. Some major benefits of these species include: high theoretical conversion yields, lack of O,
evolving activity, use of light, possibility to consume organic acids derived from bio-wastes and
therefore the utilization of bio-wastes as resources [100].

Two important H, producing and metabolizing enzymes found in PNS bacteria are the

membrane-bound uptake hydrogenases and the nitrogenase enzymes.
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Nitrogenase enzymes re-oxidise electron carriers to reduce 2H" to H, but also compete with
other reductive process detracting from H, production; the formation of poly-B-hydroxybutyrate
(PHB) from acetate [100]. Mutagenesis of the PHB synthase gene produced PHB deficient mutants.
These mutants produced H, in conditions that would normally support PHB synthesis [100, 103].
Mutants lacking both uptake hydrogenases and also PHB synthase produced ~ 2.5 fold higher H;
rates compared to parent strain [100, 104].

In regards to substrate utilization which includes mainly OA from dark fermentation (e.g.
lactate, acetate, butyrate and succinate) the substrate range is strain specific [90, 105]. The metabolic
pathways are still undefined for many substrates except for acetate which, in most bacteria, is
assimilated via the glyoxylate cycle whereas in other microorganisms lacking the glyoxylate cycle
enzyme (Rhodobacter sphaeroides and Rhodospilillum rubrum) an alternative citramalate cycle is
thought to operate [90, 106].

Ethanol, another common fermentation product, might be also utilized by some
Rhodopseudomonas species and was rapidly removed from an E. coli fermentation effluent by R.
sphaeroides 0.U.001 after 96 h [107]. It is possible then that other PNS bacteria would be capable
of ethanol utilization [90].

Factors affecting the performance of photofermentation include the light intensity. An
increase of light intensity has a stimulatory effect on H, production but an adverse effect on light
conversion efficiency (LCE) to H, in which important improvements have to be made [90]. LCE is
variable for PNS bacteria with an average value of 4 % whereas the theoretical maximum
photosynthetic efficiency is considered to exceed 10 % under these circumstances the photosystems
of PNS bacteria saturate at low light intensity causing low light conversion efficiency even under
high light intensity (e. g. in solar photobioreactors) [90, 100].

Alternatives for improving light conversion efficiency include genetic manipulation to
reduce the size of light harvesting antennae and simultaneously reducing the amount of antenna
pigment [91], increasing the concentration of cells in the photobioreactor without causing decay in
light intensity, and improvements in photoreactor design.

As previously mentioned industrial waste streams can make suitable feeds for
photofermentation to produce H,, however one important requirement is that these streams possess
high C/N ratio which limits H, production by PNS bacteria due to the incompatibility of nitrogenase
activity and the presence of NH;" [90, 100] and see above.
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PNS bacteria are potentially capable of efficient conversion of OA to H; providing also a
valuable solution for the remediation of wastes rich in OA, alcohols or aromatics; but the problems
of working in a N-free environment are challenging, for example until sufficient H, is produced to

fill the headspace sparging with e.g. argon is needed.

11.4.3 Dark fermentation.

As mentioned in section 11.4 feeds for biological processes are available in large quantities
and guaranteed sustainability. Fermentative bacteria enable the utilization of biomass as sources for
energy production through the generation of H, as an energy carrier while at the same time
contributing to minimize organic waste disposal and environmental damage.

Fermentative H, production technologies depend on either hydrogenase or nitrogenase
mediated metabolisms for H, production and derive energy either from light/sun or by consuming
photosynthetically derived carbon compounds (carbohydrates)[108]. In fermentative processes from
carbohydrates hydrogenase-mediated metabolisms are preferred over nitrogenase-mediated due to
their higher fermentative H, yields and lower metabolic cost (no light energy is required and higher
theoretical H, yields of 4 mol H,.mol hexose™) can be achieved [90, 98, 109].

Dark fermentation is a biological process performed in anoxic conditions with bacteria
grown in the absence of light sources under appropriate conditions to produce H, from carbohydrate
rich substrates. The anaerobic degradation of such carbohydrates by heterotrophic microorganisms
(bacteria that use organic matter synthesized by other organisms for energy and growth) has several
important advantages such as high rates of H, production and constant H, production (during day
and night). Fermentative bacteria have a good growth rate to supply the H,-production system and
the utilization of agricultural and food industry wastes as resources provides a valuable way to divert
these wastes from landfill [90, 109, 110].

In anoxic environments protons act like an electron acceptor to produce molecular hydrogen
[111]. When glucose is used as substrate for fermentative H, production, it is transported into the
cell by the phosphotransferase system and then catabolised by the H, producing bacteria via the
glycolytic pathway to NADH and pyruvate [90, 92]. The metabolic pathway of mixed acid
fermentation will be presented in section 11.4.3.1 (Fig. 15).

Most microbial H, production is driven by the anaerobic metabolism of pyruvate [98, 100].

Pyruvate is oxidized to acetyl-CoA recycling NAD* from NADH by the competing action of three
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enzymes: pyruvate formate lyase (PFL), pyruvate-ferredoxin oxidoreductase (PFOR) and
fermentative lactate dehydrogenase (LDH). The H, produced depends on the fate of pyruvate, which
Is a very complex process influenced by many factors such as culture species, substrate, reactor type,
nutrients, temperature and pH. Acetyl-CoA is finally converted to ATP and soluble end products
such as acetate, butyrate, ethanol, etc. [92, 100, 112].

Axenic cultures (pure cultures) had been exploited to produce H, using a variety of
substrates. The most widely used are members of Clostridium and Enterobacter. Species of
Clostridium are Gram negative, rod shaped strict anaerobes and endospore formers, whereas
Enterobacter are gram negative, rod shaped facultative anaerobes (can grow in aerobic or anaerobic
conditions) [90, 111] . Most studies involving axenic cultures were performed in batch mode and
used glucose as substrate. Facultative anaerobic bacteria gave 2 mol of H, per mol of glucose
whereas strict anaerobic bacteria gave 4 mol of H, per mol of glucose [111]. The normal pathway
used by E. coli goes to 2 mol H,.mol glucose™ and is irreversible, as a consequence H, can
accumulate to high pressure in the head space. Using the ‘NADH pathway’ (enterobacter) you can
get the 4 mol H,.mol hexose™ but the NADH pathway is freely reversible as H, accumulates so to
realise the yield H, must not accumulate. A positive pressure is needed to fill a Hp-store or run a fuel
cell.

Facultative anaerobes are less sensitive to O, and are able to recover H, production activity
after O, exposure by rapidly depleting O, present in the broth. For this reason, facultative anaerobes
are considered better microorganisms than strict anaerobes for fermentative H, production processes.
One of the main restrictions of dark fermentation is the low H, yield (2-4 mol H,.mol glucose™)

which proceeds according to the following reactions [98, 111]:

CeH,06 + 2H,0 - 2CH3CO0OH + 2 C0, + 4 H, -+ acetate fermentation
CeH1,06 + 2H,0 - CH3;CH,CH,COOH + 2 CO, + 2 H,---butyrate fermentation

These theoretical yields are sufficient to permit economic viability compared to existing
chemical or electrochemical processes [90, 108, 113] and even to theoretical yields of
photofermentations [90, 100] therefore research and development activities for dark fermentation
focuses on attaining the highest yields of H, from a wide variety of carbohydrate rich substrates

which include complex waste streams trough the development of two stage fermentation process,

44



Rafael L Orozco, PhD thesis

metabolic engineering and the utilization of mixed cultures of microorganisms as inocula obtained
from waste water, sludge and soil [108, 114].

The use of mixed cultures for dark fermentation offer more practical advantages over axenic
cultures since this mode can utilize a broader source of feedstocks without sterilization, is more easy
to operate and easier to control. However several problems arise when using mixed cultures, one of
these being the coexistence in nature of H, producing and H, consuming bacteria (e.g. methanogens)
which oxidise H, and reduce CO, according to the following reaction:

2H, + CO, — CH, + 0,

It has been found that when mixed cultures are treated under harsh conditions, H, producing
bacteria have more chance of survival than H, consuming activity from non H, producers [115]; as a
consequence pretreatments for enriching H, producing bacteria in mixed cultures include: heat
shock, acid-base treatment, aeration, freezing and thawing, and chemical treatments e.g. with
chloroform. Such pre-treatment can be monitored using microbial analysis methods such as the
spread plate method [116]. Since most pre-treatment methods have been conducted in batch mode,
research in continuous mode has been proposed [108, 115] since microorganisms in general have
good adaptive stress responses.

Temperature is one of the most important operational parameters that affects the growth rate
and metabolic activity of microorganisms in fermentative H, production. Fermentative reactions can
be operated at mesophilic (25-40 °C), thermophilic (40-65 °C) or hyperthermophilic (>80 °C)
temperatures. It has been demonstrated thermodynamically that increasing the temperature of
glucose fermentation while maintaining reactant concentrations constant would enhance H;
concentration [98, 108, 117].

Thermophilic and hyperthermophilic fermentation reactions utilize thermatogales
(thermophilic or hyperthermophilic microorganisms whose enzymes remain active at high
temperatures) and various studies investigating the effect of temperature on fermentative H,
production using glucose and sucrose as substrates. Optimum temperatures were not always the
same, in the mesophilic range optimum values were around 37 °C and in the thermophilic range
around 55 °C. In addition one of the studies reported that the volumetric H, production rate (VHPR)
was 60 % greater under thermophilic conditions than mesophilic conditions which was attributed to
the optimum temperature for the enzyme hydrogenase present in thermophilic clostridia [118], also
a yield of 3.2-3.7 (mol H,.mol glucose™) was reported for Caldicellulosiruptor saccharolyticus

[119]. Contrary to this, high temperatures can induce thermal denaturation of proteins in some cases
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affecting the microorganism activity, for example higher values of H, production (VHPR) were
reported at mesophilic temperatures in the case of Citrobacter CDN1 and Clostridium
saccharoperbutylacetonicum ATCC27021 (maximum H, production at 30 °C in both cases), it was
inferred that high temperature induced thermal denaturation of proteins affecting the microbial
activity [120]. Thermophiles are specially adapted to life at high temperatures with various
modifications to their proteins and cell membranes to enable maintenance of activity at high
temperatures. One important disadvantage of thermophilic processes is the increased energy cost of
fermentations and the building partial pressure of 10-20 KPa (0.0-0.2 bar) caused by the
accumulation of H; in the fermentation process that inhibits H, production [90, 121].

The pH is another important parameter that has a profound effect on the hydrogenase
activity and the metabolic pathways of H, producing bacteria, thereby on fermentative H,
production potential and H, production rate [122]. On several studies conducted in batch mode
without pH control, only the effect of initial pH was investigated on fermentative H, production.
From these studies the optimal pH in most cases lies in between 6 and 8. In some cases where mixed
inocula were used a low pH of 4.2-5.0 supported the maximum H; production. In pure cultures
Citrobacter CDN1 gave maximum H; production at pH 5 [92, 108]. Different studies reported that
fermentative H, production was best supported in slight acidic condition. The initial pH has an
influence on the extent of log phase in batch fermentations. Research revealed that an initial pH of
4-4.5 causes longer lag periods than an initial pH around 9 but causes a decrease in the yield of H,
production [122] . This effect was attributed to a rapid H, production (high rates) with a consequent
fast acid production to inhibitory levels that also depleted the buffering capacity of the fermentation
media. Conversely at lower initial pH, bacteria produces H, gradually at a moderate rate due to an
adaptation period but for longer [108, 122]. The specific H, production rate was highest for the pH
range of 5.5-5.7 where also the ratio of acetate/butyrate produced was in the range of 3-4 indicating
a tendency towards acetate type fermentation (see acetate and butyrate fermentation reactions
above). It is concluded then that pH and intermediate products especially OA drive the hydrogenase
reaction during dark H, fermentation.

The effect of nitrogen, phosphate, metal ions and magnesium also influence the fermentative
biological process. Nitrogen is a very important component for proteins, nucleic acids and enzymes
that are indispensable to the growth of H, producing bacteria; essential micronutrients for bacterial

metabolism during fermentation such as Na, Mg, Zn and Fe are also needed due to the fact that these
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elements play an important task in bacterial enzyme cofactors, transport processes and
dehydrogenases [92, 100, 108]

11.4.3.1 Mixed acid dark fermentations

Mixed-acid fermentation is performed under mesophilic anaerobic conditions using sugars
as substrates by facultative anaerobes such as Enterobacter and Escherichia coli (E. coli) producing
gaseous products in substantial amounts (H, and CO;) and a mixture of OA (lactate, acetate,
butyrate and succinate), in addition to ethanol.

E. coli is facultative anaerobe attractive as a model organism for such biotechnological
application because it is fast and easy to grow, non-sporulating, and well characterized in
physiological and biochemical terms as well as having a very well defined molecular biology and
hence being the laboratory ‘workhorse’ for studies in molecular engineering. As a facultative
anaerobe E. coli can grow in aerobic or anaerobic conditions by using sugars (glucose) as sole
carbon and energy source [123]. As explained in section 11.4.3 during fermentation glucose is
converted to pyruvate and is in the subsequent metabolism of pyruvate that differences between
aerobic and anaerobic growth conditions take place [123] (oxidative phosphorylation or
fermentation respectively).

The key enzymes involved in mixed acid fermentations by facultative anaerobes are
pyruvate formate lyase (PFL) and the formic hydrogen lyase (FHL) complex (containing a specific
formate dehydrogenase and hydrogenase). In simple terms, PFL converts pyruvate to acetyl-CoA
and formate, which is then transformed to H, and CO, by FHL,; acetyl-CoA is split into acetate
(which generates ATP) and ethanol (which oxidises NADH to regenerate NAD) [123]. The H;
produced during mixed acid fermentation by facultative anaerobes is performed exclusively by the
formate hydrogenlyase (FHL) complex which is located on the inner membrane of the bacterial cell
and having formate as a unique precursor for H, production in an irreversible process; the metabolic

pathway is illustrated in Fig. 15.
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Fig. 15 Metabolic pathways involved in mixed acid fermentation. The solid lines show pathways to H, production; (.....)
represent a possible pathway to butyrate usually involved in Clostridium. LDH: Lactate dehydrogenase, gene: IdhA;
ACK: acetate kinase. Gene: ack A; FHL: formate hydrogenlyase complex. Reactions shown as (*) are biochemical
mechanisms to ‘dump’ H, on to metabolic intermediates to regenerate the H'carrier NAD" which is key to continued

metabolism in the absence of Oy; lactate, ethanol and succinate are produced.
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Table 4 Main genes involved in the mixed acid fermentation of E. coli for H, production. Source Clark, 1989.
Gene Description Role
Generates formate from pyruvate,

PFL pyruvate formate lyase formate is H, precursor
Transforms pyruvate into Acetyl-
PDH Pyruvate dehydrogenase CoA by pyruvate decarboxilation
ackA acetate kinase makes acetate from acetyl CoA and
generates ATP
part of the formate dehydrogenase
fdhE formate dehydrogenase H, lyase complex (FHL) re_sponS|bIe
for H, and CO, generation from
formate
catalyses cell respiratory H,
hyd_1, hyd_2 Hydrogenase oxidation (H, recycling activity)
hyd_3 Hydrogenase catalyses fermentative H, production
ldhA lactate dehydrogenase  forms lactate, regenerates NAD*

A maximum yield of 2 mol H, / mol glucose can be achieved in mixed acid fermentations,
but typical yields in batch mode are in the order of 50 % due to several factors such as diversion of
pyruvate to the formation of lactate (which also regenerates NAD" from NADH) and also to
competing respiratory H, oxidation e.g. where H, is oxidised as a source of electrons which is
catalyzed by two uptake hydrogenases Hyd-1 and Hyd-2 (see Table 4). These effects were
minimized by the utilization of genetic techniques to remove Hyd-1 and Hyd-2 as well as
optimization of culture conditions to improve bio-hydrogen generation [124].

For example, while formate cleaves into H, and CO; in an irreversible process, H, uptake for
cell respiratory H, oxidation was resolved by removing the hydrogenase Hyd-2 responsible for H,
uptake resulting in a 37 % increased H, yield [124]. The rate of H, formation was also increased
through the up-regulation of FHL unable to synthesise the FHL complex repressor HycA [125]. One
important limitation of dark fermentation is that the formation and accumulation of OA in the
fermentation system can inhibit the H, production therefore a way to remove these organic
molecules has to be implemented for continuous and more efficient H, production.

H, production through biological processes is an exciting new opportunity for technology
development for bioenergy generation, however significant improvements are still to be made
through rapid gas removal and separation, the development of effective hybrid systems considering

the disadvantages of the dark and photofermentation while maximising H, yield and by metabolic
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engineering of metabolic pathways through genetic engineering; genomic technology may

contribute to make biological H, production more economical, practical and commercially feasible.

11.4.4 Hybrid systems for H, production

Even after optimizing all possible factors for fermentative H, production, production of H,
beyond 4 mol H,.mol hexose™ is not possible by a single stage system [90, 108]. Complete
oxidation of glucose into H, and CO; can not be achieved as the reaction is thermodynamically

unfavourable:

C6H1206 + 6H20 - 12 Hz + 6 COZ ...... GO = +32 K]

A strategy to surpass this thermodynamic limitation is by combining H, production via dark
fermentation followed by H, production through photo fermentation. This system, known as a
hybrid system or two stage fermentation process utilizes the OA (acetic, butyric, lactic, succinic
acids) generated during the dark fermentation stage as feedstock for the photosynthetic bacteria to
be converted into more H; in a second photo fermentation step. The overall process is represented as
follows:

Stage 1: Dark fermentation by facultative anaerobes.

C¢Hy,0 + 2 H,0 — 2 CH;COOH + CO, + 4H,

Stage 2: Photo fermentation by photosynthetic bacteria.

2 CH;COOH + 4H,0 - 8H, + CO,

Ideally then, 12 moles of H,.mole of glucose™ could be expected by integration of these two
fermentation stages.

Another strategy consists in producing bio-CH,4 which can be generated from biomass using
anaerobic digesters (anaerobic digestion), then bio-CH, is subjected to steam methane reforming
(SMR) for H, production as explained in section II.1. In addition to bio-CH,, organic compounds
such as ethanol, methanol and organic acids derived from biomass can also be used to generate more
H, via SR or biological methods (section 11.4).

Both strategies will be briefly explained in sections 11.4.4.1 and 11.4.4.2
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11.4.4.1 Anaerobic digestion coupled to SMR for H; production

Waste treatment consists of a combination of aerobic processes for organic matter to obtain a
solid residue (digestate) similar to compost, then under oxygen free conditions in a sealed reactor
(anaerobic digestor) anaerobic biological degradation of the digestate occurs using a mixed
microbial population to allow the production of a gas mixture (biogas) consisting of methane
(60-70 %) and carbon dioxide (30-40 %).

AD comprises 2 stages in the same vessel:

Stage 1 acetogenesis: Glucose — Acetate + other OAs + CO, + H, + cell growth
Stage 2 methanogenesis: Acetate + OAs + H, + CO, —» CH, + CO, + cell growth

Essentially stage 1 is a dark fermentation just like E. coli, therefore the effluent from a dark
fermentation process can be used as a substrate for a methanogenic stage of anaerobic digestion (AD)
while at the same time reducing the chemical oxygen demand (COD) and solids content of the
effluent. By combining the H, and the CH, produced in both stages we achieved an important
integrative approach from two separate reactors each subjected to different operating conditions and
to individual optimization [126]. Among the advantages of this integration is the maximization of
energy produced as a number of studies confirm that not only more energy can be produced through
the combined process, but also the gas mixture produced has superior combustion properties and
reduced emissions of air pollutants. For example DiStefano and Palomar et al., 2010 showed that
using fodder maize, the two step anaerobic process can produce 121,522 MJ.ha™ compared to
24,185 and 77,264 MJ.ha’ as biodiesel from oil seed rape and bioethanol from wheat grain
respectively [127].

Some commercial AD plants produce CH,4 and H, from food wastes and from waste water
treatment. Fig. 16 illustrates important units of an AD pilot plant operating in Essen, Germany for
CHg, H and energy production. This facility offers the opportunity of economic feasibility study of
the H, production from renewable energy sources and provides the infrastructure for mobile fuel cell
application (H, filling stations).

AD has low carbon footprint and no overall environmental impact (“carbon neutral”) since
the greenhouse gases generated may be burnt for energy and originates from organic material with a

short carbon cycle (fixed CO,). This technology is in growing demand; according to the Waste
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Resources Action Programme (WRAP), treating 5.5 million tons per annum (tpa) of food waste by
AD could generate between 470 and 760 Giga Watt (GW) of electricity per year which could supply
electricity to 164 000 houses and save 0.20 to 0.35 million tonnes of CO, equivalent [128, 129].
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Waste water effluent (4.5 m*.sec™)

Three digesters, total volume 60,000 m® (20,000 each)

Rig of H; store, 65 cylinders with 100
Kg capacity (50 L of H, per cylinder)
at 200 bars as part of a filling station

Reformer and advance gas treatment
for the production of 100 m®.h™* of H,

Fig. 16 Waste water treatment facility for CH, and H, generation located in Essen, Germany. Pictures taken by the
author.

11.4.4.2 Dark fermentation coupled to photo fermentation processes for H, production.

Studies on two stage fermentation processes have been implemented through a variety of
strategies alongside the choice of microorganisms. One of the key issues lies in the nature of the
bridge connecting these two stages. One simple approach consists in a co-culture where the different
microorganisms act simultaneously under the same conditions; however this is not practical since
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the selection of microorgansims is based on compatibility rather than optimal individual
performance. The utilization of sequential reactors, despite complexity, permits the support of
different optimal conditions for each individual microorganism as well as permitting N exclusion
from the PBR in separate apparatus as part of a dual system, however this sort of system requires a
mode of transportation of the products from the 1% reactor to the 2" reactor while retaining the
biomass. This major challenge has been addressed using different strategies, for continuous
processes the most utilized are continuous centrifugation and the utilization of membrane systems
[130] (both are costly methods). Centrifugation utilize size and density of the particles and therefore
high degree of resolution is difficult to obtain [131].

A novel technique named electrodialysis (ED) was applied by Mark Redwood at the
University of Birmingham [100]. ED is an electrochemical method for separating an aqueous
electrolyte feed solution into an ion concentrated and ion depleted solution by electrical driving
force and ion-selective membranes. Under direct current the migration of ions is unidirectional and
rapid. The ED configuration consists of four chambers (C, M, MA and A) divided by three
membranes: A cation selective membrane (CSM) carrying a (-) charge that attracts and passes (+)
charged ions (cations), while retarding negative ions (e.g. —-SO*, -COO", -PO;*). An anion selective
membrane (ASM) carrying a (+) charge attracts and allows passage of negative ions (anions)
retarding positive ions (e.g. -NH;", -NRH,", -NR3"). A  bi-polar membrane is also employed (BP)
consisting of a CSM-ASM bilayer, Fig. 17. CSM and BP membranes avoid direct contact between
bacterial cells and the electrodes which will be harmful for the bacteria; in addition the BP
membrane lyses water providing pH control during extractive fermentations; the CSM also
transports Na* from the C chamber forming sodium salts in the MA chamber.

The use of ED in the dual system is an innovative feature that offers the potential to
efficiently and selectively separate the OA without transfer of any ammonium ion generated during
the dark fermentation and delivery of OAs into the photobioreactor permitting continuous
production of H, with the maximum utilization of feed and feed fermentation products [100]. Also,
although electricity is consumed (4 V; current density of 2 mA.cm?), this is partly offset by the
generation of H, gas cathodically; this H, can be combined with the two bio-H, streams for

utilization in a fuel cell.
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Fig. 17 Simplified representation of the ED cell showing BP, bi-polar membrane; ASM, anion-selective membrane;
CSM, cation selective membrane; C, cathode chamber; M, main chamber; MA, permeate chamber; A, anode chamber; -,
cathode; +, anode. Feed solution consisting of E. coli culture rich in organic acids is circulated through the M chamber
and the permeate was collected for use by R. sphaeroides (photo-fermentation) through the MA chamber. Adapted from
[100].

The application and productivity of ED to integrate both fermentation stages and their
integration in principle was tested by Dr. Mark Redwood in his doctoral work. The results obtained
show that ED was successful in the transfer of OA while successfully achieving the retention of
biomass and NH," permitting continuous production of H, by E. coli and R. sphaeroides. Yet this
novel system needs significant improvements especially in the ED and photofermentation process to
fully achieve the efficiency levels in terms of H, production and economic viability. However
constitutes a promising alternative for integrating dark and photofermentation in a continuous
fermentation process. This novel process called extractive fermentation was tested by Redwood et

al., 2011 using different food wastes with great success as described in chapter V1.5 [132].
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Fig. 18 llustration of an extractive fermentation unit in operation with important parts labelled. Picture from M.D.

Redwood.

[11. BIOMASS HYDROLYSIS METHODS

In situations where complete biomass degradation is not required; eg in order to create a

feedstock for microbial fermentation, a more benign form of biomass degradation can be employed

that achieves partial breakdown (hydrolysis) of biomass.

Biomass is not readily fermented by microorganisms due to its complex structure; therefore

biomass hydrolysis is a valuable step to produce a feedstock which is highly suitable for microbial

conversion into useful products. In this section we will discuss the different hydrolysis methods

available that can be applied to hydrolyse biomass.

In general hydrolysis of biomass can be achieved by several methods including acid and

alkaline hydrolysis, microbial and enzymatic hydrolysis, and hydrothermal hydrolysis; the

effectiveness of each of these methods depends greatly on biomass composition.

Acid hydrolysis has been commonly used to hydrolyse cellulose and it can be divided in

dilute acid hydrolysis and concentrated acid hydrolysis. Dilute acid hydrolysis traditionally converts
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cellulose to glucose with yields of about 50-70 % using H,SO, (< 3 %) at high temperature (250-300
°C) and pressure (100 bar); however further degradation of glucose to other unwanted products such
as furfurals also occurs. Hemicellulose derived sugars(Cs) suffer even faster degradation than
cellulose derived sugars (6-C) and, under less severe conditions, high yields of xylan (main
component of hemicelluloses) to xylose can be achieved which would enhance the overall process
economics as hemicelluloses could account for up to 30 % of the total carbohydrate fraction in some
lignocellulosic biomass [46]. Acid hydrolysis of starch was widely used in the past but has been
replaced mainly by microorganisms or enzymes (biological processes) as starch is more accessible
to enzymatic attack than cellulose, however a relatively long treatment time is required in biological
processes [133, 134]. Hydrothermal processes offer a viable alternative for cellulose and starch
hydrolysis as will be described in sections 0 and V1.3.

Other important considerations regarding acid hydrolysis besides environmental and
corrosion problems include high operating cost for acid consumption and high power demand and
utility costs for operation at elevated temperatures.[53, 135].

Concentrated acid hydrolysis is a more aggressive method that decrystallizes cellulose via
concentrated H,SO4 (> 70 %) forming homogeneous gelatine which is easily hydrolyzed by diluting
with water at lower temperatures (120 °C). This method gives low sugar degradation and yields in
the order of 100% but with strong environmental and corrosion problems as well as high cost
associated to the high consumption of H,SO,4 and product recovery [136].

Alkaline hydrolysis: The OH cleaves the ether bridge of the cellulose glycosidic bonds
hereby liberating glucose. Alkaline hydrolysis has higher reaction rate than acid hydrolysis and
hydrothermal degradation methods however glucose produced is severely attacked by OH at
temperatures below 100 °C affecting sugar yields considerably. Glucose degradation also yields OA
whose reaction with the alkali is also a problem [46, 54].

When used in lignocellulosic biomass the effect of alkaline hydrolysis depends on the lignin
content of the biomass. The mechanism of alkaline hydrolysis usually leads to a myriad of problems

associated with high cost, environmental degradation and product degradation.

Enzymatic hydrolysis is based on the same principles of biomass microbial hydrolysis in
which both bacteria and fungi can produce enzymes necessary for cellulose, hemicellulose and in
some cases lignin degradation These microorganisms can be anaerobic or aerobic, mesophilic or

thermophilic. For example, brown, white and soft fungi are used to degrade lignin and hemicellulose
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in waste materials as they produce the necessary degradative enzymes [46, 137-139] whereas
Clostridium, Cellulomonas, Bacillus, Thermomonospora among others can produce cellulases [46,
140]. The understanding of these principles has lead to the conceptual structure for enzymatic
conversion. When compared to microbial hydrolysis, enzymatic hydrolysis using synthesized
enzymes usually delivers higher monosaccharide yields and hydrolysis efficiency [141].

Enzymatic hydrolysis of cellulose is achieved via three major classes of cellulose enzymes
acting synergistically to decrystallize and then hydrolyze cellulose: endoglucanases, which act
randomly on soluble and insoluble glucose chains; exoglucanases, which preferentially liberate
glucose monomers from the end of the cellulose chain; and S-glucosidases, which release D-glucose
from cellobiose dimers and soluble cellodextrins. Recently genetically modified organisms have
been developed that produce large amounts of cellulose enzymes that can digest cellulose efficiently,
however the enzymatic hydrolysis of native cellulose is still a slow process and the costs of enzymes
is high due to high dosages (0.1 g enzyme.g cellulose™) [46, 53, 142].

Enzymatic hydrolysis of hemicellulose is mainly performed by xylanase, which is the
generic name of enzymes that degrade the linear B-1,4-xylan into xylose. These enzymes are
abundant in nature and produced by members of the genus Aspergillus, Trichodema, Streptomycetes
and Clostridium among others, however to achive complete degradation of hemicellulose, branched
xylan and mannose have to be hydrolysed by the synergistic action of different enzymes (such as
Thermomyces lanuginous). As with cellulose, the rate of enzymatic hydrolysis is low and costly [141].

Enzymatic hydrolysis of starch (by a-amylase, glucoamylases, etc) is more practical than
cellulose due to its lack of crosslinking hydrogen bonds and hence crystalline structure. Of the two
components of starch, amylopectin is more resistant to enzymic attack due to the a-1,6 glucosidic
branch ends which accounts for 4-6 % of the glucose present that must be cleaved for complete
enzymatic hydrolysis of amylopectin to glucose. The majority of the existing enzymes are specific
for a-1,4-glucosidic bonds (amylose portion) [143]. Therefore research efforts are focusing on the
development of new debranching enzymes for the amylopectin portion. Fermentative H, production
from untreated potato peels has been achieved at yields comparable to pure glucose by extreme
thermophilic bacteria C. saccharolyticus and T. neapolitana [52]. Although, reportedly effective in-

fermentation hydrolysis of starch has not yet been applied commercially.

Hydrothermal hydrolysis using hot compressed water (HCW) has been recognized as an

excellent alternative for biomass hydrolysis [54, 68, 144-147]. HCW is an environmentally benign
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method that recently has been the object of extensive research since the process only requires water
and heat [16,17].

HCW can be defined as water at temperatures above 200 °C under pressure. Under these
conditions, water exhibits very interesting and extraordinary properties that can be used to support a
wide variety of chemical reactions. The critical point is defined as the temperature and pressure
where liquid and gaseous phases become indistinguishable and the properties of both phases are
identical, in water the critical point occurs at T, = 374 °C and P, = 22.1 MPa. Water at conditions >
than the critical point is know as supercritical water (SCW).

The properties of water change with temperature and pressure, below the critical point, the
ionic product of HCW is up to three times higher than under standard conditions (25 °C; 0.1 MPa)
which means that water can act as an acid/base catalyst. In addition, its relative dielectric constant
[(¢), a measure of its polarity, e.g. n-hexane, non-polar, has a ¢ of 1.89 at 20 °C whereas water, very
polar, has a € of 80)] apparently enhances ionic reaction. The properties of HCW in this sub-critical
region are suitable for a variety of synthesis and hydrolysis reactions in which water is the solvent,
reactant, and catalyst. The structure of water molecule remains unchanged and its polarity is still
high enough to interact, e.g. with ions. Depending on temperature and pressure, HCW can support
free radical or ionic reactions implying that HCW is an “adjustable” solvent [68].

HCW is, therefore, an excellent solvent suitable for the solvolysis of complex
polysaccharides such as cellulose, hemicellulose and starch [54, 68]. Its increasing miscibility with
gases which increases with temperature and pressure favours homogeneous reactions of organic
compounds with gases, e.g. the addition of CO, which forms carbonic acid acting as an
environmentally benign acid catalyst effective for polysaccharide hydrolysis under HCW [144].

Regarding the hydrolysis of lignocellulosic biomass, the complex nature of its structure requires
a pretreatment step necessary for the biological conversion of lignocellulosic biomass into bio-products
such as H, and ethanol. Pretreatment of lignocellulosic biomass has two main purposes: one is to
remove lignin, hemicellulose or any other compositional factor that impedes the hydrolysis of
cellulose present in biomass to sugars, the other is to alter structural factors such as reduction of the
crystallinity of cellulose, and increase of its porosity to make it more accessible to hydrolysis
treatments, thereby improving sugar yields while preventing the generation of DP.

Pretreatment varies according to biomass composition and goals pursued, it could be one of the
most expensive processing steps in lignocellulosic biomass conversion to sugars, therefore the

appropriate selection of pretreatment or combination of pretreatment methods is important. As
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mentioned in section 1.3, cellulose, hemicellulose and lignin have different hydrolysis
characteristics associated to their different structures. Therefore a strategy should be developed to
obtain an efficient use of lignin, hemicellulose and cellulose for maximal sugar recovery.

A two-step process is then suggested for lignocellulosic biomass hydrolysis: first, a
pretreatment to remove the lignin and hemicellulose fraction and second, a hydrolysis step to obtain
sugars from cellulose.

HCW is a suitable process for biomass pretreatment [141]. Lignin and hemicellulose can be
removed efficiently at lower temperatures (200 °C) before cellulose hydrolysis occurs, and then the
cellulose fraction remaining will be more accessible to either further HCW hydrolysis or enzymatic
hydrolysis which will be the preferred step since it has been shown that glucose yields can be
considerably improved by this process after HCW pre-treatment [46, 141, 142].

HCW hydrolysis is considered as being a potentially cost-effective method for biomass
pretreatment and hydrolysis [141, 148].

HCW hydrolysis constitutes the backbone of this research and the fermentability of HCW
hydrolysis products from model compounds such as starch and cellulose, as well as from selected
biowastes to produce H, will be studied and reported in sections 0, V1.3, V1.4 and V1.5. Fig. 19 illustrates

the reactor system utilized for the experiments.
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Fig. 19 In a) the high pressure reactor system for HCW hydrolysis experiments with important parts labelled. Picture b)
shows the reactor vessel.
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V. AIMS AND OBJECTIVES

The overall purpose of this work was to advance in the development of bio-H, production
technologies from biomass through the integration of thermochemical and biological processes.
Four important considerations guided the realization of this work at all times:

1) Utilization of environmental friendly technologies/processes.

2) Utilization of abundant renewable resources.

3) The envisioning of economical process escalation within the context a bio-refinery

process.

4) Towards waste minimization and ultimately a zero waste process

Thermochemical process
As will be explained later, the utilization of biomass for the biological process requires the
selection of a suitable method of pre-treatment to achieve biomass hydrolysis and produce a
hydrolysate rich in sugar, then the development of a further ‘detoxification’ step necessary to
remove degradation by-products that are known microbial inhibitors, to deliver a hydrolysate
suitable for downstream processing. Overall the thermochemical upstream process consisted of:

A. Evaluation of the hot compressed water (HCW) treatment under N, and CO, for
cellulose hydrolysis to hydrolysis products (sugars, sugar degradation products (DP) and
organic acids (OA)) under various temperatures.

B. Evaluation of the HCW treatment under CO, for starch hydrolysis to hydrolysis products
under various temperatures and concentrations.

C. Evaluation of the HCW treatment under CO; for food and lignocellulosic wastes under
various temperatures.

D. Evaluation of a “detoxification” technique based on activated carbon (AC) to remove
potential inhibitors from the hydrolysates obtained by HCW treatments. The “detoxified”
hydrolysates in each case will be fermented for H, production and H, yields will be

compared to those obtained using glucose.
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Biological process
This step involves first, the selection of the best E. coli mutant for the downstream process,
the evaluation was done based on the performance of the E. coli strains, under appropriate controlled
conditions and utilizing glucose as feedstock, to:
A. Generate the least possible amounts of inhibitory co-products (ethanol) resulting from
the dark fermentation of sugars.
B. Generate the best rate and yield of H, production.
C. Make the “best” organic acids (OA) for the downstream photobioreactor step with
respect to:
C.1. The highest ratio of Hydrogen Production Potential (HPP)/ionic charge (to
minimize the electrodialysis power input and generate the best net energy profit).
C.2. The availability of purple-non-sulphur (PNS) bacterial species able to convert
the OA to more H,
D. Ability to make an effective Bio-Pd/Pt catalyst from the waste biomass for use in:
D.1. Hydrogen fuel cell (downstream).
D.2. Upstream thermochemical processing (Pt is a catalyst often used).
Second, an evaluation of the effectiveness of an extractive fermentation process to produce
H utilizing bio-wastes from the food industry as feedstocks.
Third, a first incursion to a pilot plant scale of the dark fermentation process utilizing

bio-waste substrate as feedstock.

Thermochemical-biological integration

This is an integrative approach consisting of two independent steps:

A. Pre-treatment of food wastes rich in hexoses followed by fermentation of the juices and
HCW hydrolysis of the residues with subsequent H, fermentation test of the detoxified
hydrolysates.

B. The best hydrolysate (in terms of sugar content and H, yield) obtained from the HCW
treatment of the food and lignocellulosic wastes will be fermented at a 5 L scale dark-
fermentation, under appropriate controlled conditions (pH, temperature and agitation) for

bio-H, production.
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V. LAYOUT OF THE THESIS

This research project is outlined in Fig. 20; each of the following chapters represents a
sub-project. Following the introduction and general methods the results chapters are presented as
follows:

Biological process:

Chapter VI.1 E. coli strain evaluation for bio H, production. The aim of this subproject is to
evaluate different E. coli strains available for their ability to produce H, and end products using
glucose as a substrate in 3 L scale “dark” fermentation under appropriate controlled parameter (pH,
temperature, agitation). Results are compared to those obtained at smaller scale (100 mL) obtained
without adequate controls. Comparisons are made in terms of H, production yields and rates and OA
yields with the aims cited in chapter 1V.

This section includes a published paper: “Towards an integrated system for bio-energy:
hydrogen production by Escherichia coli and use of palladium-coated waste cells for electricity
generation in a fuel cell” and a subchapter describing the behaviour of various engineered E. coli
strains.

Chapter V1.6 Pilot plant fermentations. Glucose and the best fruit waste juice for bio H,
production will be utilized in 140 L dark fermentations using E. coli HD701. The aim is to begin to
gain experience in the scalation of bench bank equipment (5 L fermenter system) to pilot plant scale
(140 L fermentation system). The results were discussed and confirmed that more work needs to be

done in order to obtain similar results to smaller scale fermentations.

Thermochemical process:

Chapter 0 Hydrogen from starch. Starch, a model compound, was hydrolysed in HCW/CO..
The obtained hydrolysates were detoxified and tested for their ability to produce H, using the
overproducing strain E. coli HD701. The aim was to determine conditions that maximize bio-H,
production from starch. The results obtained in this work were submitted for publication in the
International Journal of Hydrogen Energy (IJHE), the submitted paper: “Hydrothermal hydrolysis of
starch with CO, and detoxification of the hydrolysates with activated carbon for bio-hydrogen

fermentation.”
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Chapter V1.3 Hydrogen from cellulose. Cellulose, another important model compound, was
hydrolysed in HCW under CO, and N,, the advantages of using CO, vs. N, were established in
terms of reaction parameters, product distribution and fermentability of the products for H,
production using E. coli HD701. Optimum reaction conditions were established for the production
of hydrolysates suitable for fermentation. The results from this work are submitted as a paper to
Journal of Chemical Technology and Biotechnology “Bio-hydrogen production by E. coli HD701
following hot compressed water hydrolysis of cellulose under N, and CO,.”

An additional section (section V1.3.2) discusses possible reactor wall catalysed reactions that

influence the product distribution and that was found in one set of experiments.

Chapter V1.4 Hydrogen from biowastes. Two abundant lignocellulosic compounds; wheat
straw and spent brewery grain and starch rich food waste were pre treated and hydrolysed in
HCWI/CO,, the product distribution of the hydrolysates obtained from each of these wastes under
different conditions was established and the hydrolysates were detoxified and evaluated for bio H,
production using E. coli HD701. The effect on bio H, production and on E. coli growth of some
potential fermentation inhibitors usually found in these hydrolysates was also studied. The aim was
to utilise the experience gained with model compounds in the utilization of HCW/CO, as a
hydrolysis method incorporating AC as a detoxification agent to produce hydrolysates from example
of wastes suitable for bio H, production and to test at 3 L fermentation scale the most promising
option. A paper is in preparation to publish the results obtained from these experiements:
“Hydrothermal Bio-H, production from agricultural and kitchen wastes: impact of degradation
products on E. coli HD701 growth and H, fermentation.”

Thermochemical-biological integration

Chapter VI.5 Hydrogen from biomass by HCW and extractive fermentation. Wastes (pear,
mango, foodwaste) rich in hexoses (glucose, fructose, sucrose) content were pre-treated. The final
solid residue was hydrolysed in HCW/CO, followed by detoxification of the hydrolystes with AC
and tested for bio H; production with E. coli HD701. The hexose rich juices were fermented for H,
production by electro-extractive fermentation; the extracted organic acids (OAs) were tested for
bio-H, production in small photo fermentation tests using R. capsulatus.

This work combined the results obtained jointly with Dr M.D. Redwood and presented as

papers authored by Dr Redwood submitted to Bioresource Technology: “Electroextractive
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fermentation for efficient biohydrogen production” and Environmental Science and Technology:
“An integrated biohydrogen refinery: Synergy of photofermentation, extractive fermentation and
hydrothermal hydrolysis of food wastes.” And the specific contribution of this author to these joint

works is noted as appropriate.

66



Rafael L Orozco, PhD thesis

. Hydrothermal . .
Substrates |:> Fr)gé/:s"s:ﬁll D and chemical D Br'gégg;fgl Microorganisms
P 9 processing P g
E. coli strain evaluation
Glucose > H, dark MC4100, HD701, FTD67,
fermentation 3 L FTD89, RLO07& RLO09
Starch |—m—mmmm = e e e e m _— - Y
I Residue further |
Cellulose e rocessin I
o LRITEEe
I
| HCW
Lignocellulosic & > hydrolysis H, fermentability
HD701
food wastes | test
Pretreatment Hydrolysates
i | detoxification [~
Industrial sugary :» e
HD701
wastes > fermentation
H, photo

R. capsulatus

fermentation test

H, PILOT PLANT HD701

v

Fig. 20 Diagram outlining this research project



VI.

Rafael L Orozco, PhD thesis

RESULTS AND DISCUSSIONS.

The results obtained from each subproject will be presented and discussed in this chapter. Some
of the subprojects are presented in the form of papers that were already published, in review or in
preparation for publication. To avoid duplicity and when appropriate; methods were referred to a
method section in the appendices chapter of this thesis, with the same purpose and where appropriate

some parts of the texts were also referred to the corresponding section contained in this document.
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V1.1 E. coli strain evaluation for H, production

This section comprises two parts:
» Section 0 E. coli strains MC4100, HD701, FTD67 and 89 evaluation for H,, OA and

Substrates

Glucose

ethanol production presented in a traditional part-chapter.

» Section VI1.1.3 Evaluation of H, production by strains devoided of IdhA compared to

parent strain MC4100 and use of waste bacteria in fuel cell catalyst including a paper

submitted to Biotechnology Letters.
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VI1.1.1 E. coli strains evaluation for H,, OA and ethanol production

Introduction

E. coli was the microorganism selected for the biological processing stage. Despite its low
theoretical H, yield of a maximum of 2 mol H,.mol glucose™ E. coli provides important advantages
over other microorganisms that are suitable for our biotechnological applications since it is fast and
easy to grow (aerobically), non-sporulating, less sensitive to O, than strict anaerobes, can tolerate a
higher H, partial pressure (pH,) than thermophiles, strict anaerobes or facultative anaerobes of the
genus enterobacter, and is well characterized in physiological and biochemical terms (section 11.4.3).

Formate is the only precursor of H; in E. coli mixed acid fermentations of sugars ([124, 149]
being cleaved to H, and CO, by the formate hydrogenlyase complex (FHL) [150]. The full pathway of
the mixed acid fermentation by E. coli; together with the ADP/ATP and NAD/NADH balances is
shown in section 11.4.3.1 (Fig. 15).

Compared to aerobic growth with an ATP yield of 38 mol ATP.mol glucose™ [151] via
oxidative phosphorylation with O, as the terminal electron acceptor, the yield of ATP anaerobically are
much lower (2 mol ATP.mol glucose™) obtained by substrate level phosphorylation at two key points:
1) the formation of pyruvate and 2) the formation of acetate (Fig. 15). As a consequence, both the
growth rates and yields of biomass anaerobically are much lower than those obtained aerobically and
for bio H, production aerobic pre-growth was employed followed by transfer to anaerobic conditions
which, when pre-induced with formate, gave cultures of E. coli producing H, comparable to those
grown anaerobically throughout [100].

A main objective of this investigation was to develop a linked fermentation system for
maximum bio-H; production that relies on the electrodialytic transfer of OAs from a dark fermentation
by E. coli FTD67 (this section) and subsequent photofermentation by Rhodobacter spp (see section
11.4.2); the coupled dual system was shown in principle by Redwood [100]. Key to success is the
maximum formation of charged OAs (formate, lactate, acetate, succinate, butyrate) and not ethanol as,
having no charge, the latter is not transported by electrodialysis, and thus accumulates to high levels in
the dark fermentation; eventually causing inhibition and limiting the potential for a continuous
extractive fermentation process (see section 11.4.4.2). Hence the first objective of this study was to
apply molecular engineering to develop a strain deficient in ethanol production and to evaluate the
ability of this strain to make bio-H..

Of the various OAs that are produced fermentatively (structural formula shown in Table 5) two

factors are important: the number of carbons and the charge. Hence formate and acetate (1 and 2
70



Rafael L Orozco, PhD thesis

carbons, one negative charge) are unattractive; similarly succinate is unattractive (comparable to
acetate) it consumes the same electrical energy per carbon to transport electrodialytically [100].
Table 5 Formulas of main organic acids generated by E. coli. Only succinic acid has a double negative charge (divalent),

the rest is monovalent as only possess one negative charge. Formic acid has 1 carbon, acetic acid has 2 carbons, pyruvic
acid 3 carbons whereas lactic, butyric and succinic acids have 4 carbons each.

Organic acid Formula Comments
Formic acid HCOO H* Monovalent
Acetic acid H,COO H' Monovalent
Lactic acid HO CO CH, CH, COO™ H" Monovalent
Butyric acid Hs;C CH, CH, COO™ H* Monovalent
Pyruvic acid H,C CO COO H' Monovalent

Succinic acid H""O0C CH, CH, COO"H"  Divalent

Butyrate is the ideal end product (four carbons, one negative charge) giving the best carbon
transfer for the least consumption of ‘parasitic energy’ (see section 11.4.4.2) and although butyrate
production is very poorly described in E. coli (prior to the study of Redwood (thesis) only early and
superficial reports existed it was nevertheless a significant fermentation end product in E. coli cells
grown for bio H, production [100] (this section). Hence the second objective of this study was to
examine two strains described previously [124] and the putative ethanol-deficient strain (above) for
their ability to produce butyrate. Finally an energy balance is presented to ‘trade off” a diversion of
ethanol production (unavailable to the downstream Rhodobacter) versus other resultant charges from
OA production, in the context of an increased substrate availability for bio H, production in the dual
system versus other factors that emerge as consequences of the loss of metabolic freeness consequent
on the loss of ackA which diverts metabolic flux away from ethanol but at the expense of ATP
production via acetate synthesis (Fig. 15). Several strains of E. coli that have been genetically modified
from the parent strain MC4100 to enhance H, production were provided by F. Sargent as shown in
Table 6 and some were initially tested by Dr. M. D. Redwood [100] of the University of Birmingham
for their ability to produce H,. In his experiments 0.120 L anaerobic bottles containing 0.100 L test
medium (buffered) were utilized, the initial cell concentration was 0.5 g dry weight.L™*. The pH was
not externally controlled (buffered medium was used). Degassed glucose 2M (to 20 mM) was added to
the test medium. The H, produced was measured over a solution of 2M NaOH with universal
indication for 45 h. Test medium consisted of 0.1 M MES buffer [2-(N-Morpholino) ethanesulfonic

acid], pH 6.80 supplemented with 6.96 g.L™ NaCl (final concentration), 0-100 pl 2 M NH,CI and 0.3
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ml trace elements solution given in [152]. Unless otherwise stated the final concentration of NH,CI
was 1 mM.

In this work, fermentations were scaled up using 5 L fermentation vessels containing 3 L of
formulated media. The fermentation system employed provides adequate control over important
parameters such as pH, temperature and stirring. This enabled controlled comparison of the
performance of the E. coli strains in these scaled up experiments under more sophisticated controlled
conditions. The strains utilized are listed and described in Table 6, the previous strains used by
Redwood et al., 2007 [124] and two additional strain: RLO07 and RLO0O09.

72



Rafael L Orozco, PhD thesis

Table 6 E. coli strains utilized in this study.

E. C(.)“ Genotype Comments/references Source
strain
MCA4100 Parental strain E. coli strains cﬂed_belovx_/ were derived JA. Co_le, _Unlversny
from this strain. of Birmingham
Up regulated Formate hydrogenlyase A. Bock (Lehrstuhl
(FHL) system regulates H, production from  fiir Mikrobiologie der
Al Lty E. coli, this strain can not synthesise HycA, Universitat, Munich,
which is a FHL repressor Germany)
Hyd-2 is an uptake hydrogenase that
] contributes to H, recycling activity during F. Sargent, university
ey Rigire fermentation. Its deletion improves H yield of Dundee
and rate
FTD89 Ahyd-1 &2 Hyd-1 is also an uptake hydrogenase that F. Sargent, university
recycles H, produced of Dundee
Devoided of lactate dehydrogenase A
(IdhA). There are three lactate
dehydrogenase (LDH) enzymes in E. coli
that interconvert lactic acid and pyruvic
acid, there is a second locus, IdhB (so far
unmapped) while the third, Idh is
AfocA, AfocB, responsible for lactate assimilation for
RLOO7 AhycA, AldhA, gluconeogenesis. 4focA, AfocB are formate  F. Sargent, university
AnirC, transporter genes, its deletion increases of Dundee
AtatABC::apra intracellular formate reducing excreted
formate. AnirC a formate-nitirite
transporter gene. AtatABC is a protein
transportation system, its deletion
inactivates the uptake dehydrogenases 1
and 2 and the Tat-dependent respiratory
formate dehydrogenases, FAHN and FdHO.
Al O.CA’ A1y00%; Devoided of lactate dehydrogenase A
AnirC, dackA, . ) . .
(IdhA)and acetate kinase (ackA); can not F. Sargent, university
RL009 AhycA AldhA AN- K by sub level f q
fhIA, make ATP by substrate leve of Dundee

AtatABC: :apra

phosphorylation via acetate synthesis.

Materials and methods

Bacterial strains were sourced as described in Table 6 and maintained according to the appendix
section VIII.1.1, as well as a description of the chemicals utilized. E. coli was pre-grown aerobically
and in the presence of formate to cause pre-adaptation to anaerobic H, production (by inducing the
expression of FHL) [150] as described in appendix section VI1I1.1.1

Fermentations were done in 5 L fermentation vessels containing 3 L of formulated media as

described in appendix section VI111.1.3.
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The initial concentration of glucose usually was within 23 = 2 mM. H; evolution was measured
for about 65 h or until H, production ceased.

H. production was quantified in two different ways: water column displacement (WCD) and
low flow gas meters (FGM), both methods described in appendix sections 0VI111.2.3. Unless otherwise
stated, fermentations were performed utilizing WCD method.

Chemical analysis

Samples withdrawn from the fermentation vessel were filtered using a 0.2 um supor membrane
and the filtrates were kept at — 20°C before analysis. Glucose was assayed using the dinitrosalicylic
acid assay (DNSA) ([153] (appendix VII1.4.1). Organic acids were measured by anion HPLC using a
Dionex 600 series system as described in (Redwood&Macaskie, 2006). Ethanol was determined by
HPLC (Agilent 1100 series) as described in chapter 0. The carbon fermentation balance (C. bal.) was
estimated according to Equation 2 to Equation 4 [124], with values in mol product.mol glucose™ from
Table 7. These equations are based on the methabolic pathway of E. coli according to Fig. 15 [154]

Equation 2
C. bal. (%) =

3.lact+2.acet+2.ethanol+4.succ+form+3.pyruv+4.butyr+C02+0.044.biomass
6

. 100

CO; is derived from the decomposition of formate (HCOOH = CO; + H;) and succinate
formation requires the incorporation of CO; (Fig. 15). Therefore, the production of CO, was estimated
(COqest) by subtracting the succinate formed from the theoretical formate decomposed (Equation 3):

Equation 3
COyt = acetate + ethanol — formate — succinate

H, uptake was estimated as the according to Equation 4 and is the difference between the
expected H, and measured Hj:
Equation 4

H, uptake = acetate + ethanol — formate — H; formea

The carbon gained by the cells during fermentation growth was calculated from the increase in
dry weight and considering 53.1 % as the C fraction of E. coli biomass [124, 155, 156]. From this, a
factor of 0.044 was utilized to convert g biomass.mol glucose™ to mol carbon.mol glucose™ (Equation
2) [124].
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Experiments were repeated at least twice for each strain and mean values are reported,

reproducibility between experiments performed twice was usually within 10 %.

Results and discussion

A summary of the results obtained in this work involving strains MC4100, HD701, FTD67 and
FTD89 are shown in (a) together with the results obtained by Redwood [124] in (b) after 45 h of
fermentation period in both cases. Strains RLO07 and RLO09 in comparison to the parent strain
(MC4100) will be discussed separately in the subsequent section. H, yielded by strains in 3L
fermentations (3LF) exceeds by a range of 22-35 % those obtained in 0.1 L fermentations (0.1LF) with
the exception of HD701 where H, produced was 76 % higher (b); however this strain was upregulated
and so was not a true comparison. This higher H, production by the strains has two possible
implications. The first is that better control conditions (pH, mixing, temperature) in larger scale
fermentation is favourable for increasing H; yield, for example in the 0.1 L fermentations the pH
dropped from initial 6.80 to final 5.93 whereas in this study the pH was kept at 5.5 + 0.2 throughout,
which is optimal for H, production by E. coli according to work perfomed by Redwood [100]. Strains
HD701, FTD89 and FTD67 reached levels up to 65 % of the maximum theoretical yield of 2 mol
H,.mol glucose™; parent strain MC4100 only reached ~ 50 % of the maximum yield. The second is that
the biochemical features of the strains benefit from the better control conditions, for example in the
case of strain HD701 (whose H, production was 76 % higher) has the particular biochemical feature
that it lacks the FHL repressor but it is not a clean mutation in the sense that this is a control function
which may have other effects (a pleiotropic mutation) that relate to low pH tolerance of the cells and
better pH tolerance by having removed the repressor, in a way which is not clear. Growth yields and H,
uptake are shown in (a) and (b). For MC4100, HD701, FTD89 and 67 growth yield is the same in both
studies, uptake of H2 is halved by the 3 LF pH controlled regime but is abolished in the strain via A foc
(Table 6).
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Table 7 a. Summary table showing product distribution per strain of E. coli; (a) this study and (b) Redwood et al., 2007 [124].

Table 7 b.
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Detailed study of mutants HD701, FTD67 and FTD89.

As previously mentioned, of special interest is the generation of ethanol (toxic with no HPP)
and OA (toxic but with HPP). Ideally, ethanol generation should be abolished as it is not harvestable
via ED, while OAs are potentially valuable by-products due to their high HPP in a downstream
photofermentation. Table 8 shows formate and ethanol production by E. coli strains, from this table
we appreciate that the residual formate is considerable reduced to negligible levels under the 3 LF
growth regimes but ethanol production increaded by ~ 42-55%. By comparing parent strain
MC4100 with FTD 89 and 67 (the two AhybC mutants) formate and ethanol are 28 % and 7 % less
in the mutants.

Table 8 Formate and ethanol yields by E. coli strains in 0.1 L fermentations tests and 3 L fermentations without and
with external pH control respectively. Values in mol.mol glucose™.

Strain ID Form Ethanol
0.1L 3L 0.1L 3L
MC4100 0.149+.011 0.046 +0.002 0.649+0.012 0.926 + 0.084
HD701 0.132+.013 0.032 +0.001 0.667 +£0.015 0.985 + 0.088
FTD67 0.214+0.026 0.034 +0.002 0.539+0.005 0.834+0.075
FTD89? 0.176 +0.012 0.032 0.583 +0.028 0.89

& Experiments done twice in 3 LF with variations within 10%

Regarding acetate, lactate and succinate we notice from Table 9 that their yields in strains
FTD89 and 67 are very similar under the 3 L regime whereas variations in comparison with the
parent strain are 71.5 and 27 % higher for acetate and succinate respectively in the Z#hybC mutants;

yields of lactate are 27 % lower in the mutants.

Table 9 Acetate, lactate and succinate by E. coli strains in 0.1 L fermentation tests and 3 L fermentations with external
pH control and variations (%) between both fermentations with respect to 3 L fermentations. Values in mol.mol glucose’
1

Strain ID Acetate Lactate Succinate

01L 3L 01L 3L 01L 3L
MC4100  0.499 + 0.036 0.22 £0.019 0.318 £ 0.012 0.51+0.041 0.494+0.008  0.18 +0.007
HD701 0.363+0.036  0.355+0.028 0.359 + 0.009 0.2+0.010 0.47+0.009  0.277 +0.005
FTDG67 0.686 + 0.016 0.38 +0.019 0.383 +£0.030 0.37 +.026 0.432+0.030 0.247+0.074
FTD89? 0.64 + 0.057 0.375 0.372 +0.029 0.37 0.436 + 0.021 0.21

& Experiments done twice in 3 LF with variations within 10%
Average ethanol production by all these strains in 0.1LF was 0.609 + 0.051 mol.mol glucose
! whereas ethanol production was 0.909 + 0.055 mol.mol glucose™ by the same strains in 3LF (~50 %
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higher). The average production of formate, acetate and succinate by all the strains in 3LF was
0.036 + 0.006, 0.333 + 0.066 and 0.229 + 0.036 mol.mol glucose™ respectively which is 78, 39 and
50 % lower compared to 0.1 LF respectively. In 3LF the production of lactate was 60 % higher by
strain MC4100, 44 % lower by strain HD701 and very similar by strains FDT89 and 67. Butyrate
was also found in 3LF after 24 h fermentation period Table 7 (a); however its metabolic pathway
has been little studied. H, yields were limited by glucose depletion and accumulation of OA and
ethanol in the fermentation media.

The causes of these differences can be attributable to the two possible implications earlier
discussed in this section.

In his doctoral work, Redwood [100] was able to sustain H, production from glucose by
E. coli HD701 in 3LF scale (fed-batch mode) for 20 days with a yield of 1.6 mol H,.mol glucose™
(80 % of theoretical maximum) where OA were continuously removed from the system through ED
hereby avoiding limitation due to substrate availability and accumulation of these inhibitory end-
products.

In addition to the aforementioned findings, the results obtained also exhibit two very
interesting and distinctive behaviors identified for all strains (as was also found by Redwood [100]).
The first behavior occurs during the period of time in which glucose is totally consumed and
encompasses the initial 20-24 h after inoculation (“stage 1”). The second behavior takes place
during the remaining time after first 22-24 h and corresponds to the time subsequent to glucose
consumption by E. coli (“stage 2”). In this stage the cellular metabolism turns over (although no
growth occurs) with the cells obtaining energy via assililation of stored carbon sources and their

channeling into central metabolism.

Stage 1

More than 95 % of the added glucose was consumed by the strains. H, yielded by the strains
during this stage accounted for 66 % of the total H, produced after a prolonged 65 h fermentation
period by MC4100, 80 % by HD701, 82 % by FTD89 and 75 % by FTD67 (Fig. 21).
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Fig. 21 Hydrogen yields for strains (e) HD701; (X) FTD89; (¢) FTD67; and parent strain (A) MC4100. The broken
arrows indicates the point where glucose was totally consumed by strain (1) MC4100 (~20 h), (2) by HD701 (~ 22 h)
and (3) by FTD89 and 67 (~ 24-25 h).

The progress of H, rates by these strains is shown in Fig. 22 and during this stage was as
follows:

Strain HD701 (Fig. 22 B) immediately started to evolve hydrogen reaching a peak of about
~ 120 mL Hy.h™ within the first 3 h of fermentation. Between 3 — 22 h period production rate was
fairly constant (70-80 mL Hz.h™).

Strains FTD89 and FTD67 (Fig. 22 C and D) showed similar rate trends having the highest
values between 2-3 h of fermentation period from an initial of ~ 200 mL H,.h™. After that (6-22 h)
H, rates decreased gradually and became steady at ~ 50-60 mL H,.h™.

Strain MC4100 (Fig. 22 A) H, production rate increased to ~ 110 mL Hy.h™ during the first
10 h of fermentation; then rate decreased and became steady at ~ 30 mL H,.h™ for the next 14 h.
Overall, the H, production profile was similar between the strains except that HD701 produced more
H, before glucose depletion and little thereafter. Both FTD 89 and 67 showed a peak in H;
production approximately 5 h before glucose depletion (Fig. 22 C and D).
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Fig. 22 Rates of H, production by strains: (A) MC4100; (B) HD701; (C) FTD89; (D) FTD67. In all graphs horizontal

axis respresents fermentation time (h). Solid arrows represent the point of glucose depletion; open arrows show
maximum rates.

OA produced in this stage were lactate, succinate and acetate (Fig. 23 and Fig. 24).
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Stage 2

Glucose was totally consumed and the fermentation pattern changed for all strains. Succinate
and acetate remained steady in strain HD701 (Fig. 23 B); for MC4100, FTD89 and 67 succinate
remained steady and small decrease in acetate was observed (Fig. 23 B and Fig. 24 B) whereas
butyrate began to accumulate at the expense of lactate in all strains (Fig. 23 A and Fig. 24 A). H,
was produced at much lower rates (< 30 mL H,.h™) and its generation may be attributed to the re-
assimilation of lactate and its metabolism into a H, production pathway [100], it is thought that after
glucose depletion the cells switched to gluconeogenesis. In this process they will re-assimilate
lactate, acetate and feed them into synthetic pathways which consume energy. The cells go to a
‘resting’ period in that they are continuing to ferment the synthesized glucose (to make energy) that
has been made by re-using fermentation end products (consume energy), hence there is no net cell
growth but turnover with a second stage of H, production. After 50-65 h the fermentation products
accumulated to yields shown in Fig. 21, Fig. 23 and Fig. 24.

The generation of butyrate by E. coli at the expense of lactate during stage 2 was unexpected
as butyrate is not a characteristic product usually found and is scarcely reported in E. coli
fermentations [100] . As seen in Fig. 23 A and Fig. 24 A, butyrate became a major product in long
term fermentations. Not much information has been reported regarding the metabolic pathways
leading from lactate-butyrate in E. coli fermentations. It was hypothesized by Redwood [100] that
the depletion of glucose, the accumulation of lactate and the decreased rate of acetate accumulation
in the medium, possibly attributable to acetate reassimilation, triggered the butyrate metabolism, as
butyrate did not detract from H, production. The precursor of butyrate is a product of pyruvate
formate lyase (PFL). Acetyl-CoA is a product from PFL and a precursor to ethanol, acetate and
Aceto acetyl Co-A which is a precursor to Butyl-CoA that generates butyrate in the metabolic
pathway of Clostridium strains (Fig. 15) [108, 157]. In his hypothesis Redwood suggested that the
enzymes necessary for the operation of this pathway are: acetoacetyl-CoA thiolase (ACT), 3-
hydroxyacyl-CoA dehydrogenase (HCDH) fructuronate reductase (FR), enoyl-CoA hydratase (ECH,
MaoC), butyryl-CoA dehydrogenase (BCAD) and acetate CoA-transferase (ACT) which can be
found in E. coli K-12, but more investigation is required to establish the operation of this pathway
and confirm the enzymes involved. Butyrate is a desirable product with respect to its high ratio of
potential H, production in the downstream photo-fermentation process to its charge [100]; less
energy is expected for its electrodialytic transfer as compared to e.g. acetate; four carbons and one

charge and two carbons and one charge respectively.
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Strain MC4100 produces twice as much lactate as HD701 (Fig. 23 A) but butyrate yield is
the same (~ 0.3 mol.mol glucose™) after the fermentation period (~54 h). Lactate profiles are also
very similar. HD701 produces more acetate (~ 20 %) and more succinate (~ 25 %) than MC4100
(which makes more lactate) (Fig. 23 B). It can be also noticed that the decrease amount of acetate is
higher in strain MC4100 than in HD701after glucose depletion.
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Strains FTD89 and 67 exhibit a very similar lactate-butyrate pattern (Fig. 24 A). After a
prolonged fermentation period of ~84 h all lactate was depleted from strain FTD89 and the butyrate
yield by both strains was very similar reaching a maximum of ~ 0.55 mol.mol glucose™. FTD89 and
67 made more acetate (~ 0.43 mol.mol glucose™) than MC4100 (~ 0.31 mol.mol glucose™) before

glucose depletion, afterwards acetate began to decrease at similar rates as in MC4100 (Fig. 23 B).
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Fig. 24 OA yields by strains (x) FTD89, (¢) FTD67 and parent strain (A) MC4100; A) shows FTD89 and FTD67
lactate-butyrate relationship compared to parent strain MC4100; B) show yields of (—) acetate; (---) formate and (===
succinate, to avoid confusion MC4100 was left out from B. Arrows indicate the point of glucose depletion
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Conclusions

The effect of the foc lesions (uptake hydrogenases) is to have no effect in the sensitivity of

the strains with respect to acetate and succinate production while the production of lactate is

unaffected in the two foc mutants by the change in fermentation regime.
Redwood et al., 2007 showed increased H; by using FTD89 and FTD67 because they are

devoid of uptake hydrogenases (the competing pathway has been removed). The previous

fermentation tests were done at 0.1 L scale. This study shows that if the conditions are improved

(3 L, pH control) the following things happen:

1)

2)

3)

4)

5)

6)

H, production is increased which confirms the previous paper by using the mutants. The
increased H, production is by ~ 30 % by the mutants of the parent.
In all three cases the change of regime increases H, yields by 30 %, being lowest in
MC4100 (0.976 mol H,.mol glucose™ vs. 0.764 mol H,.mol glucose™ in 0.1 LF). Higest
H, (mutants) is 1.25-1.3 mol H,.mol glucose™; hence overall H, is increased by > 60 %
by a combination of new strains and better growth regime. H, production is now
comparable to using the up-regulated strain HD701.
There is no advantage between strains with respect to butyrate production by means of
changing the growth regime (at least during the 1% 45 h of fermentation period).
Lactate production has no advantage the new scale up way (3 LF) if we use the mutants.
However the new method increases lactate production by 60 % if we use MC4100.
Butyrate production is an almost unreported phenomenon that has major implications of
a future integrated H, production process.
Therefore we have to choose:
» Option A use FTD89/67 with the advantage of 30 % more H, production (same
lactate; no HPP gain)
» Option B use of MC4100 with the advantage of 60 % more lactate (more HPP in
the PBR) but less H, production.

From Table 10 we have that HPP for the downstream photobioreactor PBR from the mutant
strains is ~ 5 % higher than the parent MC4100 and ~ 11 % higher than HD701 under 3 LF regimes.

Considering ~30 % additional H, during the dark fermentation stage over the parent strain we

conclude that strains FTD89 and/or FTD67 are more suitable for the hydbrid system.
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Table 10 Hydrogen production potential (HPP) in mol H,.mol OA™ after 45 h fermentation time under
improved growth regime. HPP as defined by Erglu et al., 2004 [97]; HPP (mol HPP.mol OA™) succinate:7;
butyrate: 10; lactate:6; acetate:4.

Strain  Acetate Lactate Succinate Butyrate OA
3 LF HPP Total HPP

MC4100 0.9 3.1 1.3 2.1 7.3

HD701 1.4 1.2 1.9 2.4 6.9

FTD67 15 2.2 1.7 2.3 7.8

FTD89 1.5 2.2 1.5 2.4 7.6

The mechanism of lactate-butyrate production detected in the second stage after glucose

depletion remains unclear and requires further investigation.
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VI1.1.2 Strains RL0O07 and RLO009 in comparison to parent strain MC4100

Results and discussion

In regards to strains RLO07 and RLO09 compared to parent strain MC4100 considering only
the 3 LF experiments (pH controlled), fermentation products yields after 45 h period are shown in
Table 11 and for the complete fermentation period (55-65 h) in Fig. 26-Fig. 29.

Table 11 Products formed by strains RLO07 and RL0O09 compared to parent strain MC4100. For RL007 and RL009
results are the average of two experiments with variations within 10 %.

Strain ID Products formed (mol.mol glucose) Carbon
balance
H, formed Form  Acet Ethanol Lact Succin Butyr Pyruv Glucose (%)
MC4100 0.976 0.046 0.22 0.926 0.51 018 0.21 0 0 109
RLO07 1.03 0.118 0.91 0.225 0.006 0.7 0.095 0.12 0 107
RL009 11 0.048 0.87 0.12 0.02 0.084 0.118 013 0.31 110

From Table 11 we notice that H, is not improved whereas butyrate is halved during this
period, the production of acetate increases ~ 4 fold, lactate production is lost completely and
succinate is halved in RLO09 compared to the parent strain, pyruvate is beginning to accumulate in
both mutants and there is still > 30 % of the glucose residual in the fermentation medium for strain
RLOQ9. Ethanol production was successfully abolished in RL0O09. Ethanol production was halved in
RLO09 compared to RLOO07. Strains RLO09 and 007 produced 6-fold more acetate than the parent
strain.

Strain RLOO7 is devoid of the lactate dehydrogenase (IdhA) and strain RL0O09 is devoid of
IdhA and in addition of the acetate kinase (ackA) enzyme. Hence the pathway to lactate for both
strains is blocked which explains the lack of lactate production. Based on the metabolic pathway
described in Fig. 15, IdhA deficient strains cannot recycle NAD" by “dumping” H, onto pyruvate to
make lactate therefore they would tend to compensate by making more succinate/ethanol. Strain
RLOO7 (AldhA) made this compensation by yielding more succinate and accumulating acetate with
much lower yields of ethanol than the parent strain (Table 11) [158]. However for strain RL0O09
which in addition lacks ackA, it loses out a way to make ATP consequently needs to overcome this.
As the acetate pathway is blocked, it would be expected to see no acetate synthesis, therefore the
products should back-up pyruvate. The ‘down’ enzyme pyruvate dehydrogenase which makes acetyl
CoA is subjected to tight regulation by NADH and acetyl CoA [159]. Accumulation of acetyl CoA
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inhibits the PDH complex and therefore pyruvate accumulates; the down pathway stops and ethanol
is considerably reduced (Fig. 15).

To get rid of excess pyruvate the cells would attempt to make lactate but can not as they lack
IdhA, then the expected flux would be directed towards formate hereby increasing H, production
while achieving the suppression of ethanol, as seen in Table 11, Fig. 26 and Fig. 28 C. This
eventually occurred during the fermentation period. It was seen (Table 11) that strain RLO09 still
made important amounts of acetate, therefore another possible pathway to acetate might have been
activated. It has been found that an elevated intacellular concentration of pyruvate activates the
pyruvate oxidase complex (POX) which contains the poxB (an acetate producing enzyme) [159]; the
pathway is described in Fig. 25. So if RL009 lacks ackA and pyruvate accumulates (as shown in Fig.
29) then POX will be activated and excess pyruvate will go to acetate by this route [159] which does
not generate energy in the form of ATP. The down regulation of adhE and poxB contributes to
explain the lower production of ethanol.

Based on this evidence we can suggest that POX is the means for RL0O09 to accumulate

acetate from pyruvate.
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The effect of the differential amounts in OA by strains RL007 and RL009 with respect to the
parent strain MC4100 in terms of HPP is shown in Table 12 after 48 h of fermentation. RLOO7
exhibits the highest HPP with 9.6 mol H,.mol OA™, the effect of halving butyrate and losing lactate
by strain RLOO7 is highly surpassed by the changes in acetate and succinate resulting in a 31 %
increase in HPP for the downstream process by strain RLO07 whereas for strain RL009, 4.3 units of
succinate were lost and as a consequence total HPP decreased ~ 74 % of the parent strain. The
generation of succinate made the difference in HPP between both mutant strains. Succinate is
usually generated by the condensation of the CO, produced with phosphoenol-pyruvate, and a
subsequent reduction which consumes 4 H* per succinate (Fig. 15) [123]. This pathway is catalyzed

by several enzymes such as phosphoenol-pyruvate carboxylase (ppc), malate hydrogenase (mdh),
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fumarase and fumarate reductase (frdABCD); CO is formed from the split of formate to H, and CO,
by the FHL complex [123]. According to the carbon balance shown in Table 7, the estimated
generation of CO; by strain RLO07 is approximately one third of the other strains, it is therefore
suggested that as the lactate pathway is blocked by AldhA, and not only pyruvate but also
2-phosphoenlopyruvate (which was not measured) accumulates, reacting in excess with CO, to
overproduce succinate. This however does not occur for strain RL0O09 as H, production (and hence
CO;, co-production) by this strain was seen to be ‘delayed’ (Fig. 26) this strain also lacks ackA
suggesting that the activation of the POX by the accumulation of acetyl CoA occurs rapidly,
diverting pyruvate into acetate, for any accumulation of 2-phosphoenolpyruvate there is not any CO,
available for the condensation reaction to form succinate to proceed. The differences in pyruvate
accumulation can be seen in Fig. 29. The HPP of each strain at the 45 h stage is shown in Table 12.

Table 12 Comparative of hydrogen production potential (HPP) (mol H,.mol OA™) after 45 h fermentation period by the
E. coli strains involved in this study.

Strain 3 LF HPP OA
Acetate Lactate Succinate Butyrate Total HPP

MC4100 0.9 3.1 1.3 2.1 7.3

RLOO7 3.6 0.1 4.9 1.0 9.6

RLO09 3.5 0.1 0.6 1.2 5.4
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Table 13 shows the H, yields and HPP after 55-66 h fermentation period for all the strains
(compare with Table 10 and Table 12). As fermentation proceeds, butyrate and succinate are the
main OA produced as they continue to accumulate in the system. Lactate decreases for all the strains
and acetate remains constant for strains MC4100, HD701, FTD67 and FTD89 but increased for
strains RLOO7 and 009.The overall balance results in an increase of HPP by strains FTD67 (+ 22 %);
FTD89 (+ 43 %); RLO07 (+ 64 %) and RLO09 (+ 90 %), as a consequence the best strain would be
RL0OO07 which offers 50 % more HPP than strains FTD67 and RLO09 and about 100 % more HPP
than the parent strain MC4100 after 55-66 h fermentation period. In addition, strain RLOO7 makes
~ 4 fold less ethanol than the parent strain which is another important feature of this strain since it
would allow the dark fermentation process to continue for more extended periods compared to the
other strains before ethanol reaches inhibitory levels. Whilst total inhibition of ethanol (RLO09)

would be advantageous this must be offset against the HPP.
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Table 13 H, yields and HPP by strain after total fermentation period (55-66 h)

Strain HPP 3 LF after fermentation period HPP H, Ferm.

Acetate  Lactate  Succinate Butyrate Total (mol.mol gluc.™) (h)
MC4100 0.7 2.4 1.2 3.2 7.4 1.20 66
HD701 14 0.9 1.9 2.7 6.9 1.40 60
FTD67 14 1.1 19 51 9.5 1.30 65
FTD89 11 0.0 1.7 53 8.1 1.35 65

| RLO07 53 0.0 8.1 2.2 15.7 1.10 65 |

RLO09 4.8 0.0 11 4.5 10.3 1.70 55

The separation of OA by electrodialysis needs the supply of electrical energy; for a
profitable energy process this energy would have to be exceeded by the energy output of the dual
system. This absolutely depends upon the current efficiency and the HPP from the transported OA
to the downstream process. Redwood [100] calculated the break even current efficiency (BCE) for
some OA, which denotes the relationship at which the energy output resulting from ED products
balances the electrical energy supplied to ED expressed as (%). Table 14 summarizes some of these

results:

Table 14 Break even current efficiency expected by each OA produced after photofermentation. (Data from Mark D.
Redwood doctoral thesis [100]). No.C: number of carbons.

Organicacid No.C Valence (C)  pK, HPP HPP.C' BCE (%)

Butyrate 4 1 4.81 10 10 13
Lactate 3 1 3.86 6 6 21.6
Acetate 2 1 4.76 4 4 32.5

Succinate 4 2 419,557 7 3.5 37.1

Succinate and acetate have the highest BCE (37.1 and 32.5 % respectively) whereas butyrate
has the lowest (13 %). This indicates that succinate and acetate are less likely to result in a net
energy profit, whereas butyrate would be the most suitable substrate for the downstream process in
terms of energy profit. This is a very important consideration in the selection of the most suitable
strain for the upstream process in consideration of downstream process integration and energy
generation for the integrated upstream and downstream bioreactors as a whole. From and comparing
strains RLOO7 and RLOQ9 in terms of energy balance strain RLO07 despite having ~50 % higher
HPP, it also has similar amounts of acetate, ~8 fold higher succinate and ~ half the butyrate than

strain RLO09 therefore strain RLOO7 is less likely to offer a more energy profit than strain RL0Q9,
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this would make strain RLO09 preferable over strain RLO07 and the parent strain MC4100, in
addition the advantage conferred by the loss of ethanol production.

Of particular interest is the type of fermentation observed for RLO07 and RL0O09. Instead of
the lactate-butyrate type found in the parent strain MC4100 and the rest of the strains, these two
mutants undergo a pyruvate-butyrate fermentation which developed as follows:

For strain RLO07 H, production was very similar as in the parent strain, glucose was totally
consumed between 23-25 h after inoculation (Fig. 26), during this stage ~ 65 % of its total H; has
been produced reaching its highest rate (~ 150 mL H..h™'; mean of two experiments with variations
within 5 %) which was ~ 20 % higher than the parent, during the first 6 h of fermentation (Fig. 28).
Rates rapidly decreased to become stable at 35-50 mL H,.h™ (mean + 5 %) for the next 25 h and
finally rates dropped to < 10 mL Hz.h™ (mean + 2 %) for the rest of the fermentation period.

Pyruvate began to accumulate reaching its maximum vyield (0.42 mol.mol glucose™;
mean £ 6 %) after ~ 30 h of fermentation and then gradually decreased while at the same time
butyrate began to accumulate. After ~55 h of fermentation the yields were 0.13 and 0.21 mol.mol
glucose™ (mean + 2.5 %) for pyruvate and butyrate respectively

However for strain RLO09 in contrast with the parent strain and RLO07, the stages were
apparent by the time of glucose consumption and when H, production rates began to increase (Fig.
27 C). For this strain only 20-30 % of the added glucose has been consumed during the first 24 h, H,
was only ~ 13 % of the total H, produced and its production began ~ 12 h after fermentation was
initiated (Fig. 26). H, rate rapidly began to increase after the initiation of H, production reaching a
maximum of ~450+ 35 mL H,.h™ after ~17 h of fermentation, then rapidly decreased to ~
110 + 15 mL Ho.h™ (Fig. 27) (1 stage), rates began to gradually increase again after 20 h reaching
the same maximum rate achieved during the 1% stage after ~ 38 h of fermentation and gradually
decreased to ~ 200 + 21 mL Hy.h™, when glucose was completely consumed (after 48 h) the H, rates
began to decrease until H, production completely ceased (after 55 h of fermentation) but total yield
of H, produced reached 1.7 mol H,.mol of glucose™ which is 42 % higher than the achieved by the
parent strain (Table 13). Pyruvate accumulated reaching a maximum yield of 0.25 mol.mol glucose™
after ~45h of fermentation and butyrate began to accumulate after approximately 30 h of
fermentation but at the expense of pyruvate reaching a maximum of 0.45 mol.mol glucose™ at the
end of the fermentation period while pyruvate decreased to 0.07 mol.mol glucose™ (Fig. 29).

It was explained earlier in this section that as the downway path to acetate is blocked (due to

the lack of ackA) the accumulation of pyruvate occurs and in an excess of pyruvate the POX
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complex is activated opening another route to acetate (Fig. 25) while at the same time accumulation
of formate and production of H, proceeds in a 1% stage associated with a slow rate of glucose
consumption (Fig. 26 and Fig. 28 C), during the 2™ stage of H, production (with POX complex
activated) glucose is more rapidly consumed and formate is rapidly metabolized to H. It is possible
that the accumulation of acetyl CoA during the activation of the POX complex also activates the

enzymes involved in the formation of butyrate as explained in section VI1.1.1 [100].
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Fig. 26 Hydrogen yields by strains (A) MC4100; (O) RLO07; (wm) RL0O09; dashed lines indicate the
time where glucose was totally consumed (1) MC4100, RLO07and (2) RL0O09. Experiments were done in
triplicate, where error bars are not shown these were within the dimensions of the symbols.
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Fig. 27 Rates of H, production by strains: (A) MC4100; (B) RL007; (C) RL009. In all graphs horizontal
axis respresents fermentation time (h) and vertical axis represent rate of H, production (mL H,.h™)
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Fig. 28 Organic acid by strains: (A) MC4100; (O) RL0O07; (o) RL009. A) acetate; B) succinate and C) formate.
Horizontal axis represents fermentation time (h), vertical axis OA produced (mol.mol glucose™).
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Conclusions

Ethanol production was successfully abolished in RLO09 but it was also reduced in strain
RL0O07 which has a functional ackA. Ethanol was halved c.f. RLO09 of RLO07 which makes strain
RLO09 more suitable for long term dark fermentations.

In regards of HPP, strain RLOO7 reached 50 % more HPP than RL009 due to its excess of
succinate but the penalty for the electric current necessary to transport succinate to the downstream
process is highly likely to be equivalent to its contribution to energy output, therefore strain RL009
with higher content of butyrate and about 8 fold less succinate would be the preferable strain.

Overall, strain FTD67 offers more energy profit potential as its HPP (which is comparable to
RLOQ9) is less acetate dependent than in the case of strain RL009, however strain FTD67 makes
more ethanol which will accumulate much faster to inhibit fermentation.

Strain RLO09 produces the most H; in the dark fermentation; this, in conjunction with its
lack of ethanol production and overall high HPP make it the strain of choice for integrated system.

In the next section which is reported in the form of a published paper, cells obtained from

fermentation with strains RLO07 and MC4100 were palladised and tested for electricity generation
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in a fuel cell. This would be another factor to consider for the appropriate strain selection. Further

experiments would test RLO09 in a similar way.

96



Rafael L Orozco, PhD thesis

V1.1.3 Towards an integrated system for bio-energy

This section is presented in form of a paper that is in submission in the Journal mentioned
below; it describes the role of E. coli strain RLO07 in H, production and electricity generation.

“Towards an integrated system for bio-energy”.

Journal: Biotechnological Letters (2010) 32:1837-1845.

This paper was written by Rafael L. Orozco in collaboration with Dr. P. Yong, Professor F.
Sargent and Dr. M. Redwood. All experiments and analysis related with H, and OA production were
performed by Rafael L. Orozco. Cells coating and electricity generation experiments were

performed by Dr. P. Yong. Professor Frank Sargent wrote on the construction of the strains.

VI1.1.3 Towards an integrated system for bio-energy

Towards an integrated system for bio-energy: Hydrogen production by Escherichia coli and use of

palladium-coated waste cells for electricity generation in a fuel cell

R.L. Orozcot, M.D. Redwood?, P. Yong, I. Caldelari®*, F. Sargent? and L.E. Macaskier.

1 Unit of Functional Bionanomaterials, School of Biosciences, University of Birmingham,
Edgbaston, Birmingham B15 2TT, UK.

2 Division of Molecular Microbiology, College of Life Sciences, University of Dundee, Dundee
DD1 5EH, Scotland.
*Present address: Institut de Biologie Moléculaire et Cellulaire, Centre National de la Recherche

Scientifique Unité Propre de Recherche, Université Louis Pasteur, 67084 Strasbourg Cedex, France
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Abstract

Escherichia coli strains MC4100 (parent) and a mutant strain derived from this (RL007)
were evaluated for their ability to produce hydrogen and organic acids (OAs) via fermentation.
Following growth, each strain was coated with Pd(0) via bioreduction of Pd(ll). Dried, sintered Pd-
biomaterials (‘Bio-Pd’) were tested as anodes in a proton exchange membrane (PEM) fuel cell for
their ability to generate electricity from hydrogen. Both strains produced hydrogen and OAs but
‘palladized’ cells of strain RLO07 (Bio-PdrLoo7) produced ~ 3-fold more power as compared to Bio-
Pdmca100 (56 and 18 mW respectively). The power output using, for comparison, commercial Pd(0)
powder and Bio-Pd made from Desulfovibrio desulfuricans, was ~100 mW. The implications of
these findings for an integrated energy generating process are discussed.

Key words: biohydrogen, Escherichia coli, fuel cell, palladium
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Introduction

Hydrogen and fuel cell technologies offer a feasible alternative to fossil fuels that is
consistent with environmental demands for low carbon energy and zero emissions. Hydrogen is
currently produced mainly as a by-product from the petrochemical industry. This is unsustainable
and, furthermore, commercial H, contains traces of CO, a fuel cell catalyst poison. Currently the life
time of a proton exchange membrane fuel cell (PEMFC) is less than 4,000 h (~ 167 days) whereas
that required for a commercial market launch is 40,000 h (5 years; Aki et al. 2005).
Photovoltaically-driven water electrolysis produces clean H; but the requirement for solar energy,
the large light capture area, and efficiency of photovoltaic materials are currently limiting factors
(MacKay 2008). Use of H, as a storable energy vector can overcome the problems of intermittency
of renewable power systems.

Clean H; can also be made via microbial fermentation of organic wastes (Davila-Vazquez et
al. 2008; Redwood et al. 2009). Biomass (sugary, starchy, and ligno-cellulosic wastes) is an
abundant renewable resource and is, therefore, potentially capable of supporting a future sustainable
H, economy. The proportion of the energy demand which could be satisfied in this way is difficult
to estimate, but it was reported that diverting landfill-destined cellulosic waste into bioH, production
in the Netherlands would produce enough H; to meet 9% of the domestic energy demand (de Vrije
and Claassen 2003). Furthermore it has been predicted that bioconversion of organic waste to biogas
could provide up to 7.5% of the UK’s 2020 renewable energy commitment (Anon 2009).

Escherichia coli, an example of a facultative anaerobe, converts sugar via the mixed acid
fermentation to gaseous products (H, and CO,) and soluble products including the organic acids
(OAs) acetate, lactate, formate and small amounts of succinate, and also ethanol (Clark 1989). H,
production in E. coli is mediated by the formate hydrogenlyase (FHL) complex which is located on
the inner cell membrane. FHL catalyses the release of H, and CO, from formate in response to an
increase in intracellular formate, which signals the reduction in extracellular pH caused by OA
formation (Penfold etal. 2003; Redwood 2007; Redwood et al. 2009). The bioH; is sufficiently clean
(after CO, removal) to be used directly in a PEMFC without further purification (Macaskie et al.
2005).

Formate is the sole precursor of H, in E. coli with a maximum vyield of 2 mol of H, per mol
of glucose (Clark, 1989). Although other organisms such as Enterobacter and Clostridium can
produce, maximally, 4 mol Hy/mol glucose via redox carrier-linked reversible hydrogenases these

systems are inhibited even at a very low partial pressure of H,, whereas E. coli is unaffected due to
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the use of an irreversible formate-linked hydrogenase system (FHL). The H, yield was improved
further by utilising the produced OAs in a downstream photobioreactor to make a second H; stream
via nitrogenase activity; effectively here the E. coli fermentation has a dual function in both H, and
OA production (Redwood 2007; Redwood et al. 2009).

Bio-hydrogen has additional potential due to its compatibility with fuel cells (Macaskie et al.
2005). These utilise precious metal catalyst to split the H, for electricity production; hence the
second target for process improvement is the fuel cell itself since robustness is a major limitation for
commercial development (Aki et al. 2005; above). Previous work showed that spent yeast biomass,
coated with platinum nanoparticles can function as the anode material in a proton exchange
membrane fuel Cell (PEMFC) (Dimitriadis et al. 2007) while a parallel study showed that
D. desulfuricans could behave similarly when coated with either Pd(0) or Pt(0) nanoparticles
fabricated via the hydrogenase-mediated reduction of Pd(ll) or Pt(IV) (Yong et al. 2007). The
PEMFC power output was comparable to commercial Pt(0) fuel cell catalyst under similar
conditions (Yong et al. 2007). Cells of E. coli can fulfil a similar role but the power output using
Bio-Pde. i was substantially lower than that obtained by using Bio-Pdp. gesulfuricans (YONg et al. 2008).
For economy and sustainability via re-use of the H,-producing biomass to make Bio-Pd/Pt and
hence electricity ‘in process’, the power output from a PEMFC made with Bio-Pdg ¢oi must be
increased, but without detriment to the production of either bioH; in the ‘dark’ fermentation or the
organic acid co-products which provide the feedstock for the secondary-stage photofermentation to
generate the second H; stream (Redwood 2008; Redwood et al. 2009). Hence, the dual objectives of
this work were to compare hydrogen production and the ‘catalytic quality’ of Bio-Pd made from
cells of E. coli strain MC4100 and its mutant RL0O07 developed within this study. The downstream
photofermentation described elsewhere (Redwood et al. 2009) utilises Rhodobacter sphaeroides to
make additional H; via rapid separation and utilisation of the organic acid products of the E. coli
fermentation. Therefore, the opportunity was also taken to evaluate the potential to use Bio-Pdg.
sphaeroides 1N @ PEMFC.

Materials and Methods
Bacterial strains and hydrogen production.

Desulfovibrio desulfuricans was as described previously (Yong et al. 2007). R. sphaeroides
OU001 was grown as described by Redwood (2007). For comparison of E. coli strains, E. coli

HD701 (hydrogen overproducer; derived from the parental strain E. coli MC4100 via upregulation
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of formate hydrogenlyase: Penfold et al. 2003) was also used. E. coli strain RLO07 (AfocA, AfocB,
AnirC, AhycA, AldhA, AtatABC::Apra®) was also derived from the parental strain MC4100.
Construction of RL0O07 took advantage of the PCR-targeting approach of Datsenko and Wanner
(2000) and the ‘Keio Collection’ of single, kanamycin resistance-marked E. coli deletion strains
(Baba et al. 2006). First, for deletion of focA and focB, the apramycin resistance cassette and
flanking FLP recombinase recognition sequences encoded on plasmid plJ773 (Gust et al. 2003)
were amplified using primers based on the FRT recognition sequences together with the focA or
focB flanking sequences. In each case the PCR-amplified apramycin resistance cassette was
transformed into electro-competent E. coli strain BW25113 harbouring plasmid pKD20 and double
cross-overs were selected by plating the transformants onto LB plates containing apramycin.
Disruption of the targeted gene was confirmed by PCR, and the marked deletions were subsequently
transduced using P1 phage into MC4100 using the method of Miller (1992) The apramycin
resistance cassette was subsequently ‘flipped out’ of the marked deletions using the method
described by Datsenko and Wanner (2000) to give strains ICOOA and ICO0B. Loss of the apramycin-
resistance cassette was confirmed by PCR and apramycin sensitivity. Using identical methods, the
focA and focB mutant alleles were then combined to give a double mutant strain IC001 (as MC4100,
AfocA, AfocB), which was used as a base to build additional mutations upon. The nirC gene was
deleted first, using identical methods, to yield IC002 (as MC4100, AfocA, AfocB, AnirC). Next, the
AhycA::Kan® allele from E. coli strain JW2695 was moved by P1 transduction into 1C002 and
flipped out using pCP20 (Amp®) to yield strain IC003 (as MC4100, AfocA, AfocB, AnirC, AhycA).
Next, a AldhA::Cam® allele, which was prepared by PCR, was introduced into IC003 and flipped out
resulting in IC005 (as MC4100, AfocA, AfocB, AnirC, AhycA, AldhA). Finally, a AtatABC::Apra®
cassette was prepared by PCR and introduced into 1C005 to yield RLO07 (as MC4100, AfocA, AfocB,
AnirC, AhycA, AldhA, AtatABC::Apra®). The genotypic identity of strain RL0O07 is summarised in
Table 1.

Stocks of E. coli strains were maintained at -80 °C in 75% glycerol, plated on nutrient agar
(Oxoid) and incubated overnight at 30 °C. For experiments, colonies were picked for pre-culture into
nutrient broth (Oxoid, 5 mL), with sodium formate (0.5% w/v) pH 7, and shaken (6h, 30 °C). Cells
were inoculated (10 pL) in two 2 L Erlenmeyer flasks containing 1 L of the same medium and
shaken for 16 h (30 °C). Cell pellets, obtained by centrifugation, were washed twice in 100 mL
phosphate buffered saline (PBS: 1.43 g Na;HPO, 0.2 g KH,PO,4 0.8 g NaCl, 0.2 g KCI /L, pH 7.0)
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and resuspended in 20 mL PBS to produce a concentrated inoculum for fermentation containing ~
40—46 g dry weight/L (ODgoonm Of 1 corresponded to a concentration of 0.48 g dry weight/L (a
previously determined conversion factor).

Fermentations (two conditions, each in duplicate) were performed consisting of a 5 L
fermenter (Fermac 200-series, Electrolab UK) with pH, temperature and agitation control, a
“scrubber” column containing 2 M NaOH, a H, collector cylinder full of water and a N, gas supply.
At least 99.5% of CO, was trapped in the scrubber solution as verified by GC (Redwood 2007) and
H, was collected and quantified by water displacement in a graduated collector cylinder. All tubes
and connectors were previously sterilized with 70% ethanol.

The fermentation vessels contained 3 L of fermentation medium (de-ionized water; in each 3
litre batch: 42.60 g Na;SO,4, 10.46 g K;HPO4, 0.20 g KH,PO4, 0.20 g (NH,) 2SO4, pH 5.8). All
solutions were prepared using de-ionized water and analytical grade reagents. The following
supplements were aseptically added to the fermenter just before inoculation: 1 M MgS0O,.7H,0 (6
mL), 2 M glucose (30 mL; 20 mM final concentration), trace elements solution (9 mL) and
polyethylene glycol antifoam (PEG; 0.5 mL). Trace elements solution comprised (quantities in g/L):
CaCl,.H,0 (0.74); ZnS0,4.7H,0 (0.18); MnSO,4.H,0 (0.10); disodium-EDTA (20.1); FeCl;.6H,0
(16.7); CuSQO4.5H,0 (0.10); CoS0,4.7H,0 (0.21).

The system was purged with oxygen free nitrogen (OFN), (through a 0.2 um filter) for at
least 30 min before inoculation. pH was maintained throughout the fermentation at pH 5.5-5.7 by
dosing 2M NaOH and 2M H,SO, via an Electrolab Fermac260 pH controller, at 30 °C with stirring
(300 rpm). To start each experiment the OFN was stopped, nitrogen tubes were depressurized and

valves to the gas collector cylinder were opened to allow the system to equilibrate for at least 45 min.

Sampling and analysis.

For glucose, organic acids and ethanol analysis, samples were periodically withdrawn from
the culture, filtered (0.2 um supor membrane syringe filter) and stored at -20°C before analysis.
Glucose determination was by the colorimetric dinitrosalicylic acid assay [160]. Organic acids were
measured by an anion HPLC (Dionex 600-series) as described previously (Redwood & Macaskie
2006). Ethanol was analysed using a Cecil Adept HPLC system equipped with Resex-RCM column
(Phenomenex); RI detector; temperature 75 °C; eluate H,O; flow rate 0.5 ml/min; 30 min
experiment time. Bacterial growth was monitored via the ODgoo Of withdrawn samples (ODggo:1 =

0.482 g DWIL; Ultrospec 3300 pro). H, production was monitored and measured by the
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displacement of water from graduated cylinders with time-lapse photography for continuous
monitoring. CO, was removed into 2M NaOH scrubber solution with universal indicator pH 9-13.
Hydrogen in collectors was confirmed using a hydrogen sensor detector. Previous work (Sauter et
al. 1992 and DW Penfold, unpublished) showed that CO, and H, are the only gases evolved under
these conditions. The H; yield was calculated in relation to a theoretical maximum of 2 mol Ha/mol
glucose (Clark 1989); 90% of this yield was achieved previously under similar conditions (Redwood
2007).

Preparation of fuel cell electrode materials.

For experiments to test the utility of ‘palladised’ cells in a fuel cell D. desulfuricans
(reference organism: Yong et al. 2007) and E. coli strains (this study) were grown as described by
Yong et al. (2002) and Penfold et al. (2006), respectively. Cells were palladised as described
previously (5% Pd by mass; Yong et al, 2007), washed in acetone dried and ground, and then
transferred into 10 mL alumina ceramic crucibles for sintering (i.e. carbonising) in a programmable
furnace. The temperature was increased from room temperature to 700 °C within 4 h and held at 700
°C for a further 4 h before cooling to room temperature in the furnace.

Commercial submicron Pd powder (C-Pd) (Sigma-Aldrich, Germany), and ‘Bio-Pds’ (20 mg
of each, as metal) were mixed separately with pure activated carbon powder (80 mg; BDH
Chemicals Ltd, UK). Nafion® perfluorinated ion-exchange resin (0.2 mL; 10 wt % in water, Sigma-
Aldrich) and water (1.0 mL) were added to each sample containing 20% of Pd and 80% of C. The
sample was mixed well, manually applied evenly onto 16 cm? teflon-treated carbon paper (Fuel Cell
Scientific, USA), and dried at room temperature. The lab-made electrodes were tested for electricity
production versus the commercial Pd powder in a small proton exchange membrane (PEM) fuel cell
as described previously (Yong et al. 2007) and the maximum power output (mW) was recorded.

103



Rafael L Orozco, PhD thesis

Results and Discussion
Hydrogen and organic acid production by E. coli strains MC4100 and RL0OO7 .

H, production (mL), biomass (g), glucose consumption (mmol), organic acid (OA) and
ethanol production (mmol) were measured and quantified; reproducibility was usually within 10%
between separate experiments. Hydrogen overproduction by E. coli strain HD701 (via derepression
of the H,-producing formate hydrogen lyase complex (Penfold et al. 2003)) and by strains deficient
in uptake hydrogenases (Penfold et al. 2006; Redwood et al. 2008) were described previously and
production of OA by the latter was also quantified (Redwood & Macaskie 2006). A combination of
the hycA and tat mutations did not increase hydrogen production over that obtained with one
mutation alone (Penfold et al. 2006). Hence, in this work, further metabolic engineering of E. coli
was performed. A new strain (RLO07) was prepared that combined mutations additional to those in
the hycA and tatABC genes previously studied (Table 1). Strain RLOO7 was rendered devoid its
formate transporters (FocA and FocB), and the FocA/B homolog NirC, in an attempt to impair
formate secretion during fermentation and utilise early and sustained formate hydrogenlyase (FHL)
activity. In addition, strain RLOO7 lacks an active IdhA gene, which encodes an NADH-dependent
lactate dehydrogenase that is normally active in the later stages of fermentative growth. The
rationale in removing LdhA was to prevent the metabolism of pyruvate to lactate and, instead, shunt
additional pyruvate towards formate and hence boost H, production.

The fermentation kinetics of strains MC4100 and RLOO7 are compared in Figure 1 and
summarised in the fermentation balances shown in Table 2. During a 24h fermentation, both strains
grew very slightly, limited by the low concentration of added nitrogen source; note that prior to the
incubation the cells had been grown aerobically to high density, with formate as a FHL inducer
(Redwood et al. 2008). The parent strain MC4100 consumed all of the initial added glucose within
24h, whereas the mutant strain RLO07 consumed only 70% of the added glucose over 24h.
Correspondingly, the MC4100 parent strain evolved H, more rapidly than strain RLO07 (Fig. 1 a,b),
the rate peaking at ~ 4.2 mmol Hy/h during the initial 10h and gradually decreasing within 24h. The
overall yields of H, produced were 41% and 37% for strains MC4100 and RLOOQ7, respectively, and
not significantly different on the basis of the two experiments reported (Table 2).

Analysis of OA production (Fig 1 c,d and Table 2) showed that lactate was the main organic
product of the parent strain MC4100 but the lactate yield was negligible in strain RL0O07 due to the
IdhA mutation. However, the result of this was not an increase in H; production but in non-lactate

by-products, especially pyruvate, succinate and ethanol. Despite the loss of lactate production, the
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overall yield of H, in strain RL0O07 was not significantly different from the parent strain MC4100,
which can be attributed to the accumulation of alternative byproducts (succinate) and H, precursors
(pyruvate and formate). The inability of strain RLOO7 to reassimilate all of the formate initially
secreted into the reaction medium may be attributed to the lack of dedicated formate transport
machinery in this strain and partially accounts for the reduced H, yield observed. Clearly, lactate
dehydrogenase is a major route for pyruvate dissimilation and recycling of NADH during
fermentation. The loss of IdhA leads to the accumulation and ultimate secretion of pyruvate; the
shortfall in NADH recycling via removal of lactate production is compensated by an increased
production of ethanol and succinate.

Similar observations regarding different ldh mutants were made by Mat-Jan et al. (1989) and
Zelic et al. (2004) in Idh mutants. However, we also observed that when strain IC700 was allowed to
ferment for a further 24 h, the pyruvate was reassimilated, which is in accordance with the
observations of Sode et al. (1999) where, likewise, the reaction was followed to completion.

We conclude that eliminating lactate production did not benefit the H; yield in this study as
the additional intermediate either accumulated or gave enhanced production of alternative products,
particularly succinate and ethanol. Eliminating succinate production would be difficult due to the
key role of succinate-producing enzymes in central metabolism. Further, succinate is potentially
useful in the downstream photobioreactor and hence could be re-used ‘in process’. Jointly
upregulating the activity of pyruvate formate lyase and FHL could hypothetically channel more
pyruvate intermediate towards H, production, an approach to be addressed in future work. Work is
currently in progress to reduce the production of ethanol since this product cannot be transferred
easily into the downstream photobioreactor but this metabolic engineering will have implications in

the ability of the cells to recycle NADH and such mutants may be highly impaired or non-viable.

Electricity production by palladised cells of E. coli in a fuel cell.

Cells of the E. coli strains MC4100 and RLOO7 (this study), together with strain HD701
(hydrogen production was as described previously: Penfold et al. 2003), R. sphaeroides (Redwood
2007) and D. desulfuricans (positive control) were coated with palladium nanoparticles as described
previously (Yong et al. 2007) and tested for their ability to produce electricity as anodes in a PEM
fuel cell. Sintering of palladised biomass was essential to obtain catalytic activity (P. Yong,
unpublished) since biomass is predominantly water and sintering carbonises the biomass to make it

electrically conductive. As shown in Fig. 2 and Table 3, Bio-Pdp. gesuifuricans Produced power
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comparably to commercial finely-ground Pd(0) while Bio-Pdmca100 and Bio-Pdyp7o1 produced little
power (~18-28 mW). However Bio-Pdg, g7 produced ~ 56 mW, which was ~ three-fold higher than
the parent strain (~18 mW) or Bio-Pdg. sphaeroides- (~ 20 mW). Representative data are shown, since
the power output is critically dependent on the exact preparation of the electrode but in 3 replicate
experiments the Bio-Pd(0) of the mutant outperformed that of the parent strain consistently as
shown.

From these results it can be concluded that the catalytic activity of the palladium in a fuel
cell relates to the enzymatic composition and localisation in the strain which produced it. A similar
conclusion with respect to chemical catalysis was drawn (Rousset et al. 2006) using a mutant of
D. fructosovorans which lacked its periplasmic hydrogenases; here, the Pd(0) relocated to the site of
the remaining cytoplasmic hydrogenase (Mikheenko et al. 2008) and was catalytically more active
in the reduction of Cr(VI) (Rousset et al. 2006). In the present case the key difference between
strains HD701 and RLOO7 is that the Tat transport system is missing, and therefore there are no
functional periplasm-facing hydrogenases. Therefore, strain RLO07, like the D. fructosovorans
mutant (above) may be location-modified with respect to making Pd-nanoparticles. However no
obvious differences were observed in initial comparisons of the Bio-Pd produced by strains MC4100
and RLOO7 (Yong et al. 2010) and a high resolution TEM study is clearly warranted. Taken together,
the two studies using D. fructosovorans and E. coli indicate that ‘relocating’ the Pd-nanoparticles
may be beneficial to the ‘quality’ of the catalyst produced. Potential pleiotropic effects of the
mutations introduced into strain RLOO7 were not investigated but warrant further investigation. The
extent to which the ‘biochemical’ component of the Bio-Pd moderates the catalytic activity of its

Pd(0) ‘partner’ after sintering of the material is a subject of current investigation.

Conclusion

In terms of H, production strain RLO07 offers little benefit over a 24 hour period as
compared to its parent strain MC4100, although its ability to produce more succinate and pyruvate
could be beneficial as secondary products. However, in terms of an integrated energy process, where
biomass is re-used ‘in process’ the mutant strain offers more potential to make a better fuel cell
although this still falls short (by ~ 50%) of the use of D. desulfuricans as a support for ‘Bio-Pd’ for
this purpose. The extent to which further molecular engineering could improve the rates and yields
of hydrogen production without compromising fuel cell catalyst performance is the subject of

ongoing studies.
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Legends to Figures

Figure 1. Hydrogen production (a,b) and organic acid production (c,d) from E. coli MC4100
(a,c) and RLOO7 (b,d). Open and filled symbols represent two independent experiments. Hydrogen
production and glucose utilization (a,b) are shown as total mmoles to aid comparison. Masses are
shown in mmol: (A, A) Glucose utilization; (C1,l) Hydrogen production in a and b. Fermentation
products in ¢ and d are: (C(J,M) lactate; (<, ) acetate; (O,®) formate; (A, A) succinate; (X,XI)

pyruvate.

Figure. 2. Power production in a PEM fuel cell using alternative anode catalysts:
commercial Pd(0) (LJ) and palladised, sintered cells (Bio-Pd) made from D. desulfuricans () and
E. coli strains MC4100 (@); HD701 (A) and RLOO7 (#).

Table 1 Genotypic identity of strain E. coli RL0O07

Deletion Affected gene product (resultant phenotype)

Reference

[1focA Formate transporter
Suppmann et al. 1994
(impaired ability to secrete and take up formate)
AfocB Formate transporter
Saier et al. 1999
(impaired ability to secrete and take up formate)
ChycA Formate hydrogen lyase (FHL) regulatory protein
Sauter et al. 1992; Penfold et al. 2003
(upregulated FHL; H, overproduction)
AldhA NADH-linked fermentative lactate dehdrogenase
Bunch et al. 1997

(lactate not produced)

111



Rafael L Orozco, PhD thesis

AtatABC The twin arginine translocation system: transports folded proteins across
membranes  Berks et al. 2003; Miller 2005
(tat inactivation prevents uptake hydrogenase transport; increases H;
production)  Penfold et al. 2006
(InirC Nitrite transporter, paralogous with FocA/B
Clegg et al. 2002
(impaired ability to secrete and take up formate)

Strain RLO07 was made from its parent MC4100 as described in Materials and Methods. It
combines the ability to overproduce hydrogen via

deletion of the FHL regulator FhlA and the Tat system with impaired ability to transport
formate. It does not make lactate, potentially

increasing the metabolic flux into the other fermentation products.
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Table 2. Fermentation balance of E. coli strains MC4100 and RLO07

Product yields (mol/mol glucose)* Growth Carbon
Strain  Repeat Time (9/mol balance
Lac Pyr Form  Succ Ac EtOH H, CO,** glucose) ke
Exptl 22.75 0.892 0.000 0.048 0.200 0.354 0.405 0.788 0.51 3.99 99%
MC4100
Expt2 22.75 0.789 0.000 0.024 0.196 0.326 0.438 0.849 0.54 4.49 93%
Exptl 235 0.008 0.518 0.079 0.492 0.227 0.704 0.735 0.36 441 102%
RL0O07
Expt2 235 0.007 0527 0.069 0479 0.222 0685 0.760 0.36 2.64 99%

* Propionate and butyrate were not detected. Lac: lactate; Pyr: pyruvate; Form: formate; Succ:

** The yield of CO, was estimated as described by Redwood et al (2007), equation 2.

*** Carbon balance was calculated as Redwood et al (2007), but including pyruvate (3 carbon equivalents).

succinate; Ac: acetate; EtOH: ethanol
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Table 3. Maximum power output (Pmax, mMW) from a PEM fuel cell using anodes

made from commercial precious metals and Bio-Pd..

Preparation Pmax (MW) Reference

Commercial Pt(0) 170 Yong et al.
2007

Bi0-Ptp. gesulfuricans 170 Yong et al.
2007

Commercial Pd(0) 100 This study

Bi0-Pdp. gesutfuricans 108 This study

Bio-Pde. coli HD701 28 This study

Bio-PdE. coli Mca100 18 This study

Bio-PdE coii RLOO? 56 This study

Bio-Pdr. sphaeroides 0u001 19.5 Redwood
2007

Native metallised biomass was inactive in a PEMFC. Samples (all 5% Pd w/w) were,
therefore, sintered before use to carbonise the biomass, as described in Materials and
Methods.
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V1.2 Hydrogen from starch

This section is presented in form of a paper that is in submission in the Journal mentioned
below, it describes the hydrolysis of starch in HCW and the fermentability of the products.

“Hydrothermal hydrolysis of starch with CO, and detoxification of the hydrolysates with

activated carbon for bio-hydrogen fermentation”.

Journal: International Journal of Hydrogen Energy, in submission.

This paper was written by Rafael L. Orozco. All experiments and analysis were performed by

Rafael L. Orozco.
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Hydrothermal hydrolysis of starch with CO, and detoxification of the
hydrolysates with activated carbon for bio-hydrogen fermentation.

R.L. Orozco?, M.D. Redwood?, G.A. Leeke?, A. Bahari?, R.C.D. Santos2 and L.E. Macaskiel.

1 Unit of Functional Bionanomaterials, School of Biosciences, University of Birmingham,
Edgbaston, Birmingham B15 2TT, UK.

2 School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15
2TT, UK.

Abstract

The imminent use of hydrogen as an energy vector establishes the need for sustainable
production technologies based on renewable resources. Starch is an abundant renewable
resource suitable for bio-hydrogen generation. It was hypothesised that starch hydrolysates
from a large (250 mL) hydrothermal reactor could support bioH, fermentation without
inhibition by toxic byproducts.

Starch was hydrolysed at high concentrations (40-200 g.L™) in hot compressed water (HCW)
with CO, at 30 bar in a 250 mL reactor, the largest so far for polysaccharide hydrolysis, at
180-235 °C, 15 min. Hydrolysates were detoxified with activated carbon (AC) and tested in
biohydrogen fermentations. The maximum vyield of glucose was 548 g.kg starch™ carbon at
200 °C. 5-hydroxymethyl furfural, the main fermentation inhibitor, was removed by AC to
support 70% more hydrogen production than the untreated hydrolysates. The potential
utilization of starch hydrolysates from HCW treatment for upscaled fermentations is

promising.

Keywords:
Hot Compressed Water, Hydrothermal hydrolysis, Detoxification, Biohydrogen,
Starch.

1. Introduction

The depletion of fossil fuel sources along with the greenhouse effect caused by
increasing atmospheric CO is driving the need for new clean energy alternatives to substitute
for petroleum and meet increasing energy demand.
Hydrogen is an environmentally benign energy carrier that can be effectively utilized for
power generation and it will play an important role in future energy technologies [1,2]. .
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H, is a valuable commaodity, its main uses being in the chemical industry, petroleum
refining, ammonia production and as rocket fuel with a total world annual consumption of
more than 50 million tonnes, with a market value of $120 billion in 2010 and 15% annual
growth [2-4]. The potential use of H, as a major power source for stationary applications and
for the transportation industry will considerably increase its demand [1].

Currently, strong investment in infrastructure consisting of the production, storage,
transportation and the strategic deployment of H, refuelling station networks is taking place
in countries like Japan, Germany, USA, China, U.K. and Canada among others. [5,6].

The majority of the world’s supply of H, comes from fossil fuels which is not sustainable. In
light of this scenario new production technologies not based on fossil fuel to generate H, are
required.

Biological H;, production by the fermentation of agricultural products, by-products
and organic wastes (biomass) is a sustainable low-carbon technology for H, production. This
technology is based on the capabilities of various microorganisms to evolve H, from
sustainable organic materials.

Biomass is an abundant renewable resource capable of supporting the future H, economy
[2,4,7]. In recent studies made by the Biomass R&D Technical Advisory Committee (BTAC)
of the US Department of Energy and Agriculture [8] it is reported that biomass now exceeds
hydropower as the largest potential domestic source of renewable energy. It currently
provides over 3% of the total energy consumption in the United States where the total annual
consumption of biomass feedstock for bioenergy and bioproducts together currently
approaches 190 million dry tons. This study also found that the combined forest and
agriculture land resources (1.3 billion tonnes) have the potential to supply sustainably more
than 30% of the US current petroleum consumption for fuels and chemicals.

Starch, a main constituent of biomass, is one of the most abundant renewable organic
compounds on Earth, being present in a wide variety of agricultural and staple food wastes
such as potatoes, corn, rice, wheat and pasta. Starch comprises 1,4-a-linked glucosyl units in
the form of linear, water insoluble amylose (20-25%) and 1,6-a-linked branched, water
soluble amylopectin (75-80%).

Strict anaerobes like the clostridia and thermatogales can utilise starch directly. However, the
demand on the cells to perform enzymatic hydrolysis limits the rate of H, production. By
analysing the data of four reviews [9-12] and excluding duplicates, it was determined that
fermentations using simple sugars produced H, with 3-fold higher specific rates (mmol H; [g
DW.h]™) than fermentations using complex sugars. The analysis included 19 reports using
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complex sugars (starch and cellulose) and 27 reports using simple sugars (glucose, sucrose)
with mean values of 4.8 and 14.6 mmol H, [g DW.h]™, respectively (t-test, P value: 0.030).
Hence, for complex polysaccharides (i.e. sustainable starch resources) to support bio-H;
production, a pre-fermentation hydrolysis may be advantageous over an in-fermentation
hydrolysis.

Hydrolysis can be achieved by several methods including chemical hydrolysis,
enzymatic hydrolysis and hydrothermal hydrolysis. Enzymatic hydrolysis of starch is
currently the preferred method in industrial use with high hydrolysis yields and mild
conditions, although it incurs the costs of enzyme production. Thermostable a-amylases are
highly attractive with high optimal temperatures (60-100 °C) and associated high reactivity
[13] but this temperature range (and hence the potential reactivity) is well below that of
hydrothermal hydrolysis (see below) while the a-limit dextrin of amylopectin is inaccessible
without the concerted action of a debranching enzyme. Chemical hydrolysis leads to
environmental and equipment corrosion problems as well as the costs associated with
concentrated acids and post-hydrolysis neutralisation [14,15]. In contrast, hydrothermal
hydrolysis is an environmentally benign method that, recently, has been the object of
extensive research since the process only requires water and heat [16,17], which could be
obtained internally in a waste-to-hydrogen process or externally from other renewable
resources.

Hydrothermal hydrolysis using hot compressed water (HCW) is considered an
alternative option to thermophilic enzymatic hydrolysis. At high temperatures (180-240 °C)
the starch granules swell and burst, the semi-crystalline structure is lost and hydrolysis
proceeds. Under these conditions, water possesses very interesting and unique properties
which make it a powerful solvent suitable for the solvolysis of complex polysaccharides [18].
It has been demonstrated that at least 93% of starch is converted to soluble products at
temperatures ranging from 180 to 220 °C under various conditions [17,19]

However, at temperatures above 200 °C the degradation of sugars to other
compounds, mainly 5-hydroxymethylfurfural (5-HMF) and furfural, is unavoidable. These
compounds, when present in the hydrolysate, are potent inhibitors of growth and fermentation
and, therefore, should be removed [20]. Activated carbon (AC) has been tested as an effective
approach for this purpose [21-23]. This is also attractive since AC can be derived from

biomass char, a low value by product of the thermochemical conversion of biomass by

pyrolysis.
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Starch may be contained in various biomasses and the conditions of hydrolysis require
optimisation specific to each biomass (depending mainly on its composition) to maximise
sugar yields at the lowest possible temperature, to minimise heating cost and sugar
decomposition.

This study investigated hydrolysis in HCW in the presence of CO,. The addition of
CO; into HCW hydrolysis was shown to enhance the yield of sugars from starch [24] and to
reduce the concentrations of organic acids (fermentation inhibitors) in lignocellulose
hydrolysates [25]. This effect was attributed to the action of CO, as an acid catalyst [26]
unlike traditional acids CO, is extremely benign as it can be largely neutralised by the release
of reactor pressure [25].

Table 1 summarises the five previous studies on starch hydrolysis in HCW, with and
without CO,, showing that previous reactors had very small volumes (3-80 ml). This small
volume enabled the precise control of reaction conditions with rapid heating and cooling
through bath techniques, which would not be efficient at large scale because of limited heat
transfer.

Rapid heating and cooling is advantageous as it minimises the degradation of
monosaccharides and associated formation of degradation products (furans, phenolics and
organic acids). Sugar degradation occurs rapidly at temperatures above 100 °C particularly in
the presence of acids or amines [29], whereas starch hydrolysis occurs above 200 °C [19].
Therefore, cooling time should be minimised because very little starch hydrolysis occurs in
this phase, whereas the degradation of formed sugars continues.

The practicality of rapid heating and cooling decreases with increasing reactor size
and the reactors required for practical application will be much larger than those studied to
date (Table 1). Therefore, the fermentability of hydrolysates is a direct consequence of
reactor size. For practical application, the technique must be scaled up and the consequences
for practical process control require assessment. This study investigates the byproduct
formation and fermentability of starch hydrolysates using a larger HCW/CO, reactor than any
reported previously (250 ml) and unlike previous studies the results can be extrapolated to
practical scale because of the non-bath type heating mechanism employed.

To evaluate the effectiveness of starch hydrolysis in HCW/CO, the fermentability of
starch hydrolysates produced under a range of conditions, was assessed by the anaerobic
fermentation of E.coli HD701 (an MC4100 derivative derepressed for formate

hydrogenlyase) [30] as a convenient model organism to indicate fermentability.
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The objective of this study was to test the effectiveness and viability of fermentable
hydrolysate production from starch using hydrolysis in HCW/CO,, Starch functions as a
model system prior to extension of the approach to enable the effective use of lignocellulosic
biomass as fermentation precursors. The hydrolysis of starch in HCW/CO, was examined at
concentrations between 40-200 g.L™ in a 250 mL batch reactor which, as far as the authors
are aware, is the largest reactor of this type reported for starch hydrolysis representing an
important step towards scale-up of this technology. We also describe the consequences of
scale-up for the practical control of reaction conditions, report the effects on product
distribution and evaluate the product for its suitability as an E. coli fermentation substrate.

2. Materials and Methods
2.1. Materials.

All chemicals were analytical grade from (Sigma-Aldrich) and were used without
purification. The activated carbon (AC) was colorsorb 5 steam activated powder from
JACOBI (micropore, 0.19 cm3.g'1; mesopore, 0.37 cm3.g'1; macropore. 1.68 cm3.g'1; total
surface area: 900 m%.g™). E. coli HD701 was provided kindly by Prof. F. Sargent (University
of Dundee).

2.2. Use of hot compressed water (HCW) for starch hydrolysis

The batch reactor system for starch hydrolysis is shown in Figure 1, comprising a
250 mL reactor (Parr series 4570/80 HP/HT) made of alloy C-276 and equipped with a
heat/agitation controller (model 4836) and a cooling system (Grant LTD6/20). Temperature
and pressure were measured from inside the reactor to within 1 bar and 0.1 K.

For hydrolysis, starch (5 g from potato powder) was suspended in de-ionized water to
a final reactant volume of 125 mL (40 g.L™") or as otherwise stated and charged into the
reactor for hydrolysis. This left a head space of about 120 mL. The reactor was sealed and
purged with CO, (3 min) with agitation (850 rpm) before pressurising to 30 bar with CO, and
heating to the set-point temperature. The reaction parameters are shown in Table 2. Reaction
conditions were held for 15 min before cooling down to 100 °C by circulating water at 4 °C
through the reactor internal cooling loop (ID 0.8 cm) at a flow rate of 900 cm®.min™. Next,
the reactor was removed from the heating surround and quenched in an ice-water bath. The
reactor was depressurized and the products were recovered by washing out with 20-40 mL of
de-ionized water. The hydrolysate was separated from solid residue by vacuum filtration
through two layers of filter paper (Fisherbrand QL100); hydrolysates and samples were kept

at -20 °C for analysis. The residue was dried at 60 °C and weighed. It is important to note that

122



Rafael L Orozco, PhD thesis

after cooling some precipitate formed in some of the hydrolysates, this precipitate was
removed by filtration and was not quantified.

Hydrolysate samples were analysed for organic acids (OA) by anion HPLC using a
Dionex 600-series system [31] and sugars and 5-HMF by HPLC (Agilent 1100 series)
equipped with on-line degasser, quaternary pump, auto-sampler and R1 detector (1200 series).
The column was a Resex-RCM (Phenomenex) equipped with a security column guard with
the same stationary phase as the column. Sample injection was 20 pL; mobile phase: HPLC
H,O (Sigma); flow rate: 0.5 mL.min™"; 40 min experiment time. Column temperature was
75 °C. RI detector was at 40 °C. The total organic carbon (TOC) of hydrolysates was
measured using a TOC analyser (Model TOC 5050A, Shimadzu Co., Japan).

Detoxification

The hydrolysate was treated with 5% (w.v ag.™) AC powder (except where otherwise
stated) at 60 °C for 1 h with agitation at 180 rpm as described by Hodge et al. (2009) [21].
The treated hydrolysates were vacuum-filtered through filter paper (Fisherbrand QL100).
Hydrolysates and samples were kept at -20 °C for tests and analysis.

2.4 Fermentation

The effectiveness of the AC treatment and the efficacy of the hydrolysates as
fermentation feedstocks was evaluated. Small fermentation tests were performed using 60 mL
glass serum bottles leaving 75% of volume for gas space and 25% for culture media (15 mL).
The bottles were sealed (10 mm butyl rubber stoppers). The initial pH was standardised to
pH 6.5 (£ 0.1) with NaOH/H,SO,; additions for pH adjustment were negligible.

Stocks of E. coli HD701 were maintained at -80 °C in 75% (w.v ag.™ glycerol), and revived
by plating on nutrient agar (Oxoid) and incubating overnight (30 °C). Colonies were picked
from the plates into 5 mL vials of nutrient broth solution (Fluka) with added sodium formate
(0.5% w.v aq.") pH 7 (NBF8) and incubated for 6 h at 30°C, 180 rpm for pre-culture.
Cultures (inocula 10 pL of sample equivalent to 0.001% inoculum) were grown in 2 L sterile
Erlenmeyer flasks containing 1 L of the same medium; flasks were incubated at 30°C, 180
rpm, 16 h. Cell pellets were obtained by centrifugation (Beckman J2-21M/E centrifuge at
7500 rpm, 10 min, 20 °C), washed twice in 200 mL phosphate buffered saline (PBS: 1.43 g
Na,HPO,, 0.2 g KH,PO,4 0.8 g NaCl, 0.2 g KCI.L™, pH 7.0) and then re-suspended in 25 mL
of PBS with their concentration measured using a UV/visible spectrophotometer Ultrospec
3300 pro. The cells’ concentration was estimated by optical density using a previously-

determined conversion factor; ODggo 1 = 0.482 g dry weight.L™.
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Reaction bottles for fermentation tests contained 10 mL of sterile medium consisting
of Bis-Tris buffer (0.1 M) and Na,SO, (0.0435 M; pH 6.5) and 5 mL of hydrolysate (filter
sterilized) or glucose control (60 mM). Bottles were sealed using butyl rubber stoppers and
made anaerobic by purging with N, for at least 30 min. 0.5-1 mL of the cell suspension was
added to give a final cell concentration of 1 g dry weight.L™, before purging for a further
3-5 min.

Reaction bottles were incubated at 30 °C (180 rpm for 20 h). The identity of H, as the
sole combustible gas present was confirmed using a ThermoQuest gas chromatograph
(TraceGC2000) with a Shimadzu shincarbon-ST column and thermal conductivity detector.
Routine measurement of H, concentration was performed using a combustible gas meter
(Gasurveyor2, GMI), intermittently cross-validated by GC. Averages of 3 samples were
converted using a linear calibration (R? > 0.99). The measured concentration of H, (y) was
used to determine the volume of H, produced (x), using equation 1.
y=x/(ax+h)..x=hy/(1-ay) (equation 1)

Where:

y, [H2] in headspace (v.v™);

X, Hy produced (mL);

h , headspace volume (mL)

a, the ratio of total gas produced to H, produced.

a was close to 2 in these tests as confirmed by GC. This is as expected from the known
pathways of mixed acid fermentation in which H, and CO, arise exclusively from the
cleavage of formate : HCOOH - H;, + CO, [32]. Therefore H,:CO, is initially 50:50; a=2.
Two factors may influence a to be slightly different from 2. H, is oxidised by uptake
hydrogenases but their influence is slight as shown by H, production tests of uptake
hydrogenase-negative mutants [7] under conditions analogous to this study. There may also
be a slight loss of CO; as part of the minor succinate formation pathway.

The variable addition of cell concentrate used in independent experiments and its minor
effect on headspace volume was accounted for.

3. Results and Discussion

3.1. Hot Compressed Water (HCW) hydrolysis

Experiments were repeated twice and average values are reported. The worse case
error was within 10%. Table 2 shows that the pH of the post-reaction solution (pHys)

decreased from the initial value of 7.0 (£ 0.2) in most cases. The slight increase in pressure
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after the reactions may be an indication that some gasification of the products occurred
(Table 2). Conversions of starch into hydrolysis products (X;) were close to 100% in all
cases, with a modest decrease with increasing temperature to a minimum value of 90% at
235 °C. Gas and residue were not analysed.

The incorporation of CO, in the HCW reactions enhances the vyield of
monosaccharides [24]. Each type of polysaccharide requires different optimal reaction
conditions. Miyazawa reported a 14-fold increase in the glucose yield when solid CO, was
included at a level of 9 g COy).g starch™ for starch hydrolysis at 200 °C and 15 min [24]. In
order to better simulate the functioning of a large scale system, the present apparatus used
gaseous CO, and a maximum input of 1.4 g CO).9 starch™. In experiments carried out with
cellulose (Orozco RL; unpublished) it was found that the addition of CO, at this level
enhanced the yield of glucose ~1.5-fold compared to a N, control at 250 °C for 15 min
(optimal parameters for hydrolysis of cellulose) and this level of CO, incorporation was
adopted in the current study.

The heating and cooling rates have a strong influence on decomposition and product
distribution. Larger reactors, such as the one used in this work, cannot achieve instant
temperature changes. It is important, therefore, to study the product distribution under
different conditions and realistic profiles of heating and cooling. Other studies on the
hydrothermal degradation of polysaccharides (Table 1) used small batch reactors (total
volume ~ 3.3-3.6 mL) heated rapidly from room temperature up to 200 °C by immersion in a
molten salt bath maintained at constant temperature giving a heat-up period of about 2 min
included in the reaction time for reaction completion. The reactor was quenched in cold water
[19,27,33,34].

The heating and cooling profiles of the HCW system in this study are shown in
Figure 2 with different set maximum temperatures; note that the reaction times including the
heat-up (from 50 °C) and cool-down (to 50 °C) periods are within the range of 37-60 min,
with corresponding average heating and cooling rates between 7-9 °C. min™. A hold time of
15 min at the set-point temperature was selected based on previous studies made on HCW
hydrolysis of starch [17,24] and parallel studies here on cellulose using the same reactor
system (Orozco RL; unpublished).

Figure 3 shows the product yield distribution with temperature after hydrolysis but
before AC treatment. Glucose was the main product identified by HPLC in the hydrolysate
followed by 5-HMF. Maltose and lower concentrations of fructose, mannose, galactose were
observed. The vyield of glucose increased with temperature, reaching its highest value
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(0.548 [g C. (g C in starting starch)™]) at 200 °C and then decreased, reaching minimal levels
at 235 °C. The other sugars exhibited similar behaviour but 5-HMF the main inhibitory
product, which results from the thermal degradation of sugars, reached its maximum vyield
(~0.3[g C. (g C in starting starch)™] 30% carbon basis) at 220 °C.

Hydrolysates produced at 180 °C contained almost no sugars or 5-HMF but nevertheless had
a TOC value similar to the maximum obtained, due to the presence of dextrins from partial
starch hydrolysis, which was confirmed by Agilent HPLC (see Materials and Methods) with
reference to a maltodextrins from potato starch standard (Sigma-Aldrich 419699; dextrose
equivalent: 16.5-19.5). The relatively low fermentability observed for hydrolysates obtained at
180 °C (Figure 5) suggests that the majority of these short-chain polysaccharides were in
branched forms, which (unlike linear maltodextrins) cannot be utilised by E. coli as it lacks a
debranching enzyme [35].

The maximum sugar yield obtained (at 40 g starch.L™, 200 °C) was very similar to
yields reported previously using smaller reactors (Table 1). Therefore, the level of CO, used
in the present work was effective in promoting hydrolysis but may have also enhanced the
formation of 5-HMF as reported in previous studies [24-26]. Based on these results, HCW
hydrolysis of starch at concentrations of 120 and 200 g.L™ were performed at an optimal
temperature of 200 °C.

In addition to sugars, 5-HMF and minor products, organic acids (OA), which are
decomposition products of glucose and fructose, were found in the hydrolysate in very small
concentrations at starch concentration of 40 g.L™ and 200 °C. Butyric acid and acetic acid
were the main OA produced (Table 3). OA vyields at higher concentrations of starch were
negligible which indicates insignificant degradation of 5-HMF and furfural at 200 °C.

The removal of toxic hydrolysis products by the treatment of hydrolysates with AC
proved to be very effective. The concentrations of all sugars were relatively unaffected by
AC treatment whereas significant removal of 5-HMF (Figure 4) and OA (Table 3) was
observed.

It is noteworthy that the yield of hydrolysis products in HCW can be affected by
leaching of the reactor material or nickel alloy [36,37] however these were not evaluated.
TOC analysis before and after AC treatment (Table 4) indicated high extents of C removal, of
which up to 85% was through the elimination of 5-HMF. This confirms that the pore
structure of the AC used in this work was appropriate [12]. The 5S-HMF retention capacity of
the AC was in the range 0.033-0.096 g5-HMF.[g AC]'. For comparison,
0.06-0.12 g [g AC]" was reported previously [21]. Furfural, was found in preliminary work,
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to be at least 10-fold lower in concentration than 5-HMF, was removed by AC treatment and
was not considered further.
3.2 Fermentation of starch hydrolysates and biohydrogen production

Figure 5 shows H, production and yields in fermentability tests using AC-treated and
untreated hydrolysates from the HCW/CO, hydrolysis of starch (40 g.L™Y). AC treated
hydrolysates showed higher H, production than their untreated counterparts which
demonstrated the effectiveness of the AC treatment in the removal of inhibitors for E. coli
HD701. Hydrolysates made at (180, 220 or 235 °C; AC treated) contained 1.5, 53 and 6 mM
glucose respectively (diluted 1/3 in fermentability tests to 0.5, 17.7 and 2 mM; initial glucose
concentration) and glucose was completely consumed in the cases where H, was produced
(Figure 5). Hence, H, production was limited by both substrate availability and by the
influence of degradation products (DPs).

However, the hydrolysate made at 200 °C (AC treated), contained 106 mM glucose
(35.3 mM in fermentability test; an excess of 15.3 mM compared to glucose control), leaving
residual unused glucose after H, production. The initial substrate concentration is not critical
in E. coli fermentations but due to the limited buffering capacity of the test medium, pH
limitation occurred when the initial glucose was in excess of ~ 20 mM. This arose using
hydrolysates made using higher starch loadings during hydrolysis (Table 5) and, in these
cases, H, production was affected only by DPs.

The removal of 5-HMF was complete when starch was hydrolysed at a concentration
of 40g.L™ but at 120g.L™ and 200g.L", 52mM and 159 mM 5-HMF persisted,
respectively. As shown in Table 5, the hydrolysate glucose concentration increased with the
initial starch loading but the H, yield decreased, suggesting inhibition by residual DPs. The
hydrolysates were, therefore, diluted with deionised water to provide 20 mM glucose, leaving
0.33 mM 5-HMF and 0.6 mM 5-HMF, respectively. H, yields from diluted hydrolysates were
indistinguishable from the glucose control and unrelated to the initial starch loading.
Therefore, dilution minimised the impact of persistent inhibitory DPs in these hydrolysates
and further AC treatment would be required at scale.

The maximum theoretical H, yield in E. coli is 2 mol H,.mol hexose™ [31]. Therefore,
the observed yields represent about 19% (including the glucose control). The fermentability
tests used here provided a rapid, high throughput screening of hydrolysates for the
investigation of hydrolysis conditions, but provided sub-optimal fermentation conditions
(inconstant pH, end product accumulation, fixed volume, poor mixing), to which the low

conversions are attributed. The conversion of glucose to H, by E. coli in sophisticated
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fermentation systems is well described and yields of close to 100% have been independently
reported [38, 39] and also observed by the authors [40,41].

A detailed evaluation of the energy demand of HCW hydrolysis, within a waste-to-
hydrogen process, indicated that the energy requirement of HCW would be ~10-20% of the
electrical energy recoverable from bio-H, production (Redwood, Orozco and Macaskie,
unpublished); this will be reported in full with reference to real wastes in a subsequent

publication.

5. Conclusions

Hot compressed water (HCW) with CO, is an effective and potentially scalable
method for starch hydrolysis. Detoxified hydrolysates from a 250 ml scale system here
utilising scalable components (electric furnace and gaseous CO;) were equal in fermentability
to pure glucose for E. coli HD701. Therefore, a production scale HCW/CO, system of similar
design could be expected to support E. coli fermentations as a sustainable alternative to
refined glucose.

The relatively large reactor used here (see Table 1) showed similar yields to smaller
systems indicating that hydrolysis in HCW/CO, have the potential for large scale practical
application. The optimum temperature for starch hydrolysis in HCW/CO, was 200 °C.
Glucose was the main product with a yield of 548 g.kg™ starch which is very similar to the
previous reports (Table 1). This shows that the relatively low CO, levels employed here using
methods applicable at scale were sufficient and not limiting to starch hydrolysis. The
generation of 5-HMF, however, was about 4-fold higher than in the previous reports, possibly
due to the presence of CO, and the longer heating and cooling times associated with larger
reaction volumes. AC treatment was effective in the selective removal of 5-HMF with an
adsorption capacity in the range of 33-96 [mg5-HMF (g AC)™]. Under the selected
conditions up to 86% of the carbon removed from the hydrolysate by AC was attributable to
5-HMF loss and typically furfural (representing up to 10%) was largely removed. As a
consequence, fermentations of the treated hydrolysates produced more than 70% more H,
than untreated controls at optimum HCW conditions. At temperatures above 200 °C,
noteworthy H, production occurred only with AC treated hydrolysates (Figure 5) but further
detoxification was required for hydrolysates after hydrolysis with more than 40 g.L™ starch
(Table 5).

The fermentability of hydrolysates (obtained at 40 g.L™ starch, 200 °C) was the same
as glucose controls. At higher initial starch concentrations it was possible to produce
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hydrolysates with glucose concentration of up to 536 mM but additional detoxification was
required to produce H at the same level as pure glucose. This demonstrates that E. coli could
adapt well to lower concentrations of other inhibitors and that dilutions improved the
fermentability of the hydrolysate. This finding has a significant impact for reactor system
utilisation efficiency and productivity. Future work will aim to further up-scale HCW while

retaining optimum bio-conversion of starch to H..
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Figure 2. a) Reaction heating and cooling pathways; b) Pressure pathways at corresponding
temperatures: (=) 180 °C, (=Z¥=) 200 °C, (=O=) 220 °C and (=-+=) 235 °C. 1 bar =
100 kPa. Reactions were performed in sequence from the lowest to the highest temperature.
As a result, the temperature of the electric heating jacket was lower in the first reaction
(180 °C) compared to the following reactions, resulting in ~5 min delay to reach 40 °C for
the first reaction. Above 40 °C, the heating rate was consistent among experiments.
Therefore, this delay was not considered to impact on the final products.
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Figure 4. Product yield of main sugars in hydrolysates before (solid lines) and after (dashed
lines) AC treatment. VValues reported are mean of 2 experiments, variation was within 10%.
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variation was within 11%.
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Table 1. Previous studies on starch hydrolysis in hot compressed water with carbon dioxide

CO, Heating method

Yield (% C to sugar) Source

(HCWICOy)

Reactor volume (type)

3.3 ml (batch) No
3.6 ml (batch) Yes
33.28 ml (batch) No
80 ml (batch) Yes
Pipe, 3 mm ID (continuous) Yes
250 ml (batch) Yes

Molten salt bath
Molten salt bath
Molten salt bath
Sand bath

Water bath

Electrical furnace.

~63 %
~53 %
~43.8 %
NA

NA

~55 %

[17]
[24]
[27]
[25]
[28]
This study

Table 2. Reaction parameters for hydrolysis of starch at various concentrations

Initial starch Temp Py pHs Xh Glucose yield
g C (g C in starting starch)’
concentration (°C)  (bar) % !
180 34 37 99.9 0.002
40 glL 200 32 32 99.8 0.548
220 33 28 97.8 0.287
235 31 3.0 90.4 0.027
120 g/L 200 32 28 99.3 0.608
200 g/L 200 33 28 99.3 0.628

Initial pH was 7.0 (x 0.2) and initial pressure was 30 (+ 1) bar for all experiments. P¢: final
pressure; pHg final pH; Xp: Starch conversion into soluble hydrolysis products. X, was
calculated according to: Xy = (S — R)/S where S = Initial starch (g); R = Residue after the

reaction (Q).

Table 3. Yield of organic acids from starch hydrolysis

[Starch] 40g.L"

Organic acid BAC AAC
Lactic 0.0013 0.0006
Acetic 0.0041 0.0021
Formic 0.0019 0.0007
Butyric 0.0063 0.0014

Organic acid (OA) yields in [g C. (g C in starting starch) ] in starch hydrolysates obtained at
40 g starch.L™ at 200 °C before (BAC) and after (AAC) activated carbon (AC) treatment (5%
w.v ag. ™). OA yields at starch concentrations of 120 and 200 g.L™* were negligible
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Table 4. Removal of 5-HMF from hydrolysates by activated carbon.

Starchin Maximum AC Before AC  After AC 5-HMF removed

hydrolysis Temp loading TOC 5-HMF TOC 5-HMF % of
g.L? °C gL gL'mM gL'mM  g(gAC)* removed C
40 180 50 89 0.0 3.2 00 0.000 0.0
200 50 11.1 13.0 76 0.0 0.033 26.8
220 50 7.7 405 46 4.0 0.092 84.7
235 50 41 281 12 1.2 0.068 68.1
235 100 41 281 05 0.0 0.035 56.8
120 200 50 34 423 30.9 5.2 0.093 86.1
200 200 75 5 73.0 434 159 0.096 354

Before AC, TOC values represent the carbon that remained soluble in the hydrolysate, which
included 5-HMF; after AC, 5-HMF and other organic compounds such as organic acids and sugars
(less than 5 %) were removed affecting the TOC content. The last two columns show the mass of
5-HMF removed mass of AC used in the treatment and as a % of the removed carbon from the
hydrolysate.

Table 5. Effective HCW hydrolysis conditions, glucose yields and H, production.

Undiluted hydrolysates Diluted hydrolysates
Starchin  Glucose in Yield Glucose in Yield
hydrolysis  fermentability  (mol Hy/mol fermentability (mol H,/mol
(9L test (MM) glucose test (MM) glucose
Start End consumed) Start End  consumed)
40 350 124 0.29 20 0 0.35
120 104.0 86.0 0.17 20 0 0.37
200 179.0 1599 0.14 20 0 0.38
Glucose control® 20 0 0.35

Conditions producing glucose concentrations > 60 mM after hydrolysis at 200 °C are shown. Other
sugars were minor after treatment at 200 °C. Glucose concentrations in detoxified hydrolysates were
3-fold higher than initial glucose concentrations in fermentabilty tests (Start) as 5 mL hydrolysate
was added to 10 mL medium. Fermentability tests were done in triplicate and yields varied within

+ 4% (means are shown).
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V1.3 Hydrogen from cellulose

This section is divided into two parts:
» Section V1.3.1 in form of a paper showing the effect of N, and CO, on cellulose
hydrolysis and,
» Section V1.3.2 in a traditional part-chapter comparing two sets of experiments on
cellulose hydrolysis under CO, and explaining the possible reasons why the results
differ.

V1.3.1 Paper on HCW hydrolysis of cellulose

“Bio-hydrogen production by E. coli HD701 following hot compressed water hydrolysis of cellulose
under N, and CO,.”

Journal: Journal of Chemical Technology and Biotechnology, awaiting submission.

This paper was written by Rafael L. Orozco. All experiments and analysis were performed by Rafael

L. Orozco.
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Bio-hydrogen production by E. coli HD701 following hot compressed water hydrolysis of cellulose
under N, and CO..

Rafael L. Orozco,® Mark D. Redwood,? Gary A. Leeke,” Artur Majewski,b Regina C.D. Santos” and
Lynne E. Macaskie®.

® Unit of Functional Bionanomaterials, School of Biosciences, University of Birmingham,
Edgbaston, Birmingham B15 2TT, UK.

® School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT,
UK.

Abstract

Hydrogen provides a feasible alternative to fossil fuels as an energy vector for stationary and
mobile applications. H, can be produced sustainably from cellulose, an abundant and renewable
resource. However the hydrolysis of cellulose is a prerequisite for rapid microbial conversion to
biohydrogen at mesophilic temperatures. Cellulose hydrolysis in hot compressed water (HCW) was
enhanced by ~26 % by the addition of CO, at temperatures ranging from 220-260 °C and
comparable hydrolysis products were obtained at a 10 °C lower temperature under CO; than under
N.. Hydrolysates were detoxified with respect to 5-hydroxymethylfurfural (5-HMF) in order to
better support growth and biohydrogen production by the model organism Escherichia coli HD701
via fermentation of the glucose and fructose hydrolysis products. Pre-treatment of cellulose under
CO, offers 22 % more hydrogen production potential than that obtained under N,. Cellulose
hydrolysis in HCW under CO, produced hydrolysates that, after AC treatment, were also promising
for future integrated extractive bio-H, fermentations where the organic acids (OA) generated as a

hydrolysis by-product can be used for a second, downstream H, fermentation.

Key words: activated carbon, cellulose, detoxification, hot compressed water hydrolysis,

hydrolysate, hydrogen production
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INTRODUCTION

The depletion of fossil fuel deposits, along with the adverse effects on climate change due to
atmospheric accumulation of CO,, are key drivers in the development of new energy technologies,
with 90% of the current energy demand being met by burning fossil fuels [161].

Hydrogen is an environmentally benign energy carrier that can be effectively utilized for
power generation which will play an important role in a new era of energy technologies [2, 4].
Strategic plans, enlargement of fiscal investment in H,, expansion of H, demonstration and
deployment projects and international cooperation are actions adopted by developed countries to
promote the transition from the fossil fuel to renewable and clean energy.

Hydrogen is a valuable commodity used in the chemical industry, petroleum refining,
ammonia production and rocket fuel with an annual consumption of more than 50 million tonnes
with a market value of £120 Billion in 2010 and 6 - 15% annual growth [38, 39]. The future use of
hydrogen as a power source for stationary and mobile applications will considerably increase its
demand. It is projected that by 2020 there will be ~ 800,000 cars powered by hydrogen and
approximately 2500 fuelling stations in Germany alone [35]. Currently 96 % of the hydrogen
produced comes from fossil fuel resources (natural gas, 48 %; liquid hydrocarbons, 30 % and coal,
18 %). Hence development of new H,-production technologies not based on fossil fuel are required.

Biomass is an abundant renewable resource to support the sustainability of the future
hydrogen economy [39] but the hydrolysis of complex polysaccharides is fundamental for the
biological utilization of biomass to provide an alternative source of biofuels (bioethanol, biobutanol
or biohydrogen) via microbial metabolism. Cellulose, a major component of agri-food wastes, is a
homopolymer comprising 100 to 3000 glucose units linked by B (1,4) glucosidic bonds, with a
molecular weight within the range of 300,000 to 500,000 units depending of the length of the
cellulose chain [53]. Due to intermolecular and intramolecular hydrogen linkages through the
hydroxyl groups, cellulose molecules form crystalline structures that are insoluble in water under
normal conditions; hence enzymatic hydrolysis of native cellulose is slow although many
microorganisms have high cellulase activities [46, 53, 142].

Various approaches have been made to promote cellulose hydrolysis. The most common
approach, acid hydrolysis, can be divided in dilute acid hydrolysis and concentrated acid hydrolysis.
The former traditionally converts cellulose to glucose with yields of about 50-70 % using H,SO,4
(<3 %) at high temperature (250-300 °C) and pressure (100 bar); however further degradation of

glucose to other unwanted products such as furfurals also occurs. Other considerations regarding
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this method include environmental and corrosion problems, high operating cost for acid
consumption and high power demand and utility costs for operation at elevated temperatures [53,
135]. Concentrated H,SO, decrystallizes cellulose, forming homogeneous gelatine which is easily
hydrolysed by diluting with water at lower temperatures (120 °C). This method gives low sugar
degradation and yields in the order of 100% but with strong environmental and corrosion problems
as well as high cost associated to the high consumption of H,SO,4 and product recovery [136].

An alternative approach, enzymatic hydrolysis, is achieved via three major classes of
cellulase enzymes acting synergistically to decrystallise and then hydrolyse cellulose:
endoglucanases, which act randomly on soluble and insoluble glucose chains; exoglucanases, which
preferentially liberate glucose monomers from the end of the cellulose chain; and g-glucosidases,
which release D-glucose from cellobiose dimers and soluble cellodextrins. Recently genetically
modified organisms have been developed that produce large amounts of cellulases that digest
cellulose efficiently [53] to yields of 75 to 95%. Traditionally, the enzymatic route was limited by
the high cost but bespoke enzyme mixtures for lignocellulose breakdown (e.g. Novozyme CTec2)
are now available at sufficiently low cost to enable some commercial processes [162].

An alternative approach, hydrolysis in hot compressed water (HCW), requires no addition of
chemicals or enzymes. This uses water at temperatures ranging from 180 to 300 °C under pressure,
under which water is a powerful solvent suitable for the solvolysis of cellulose and other complex
polysaccharides (hemicelluloses, starch). Several groups have studied HCW hydrolysis and
decomposition of cellulose under different conditions, reaction mechanisms and kinetics [78, 163-
165]. Sasaki et al. [164, 166-168] investigated the hydrolysis of cellulose under critical
(T.=374.15°C; P, = 221.2 bar) and subcritical water, obtaining cellulose hydrolysis yields of 75%
at around the critical temperature, much higher than yields obtained at subcritical conditions. The
reason is that at supercritical conditions the hydrolysis rate of cellulose is higher than that of glucose
and oligomers, whereas at subcritical conditions the hydrolysis rate of glucose is higher than the
cellulose. However this poses important operational challenges for process design at tonnage scale,
e.g. high energy demands for the high heating rates needed to attain SCW conditions and low
residence time and rapid quenching to low temperatures to minimize unwanted reactions. Therefore
a more practical operational approach employing hot compressed water (HCW) treatment (below
supercritical conditions) forms the focus of this investigation.

Minowa et al. used HCW to hydrolyse cellulose in a conventional autoclave (200 to 350 °C)

at low pressure (30 bar) and short reaction times in the presence of sodium carbonate and reduced Ni
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catalyst [77, 78, 169] confirming cellulose hydrolysis to glucose and fructose followed by further
degradation to other non-sugar products. Maximum glucose yields were obtained at 260 °C.

The effect of heating rate on hydrolysis of cellulose in HCW has been investigated by
several workers.[163, 168, 169] Kamio et al. found that the concentration of glucose increased when
the heating rate was decreased from 10 to 2 °C.min™, but the products from the degradation of
glucose (glyceraldehyde, 5-hydroxymethyl furfural (5-HMF) were also favoured. These studies
formed the starting point for the current work.

The first aim of this study was to apply HCW treatment of cellulose to obtain a hydrolysate
suitable for downstream fermentation by a suitable model microorganism to produce H,. Two
different sets of HCW reactions for the production of cellulose hydrolysates were employed, one
under N and the other under CO,. The model fermentative facultative anaerobe E. coli HD701 was
derived from the parental strain E. coli MC4100 via derepression of formate hydrogenlyase in order
to upregulate H, production [125, 170]. Other studies had confirmed that facultative anaerobes
produce hydrogen from monomeric sugars hydrolysed from hemicelluloses such as mannose,
galactose and xylose [56]. While strict anaerobes like the clostridia and thermatogales have the
capacity to convert complex polysaccharides (e.g. cellulose, starch) these fermentations proceed
slowly due to the demands on the cells to perform extracellular enzymatic hydrolysis and the
crystalline nature of cellulose [134, 171, 172]. Therefore, a rapid physical hydrolysis followed by
rapid fermentation by robust facultative bacteria may offer a significant advantage, particularly since
the latter can be grown to high cell densities aerobically followed by use of ‘resting’ cells for
hydrogen production anaerobically.

Fermentability of water soluble (WS) products obtained from the decomposition of
cellulose in HCW at 330 °C and 10 s residence time in a tubular reactor was shown by Sakaki et al.
[164], with ethanol production. Under these conditions 40% of the cellulose was converted to
glucose; however the fermentation rate and yield was low compared to the control solution
(formulated glucose 5%). These authors attributed these poor results to the presence of degradation
products (DP) of glucose (eg. 5-HMF and organic acids) present in the hydrolysate [166, 167].
Some DP are potent inhibitors of growth and fermentation. Although each microorganism has
different levels of tolerance to DP [173] these should be removed to improve fermentability.
Activated carbon (AC) was found to be more effective than ionic exchange resins and overliming in
the selective removal of DP [19, 174, 175] which was confirmed in fermentability tests of HCW

hydrolysis biohydrogen production from starch [145]. The second aim of this study was to evaluate
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the potential for microbial release of H, from the cellulose hydrolysates, evaluating the addition of
an AC step to remove unwanted and toxic by-products.

The overall objective was to test the effectiveness and viability of this integrated approach
for bio-hydrogen production from cellulose and determine strategies towards the creation of optimal
process conditions anticipating further downstream conversion of organic acid (OA) end-products to
additional H, via a photobioreactor within an integrated biorefinery approach [90]. Hence, the
production of organic acids within the hydrolysate was also evaluated.

MATERIALS AND METHODS

Chemical and bacteria used in this work

Cellulose, D(-), fructose, D(+) and mannose were from Sigma. D(+) glucose (anhydrous)
was from Fisher Scientific. 5-HMF, (99%) was from Aldrich and Furfural >=98% was from FCC.
Activated carbon colorsorb 5 (steam activated) was from JACOBI. E. coli HD701 was from
laboratory stock.

Methods

Hot compressed water reaction

The hot compressed water HCW reaction used a 250cm® reactor (Parr series
4570/80 HP/HT) equipped with a heat/agitation controller (model 4836) and a cooling system
(Grant LTD®6/20) as described previously [145]. HCW hydrolysis reactions were repeated twice.

Cellulose (5 g) was suspended in de-ionised water (DW) to a final reactant volume of
125 cm?® (40 g/L), leaving a headspace of 120 cm®. The reactor was sealed and purged with N, or
CO, gases for 3 min with agitation (850 rpm) before pressurising to 30 bar with N, or CO, and
heating to set-point temperature. Reaction conditions were held for 15 min before rapid cooling to
100 °C; the reactor was removed from the heating vessel and quenched in an ice-water bath. The
reactor was depressurised and the hydrolysate was separated from the solid residue by vacuum
filtration through two layers of filter paper (Fisherbrand QL100). The residue was washed with DW,
dried at 60 °C and weighed. Total organic carbon (TOC) in hydrolysates after filtration was
measured using a TOC analyser (TOC 5050A, Shimadzu Co., Japan) with autosampler (ASI-5000A,
Shimadzu Co., Japan). ). Sugars and 5-HMF were quantified by HPLC using an Agilent 1100
system with RI detector (1200 series) and Resex-RCM (Phenomenex) column as described

previously [145]. Gases during hydrolysis were neither collected nor analysed. For estimation of
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residual polyglucose (unconverted cellulose, cellulodextrins and cellobiose) the residue was
hydrolyzed as described elsewhere [176] and the glucose units quantified by the DNSA method
[153]. Hydrolysates and samples taken were stored at -20 °C for tests and further processing. In
some cases precipitate appeared in the hydrolysates upon thawing and was removed by filtration.

Detoxification

For removal of inhibitors the hydrolysate was treated with 5% (w.v™*) AC powder (60 °C, 1 h)
with agitation at 180 rpm as described by Hodge et al. (2009) [175]. The treated hydrolysates were
vacuum filtered through a layer of filter paper (Fisherbrand QL100). Hydrolysates and samples were
kept at -20 °C before analysis and evaluation for fermentability.

Toxicity of hydrolysates towards bacterial growth

Colonies of E. coli were picked from nutrient agar plates maintained at 4 °C into 5 ml vials
of nutrient broth solution with added sodium formate (0.5% w.v*) pH 7 and incubated for 6 h at 30
°C, 180 rpm before use. The concentration of cells (ODgpo) Was measured using a UV/visible
spectrophotometer (Ultrospec 3300 pro) and the suspension was used as inoculum for fermentation
tests in minimal medium.

Minimal medium comprised: citric acid (1.05 g.L™); formic acid (0.978 mL.L™);
(NH4),HPO, (0.264 g.L™); (NH,),SO, (0.462 g.L™); NH,OH 15.325 M (2.871 mL.L™); BIS-TRIS
base (12.55 g.L™). The pH was adjusted to 6.5. After autoclaving the following additives were
added aseptically: glucose 2 M (30 mL.L™); MgSO4 1 M (2 mL.L™); thiamine 1 mg.mL™ (10 mL.L"
1) filter sterilized; trace elements solution (TE) was according to Hewitt et al. (2006) [152] (2 ml.L™).

The glucose was added to the media to ensure the presence of a sugar that is appropriate for
growth, allowing observation of variation in growth attributable to the inhibitors contained in the
samples rather than to the possibility of substrate limitation.

The inoculum (10 mL.L™) was introduced and mixed. Aliquots (90 mL) of inoculated media
were placed in 250 mL Erlenmeyer flasks previously autoclaved and mixed with 10 mL of the
hydrolysate stock (filter sterilized). Aliquots (5 mL) were taken into universal bottles and incubated
(30 °C; 180 rpm). The ODggo Was measured after 18 h.

Fermentatative biohydrogen production

To evaluate firstly, the effectiveness of the AC treatment and secondly, the viability of the
hydrolysates as potential feedstocks for larger scale fermentation, small fermentation tests using

145



Rafael L Orozco, PhD thesis

E.coli HD701 were performed and H, production calculated as described by Orozco et al. (2011)
[145].

RESULTS AND DISCUSSION

The hydrolysates produced at different temperatures had a brown colour, the intensity of
which increased from pale to dark with the hydrolysis temperature. The final pH of the hydrolysates
was between 2.6 and 3.6 falling from an initial pH of 6.3.

Thermal pathways of the experiments between 220-260 °C are illustrated in Figure 1. The
heating rate achieved was ~ 7 °C.min™ which is higher that the minimum 2 °C.min"! needed for
maximum sugar yields [163]. The total reaction times were from 50 to 90 min according to:
R =1t + 15 +t,, where R is total reaction time, t; is time to heat from 50 °C to set point (min) and t,

is time to cool from set point to100 °C (min).

Conversion of cellulose to products using HCW hydrolysis under N, and the effect of CO,

The cellulose conversion (X;) to products is shown in Figure 2 for two independent
experiments that gave similar results under N,. X. increased exponentially with respect to
temperature (Fig. 2b).

Initial tests showed that the effect of substituting N, for CO, was to increase X. largely
independently of the temperature at 230 to 250 °C. The conversion (X.) (at 250 °C) under N, was
59.2 + 12.8 (n=3) and under CO (figure 3) was 73.3 £ 8.1 (n=3) and it was concluded that, overall,
CO, promotes cellulose hydrolysis by ~ 26 % at 250 °C in accordance with similar conclusions
reported in the literature [144].

Throughout, the effect of CO, was to shift down by 10 °C the TOC and products profiles,
which were otherwise comparable in the case of N, and CO, supplemented hydrolysis (Figure 4 a).
Hence, it was concluded that although the level of CO, used in these experiments is beneficial in
terms of a lower reaction temperature for the same degree of conversion and hydrolysis there is no
overall benefit in terms of TOC in the hydrolysate, production of sugar (glucose and fructose) or in
decreased production of 5-HMF. Some product decomposition was observed above 250 °C under
CO, and 260 °C under N, (Figure 4 b). This behaviour was observed consistently in all similar
experiments with cellulose.

The maximum vyield of glucose under CO, was 0.225 [g C (g C initial cellulose)™] obtained
at 250 °C and that under N, was 0.198 [g C (g C ini. cellulose)™] at 260 °C (i.e. approx 20 % yield

of glucose). However this represents 59 and 64 % respectively less than the yields obtained at
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200 °C in similar experiments under CO, using starch as a starting material showing that hydrolysis
of cellulose is less efficient than that of starch, probably attributable to its crystalline structure.

Acetate and formate were the main organic acids (OAs) found in the hydrolysate at 250 °C
under CO, at low yields of 0.03 and 0.01 [g (g of starting material)™] respectively (Table 1) and they
were not removed significantly by treatment with activated carbon (Table 1; see below).The
production of OAs was ~ 2-fold greater under CO, than under N, (Table 1; mean data from three
temperatures). Formate arises from the degradation of 5-HMF whereas acetate is a decomposition
product from sugars (glucose, fructose); at the same time acids and aldehydes are precursors of
gaseous compounds which usually occur above 260 °C [53]. The hydrolysates obtained at 220, 230,
240 and 260 °C were not analysed for OA before AC treatment.

The results shown in Figure 4 suggest that glucose contained in the hydrolysate would be
suitable for fermentation, but the presence of toxic 5-HMF may affect significantly both microbial
growth and fermentation yields.

Formation of 5-HMF and OA during HCW hydrolysis and their removal using AC.

The concentration of sugars was unaffected by the AC treatment removing no more than 10 %
of the glucose and fructose. The residual OA after AC treatment is shown in Table 1. The
concentration of acetate and formate was largely unchanged by AC treatment and increased with
temperature reaching maximum yields in both cases at 260 °C with 0.017 and 0.008 [g (g starting
material)™] respectively under N,; 0.030 and 0.017 [g (g starting material)™] under CO, which
yielded more OAs than under N,. At 250 °C yields were 3.7 and 2.8 fold higher respectively with
COy; in addition it was observed that ~15% of both OA were removed by AC treatment in this case.

In contrast to sugars and OAs, AC produced a high degree of removal of 5-HMF as shown in
Figure 5. The highest concentration of 5-HMF occurred at 250 °C (37.3 mM) and 260 °C (35 mM)
under CO, and N, respectively, AC was able to remove more than 71 % of the 5-HMF produced
under CO, and N,. This result is consistent with HCW experiments using starch where AC also
showed preference towards 5-HMF [145].

Growth and H, production from cellulose hydrolysates with and without removal of 5-HMF
using AC.

The effect of hydrolysis degradation products on the growth of E. coli HD701 was
determined by performing a toxicity test using hydrolysates prepared at temperatures between 220
and 250 °C under CO; before and after AC treatment. Figure 6 shows that growth of E. coli was

inhibited in all untreated hydrolysates prepared at 230- 250 °C. However, from preparation
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temperatures of 220 and 230 °C both untreated and treated hydrolysates supported more E. coli
growth than the control (by 29% and 100 % respectively), suggesting that the sugar contained in the
hydrolysate at those temperatures has a synergistic effect towards E. coli growth. Using hydrolysates
obtained at 240 °C only the AC treated hydrolysate supported E. coli growth at the same level as the
control and from those obtained at 250 °C both untreated and treated samples gave less growth than
the control (74 and 33 % respectively) indicating that at this temperature the DP persist in the
hydrolysates in quantities and have a detrimental effect despite AC treatment. The conclusion from
Figure 6 is that growth was approximately doubled by the application of HCW hydrolysis of
cellulose at 230 °C under CO, with AC treatment.

Hydrogen yields obtained from fermentation before and after AC treatment are shown in
Figure 7. Before AC no H; was produced from samples prepared at temperatures above 220 °C in
the case of CO; and 230 °C with N,. However after AC all hydrolysates permitted H, production
showing that AC considerably improved their fermentability. The yields increased with the
hydrolysis reaction temperature reaching maximum values between 10-11 mL H, (g of cellulose)™
from samples prepared at 250-260 °C in both cases due to their higher glucose concentration.
However, this represents ~31 to 37 % less yields than those obtained from starch from samples
hydrolyzed under CO, at 200 °C.[145] No H, was produced from hydrolysates obtained at 270 °C
(not shown) due to high sugar degradation to 5-HMF and OA.

Based on these findings the utilisation of CO, would confer only the advantage of higher
conversions and shifting down the cellulose hydrolysis temperature by 10 °C. However, according
to Table 2, the utilisation of CO, offers 53 % more hydrogen production potential (HPP unit as
defined by Eroglu et al. 2004) [97] compared to 25 % for N, when both are compared to the glucose
control (20 mM in the fermenter) due to the richer content in sugars (Figure 4) and higher content
of OA (Table 1) in the hydrolysates. This would make the hydrolysates under CO, more suitable for
integrated extractive bio-H, fermentations where the OA are used for a second, downstream H,
fermentation [90, 100].

The maximum theoretical H, yield in E. coli is 2 mol Ho.mol hexose™ and therefore 20 mM
glucose in the control would yield a maximum of 14.4 mL. The volumes of H, produced shown in
Table 2 represent about 18 % of the expected yield from glucose. These low conversions are
attributed to sub-optimal fermentation parameters in the small tests, particularly with respect to pH,
end product accumulation and agitation. In previous work around 80 % conversion was typically

achieved from glucose using a commercial fermentation system with agitation and automatic pH
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regulation [100] and future studies will focus on the use of cellulose in this biohydrogen system with
the upstream processing reported here. However the yield was low as compared to starch hydrolysis
reported previously [145]; hence the fermentative hydrogen yield from cellulose hydrolysate and the
overall utility of this rapid method for cellulosic waste breakdown would require a detailed

comparison with (e.g.) thermophilic cellulolytic fermentation.

CONCLUSIONS

Supplementing the reaction mixture with CO, gives an increase of between 25 to 40 % in
cellulose conversion compared to N,. CO, permits a downshift in temperature by 10 °C to obtain
similar conversion to hydrolysate products than under N, however the generation of OA was 2-fold
higher with CO, which would represents an advantage in integrated extractive bio-H, fermentations.
AC treatment removed inhibitory degradation products, particularly 5-HMF, without affecting sugar
yields and improved the quality of the hydrolysates as substrates for growth and bio-H, production;
negligible H, was produced from untreated solutions. The yields of Hy, ~ 11 mL.(g of cellulose)™
were very similar in the hydrolysates prepared under CO, and N at 250 and 260 °C. Future studies
will focus on a scale up of the method to produce feedstocks from wastes for bioconversion in larger

scale fermentations and comparisons with thermophilic cellulosic waste fermentations.
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Table 1. Organic acid yields [g (g starting material)™] before and after AC treatment; ND (not done).

Acetate

Formate

Before AC After AC

Temp N, CO, N, CO,

Before AC After AC

N2 COZ N2 COZ

240 ND 0.005 0.014

Cellulose 40g.L™ 250 ND 0.031 0.007 0.026

260 ND 0.017 0.030

ND 0.004 0.008
ND 0.013 0.004 0.011

ND 0.008 0.017
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Table 2. Volumes of H, produced by E. coli during the fermentation of the hydrolysates obtained at different
reaction temperatures under CO, and N, and volumes of HPP* from glucose and OA contained in the
hydrolysates after AC treatment. HPP volumes for OA calculated from mol H,.mol OA™ which are Acetate 4;
Formate 2; Sasikala et al. (1995). [177]

HPP™ in hydrolysates fermentation test

Condition Reaction temperature H, produced  From glucose From OA  Total

(°C) (mL) (mL)

220 0.4 35
ND ND

230 11 5.7
Co, 240 1.2 104 5.7 16.1
250 15 11.7 10.3 22.0
260 1.6 10.0 12.6 22.6

220 0.3 0.7
ND ND

230 0.4 15
N, 240 0.9 2.7 2.2 5.0
250 1.6 7.8 2.9 10.6
260 1.6 10.5 7.6 18.0
Glucose 2.6 14.4 0 14.4

"Hydrogen production potential [97] assuming that HPP is proportional to H, yield and that
OAs from the hydrolysate pass to a secondary stage photobioreactor for additional hydrogen
production. [97, 100].
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Figure 1. Reaction heating and cooling pathways delivered by the reactor at different temperatures. There

was no difference between tests using CO, and N,. Set temperatures (°C) were: <, 220; O, 230; A, 240; X,
250; O, 260.
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Figure 2. a) Cellulose conversion (X;) to products with reaction temperature. Two independent experiments
under N, shown ((e), (o)) are for a starting cellulose concentration of 40 g.L™; (=) represents average X,
under Nj; (A) is the control experiment with no heat; b) Shows natural logarithm of X. under N, with
temperature.
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Figure 3. Cellulose conversion (X.) to products with reaction temperature under CO,; (®), (o) denote two

independent experiments under CO,; (==) represents average X. under CO,; (A) is the control experiment
with no heat.
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Figure 4. Total organic carbon (a) and product yield (b) in hydrolysates before AC under CO, (filled symbols) and N, (open symbols). a): (®,0),
TOC total (hydrolysate + residue); (A,A), TOC residue; (m,0), TOC hydrolysate. b): (A,A), glucose; (m,0), fructose; (®,$), 5-HMF in
hydrolysates. The TOC total does not include material lost in some samples due to precipitation, char in residue and gas composition.
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Temp. (°C) under CO,
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5-HMF concentration (mM)
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Figure 5. Concentrations (mM) of 5-HMF before (filled symbols) and after (open symbols) AC treatment for
experiments prepared under CO, (A, A) and N, (@,0) at different reaction temperatures. Results shown are
average values of two experiments with variation within + 5 %.
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Figure 6. Growth of E.coli HD701 in hydrolysates prepared under CO, at different reaction temperatures (@)
before and (O) after AC treatment. The dotted line represents the biomass yield from the glucose control
(20 mM).
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Figure 7. Hydrogen yields obtained after fermentation of the hydrolysates produced at various temperatures.
Under CO; no H, was produced before AC from samples prepared at temperatures higher than 230 °C; under N,
no H, was produced from samples prepared at above 240 °C before AC.
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V1.3.2 Comparison between HCW cellulose hydrolysis set 1 and set 2 experiments

Introduction

In the previous section the results obtained from the HCW/CO, and HCW/N, hydrolysis on
cellulose (set 1) were presented and discussed with inclusion of some data from the previous section.
Repetitions of both HCW hydrolysis experiments under the same conditions of temperature and
pressure (set 2) were made approximately 5 months after set 1. Materials, methods and analysis
were performed exactly as described in the previous section with set 1. The results obtained in set 2
were inconsistent with those found in set 1. The main differences between both sets of experiments
are shown and the possible reasons of these variations discussed in this section. In addition to set 1,
higher concentrations of cellulose in the reactor (100 and 167 g.L ™) were also hydrolysed under
HCW/CO;at 250 °C. Tests were carried out as described in section VI.3.1.

Results and discussion

Reaction parameters of both sets of experiments are shown in Table 15. After the reaction
the final pressure (Pf) remained fairly constant at lower temperatures in all cases but began to
increase at T > 250 °C indicating that gasification of products initiated at higher temperatures [144].
Under CO final pressures (Ps) were about 10 bars lower in 1% set experiments compared to 2™ set,
which can be attributed to CO, dissolution in the aqueous media to form H,COsduring set 1 [144];
this did not occur in set 2 where Pr remained the same as initial pressure (P;) for all conditions
except at 260 °C where P; was ~10 % higher than P;. Under N, Ps was similar to P; in all cases. In
both sets the final pH (pHs) decreased with temperature but pHs values were generally higher in set 2
under both conditions especially under N, this is consistent with the lower Xc in set 2 which
translates in less hydrolysis products including OA. Cellulose conversion to products (Xc) were

calculated according to Equation 5 and are shown in Table 15.

Equation 5
x 100

Where,

Xc = cellulose conversion to products (%)
C = Initial cellulose (g dw.L™)

R = Residue (g dw.L™)
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Under CO, Xc increased with temperature in both sets but Xc in set 2 were much lower
compared to set 1. Under N, Xc also increased with temperature and was very similar in both sets
except at temperatures > 250 °C where Xc became much lower in set 2. Cellulose conversions under
CO, were higher than N in both sets indicating catalytic activity of CO, during the decomposition

of cellulose to products as discussed in the previous section.

Table 15 A comparative of reaction parameters between 1% and 2" set; starting material is cellulose; initial pressure (P;)
and pH; is 30 bars and 6.3 respectively, cellulose conversion to products (Xc).

1%set 2" set
Condition E;?er::glg] Temp P:  pHs Xc P: pHs Xc
QLY (U9) (%) (%)
220 20 3.13 25.1 30 49 15.1
230 20 292 42.8 30 40 25.1
40 240 20 2.74 76.7 30 33 40.6
CO; 250 21 2.60 91.4 30 3.0 78.5
260 24 244 93.8 33 26 83.2
100 250 34 25 67.0

Not done

167 250 34 24 62.7
220 31 3.63 15.6 32 64 15.6
230 32 3.45 19.2 32 6.3 19.2
N, 40 240 32 322 36.7 31 49 34.7
250 32 2.82 77.5 33 46 455
260 33 261 90.9 33 27 83.0

Hence it is concluded that, apart from the conversion obtained at 250 °C, the advantage of
using CO; is not seen in set 2 i.e. the catalysis offered by CO, had failed.

Product distribution in the hydrolysates after AC treatment for both sets is shown in table 16.
Unexpectedly, 5-HMF was the main product identified in set 2 followed by glucose and fructose.
Optimum yields to glucose occurred at 250 °C under CO; and N; (0.057 and 0.014 [gC (gC initial
cellulose)™] respectively), this also differs from set 1 where optimum glucose yields under N, were
at 260 °C. Important variations in yields were noticed between both sets; the yield of glucose was
~ 4 fold higher in set 1 at 250 °C under CO, and ~ 20 fold higher in set 1 at 260 °C under N,. The
yields of 5-HMF were also higher in set 1. Yields of glucose and 5-HMF were ~4 and ~ 3 fold

higher respectively under CO, than with N, at 250 °C in set 2.
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Table 16 A comparative in product yield [g C (g C initial cellulose)™] between both sets of experiments. AAC (after
activated carbon); BAC (before activated carbon). AC utilized for treatment was 50 g.L™ in all cases. Last column
shows 5-HMF removed by AC in the 2" set.

Yield of products 1% set Yield of products 2™ set

Sample Temp Glucose Fructose 5-HMF Glucose  Fructose 5-HMF 5-HMF removed
(°C)  AAC AAC BAC AAC AAC AAC BAC AAC [mg(gof AC)Y]

220 0.065 0.004 0.031 0.003 0.002 0.000 0.003 0.000 1.70

230 0.105 0.007 0.070 0.004 0.005 0.003 0.023 0.000 13.02

CO; 240 0.192 0.003  0.123 0.032 0.024 0.007  0.073 0.000 41.69

250 0.216 0.008  0.166 0.048 0.057 0.008  0.158 0.008 85.27

260 0.184 0.006  0.049 0.000 0.025 0.006  0.031 0.004 15.75

220 0.013 0.000  0.000 0.000 0.000 0.000  0.000 0.000 0.00

230 0.028 0.000  0.006 0.000 0.002 0.000  0.006 0.000 3.24

N, 240 0.051 0.001  0.046 0.002 0.006 0.001  0.050 0.000 28.42

250 0.143 0.002  0.109 0.029 0.014 0.002  0.058 0.002 11.60

260 0.193 0.005 0.155 0.041 0.010 0.006  0.069 0.004 36.93

270 0.045 0.002  0.096 0.033 not done

In summary, in both the conversion and the products obtained, the results obtained in set 2
were inconsistent with the results obtained in set 1 under both CO, and N, and stronger differences
between the utilization of CO; and N, were observed in set 2. The only difference between set 1
and set 2 was that the reactor ‘had aged’ (probably via other use) in the 5 months between the two
sets.

Minowa et al., 1998 [77] studied the decomposition of cellulose in HCW with alkali or
nickel catalysts; in a more detailed analysis of his findings, the influence of these catalysts on the
cellulose degradation pathway to products is significant compared to catalyst free conditions. Under
alkali catalysts cellulose decomposition began at 180 °C and increased gradually with temperature.
Between 180-260 °C only aqueous products were obtained which quickly decomposed to gases at T >
260 °C, total conversion of cellulose was achieved at 300 °C. In the case of nickel catalyst cellulose
decomposition occurred between 260 and 320 °C, below 260 °C; almost 100 % of the cellulose
remained unreacted with no product formation. After 260 °C only aqueous products and gases were
obtained with little glucose formed. At T > 320 °C the formation of gases continued despite no
cellulose remaining. This indicates a quick transition from cellulose to aqueous products and from

aqueous products to gases.
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The reactor vessel used in this work is made of Hastelloy C-276 (a Nickel (~ 55 %)-
Molybdenum-Chromium alloy); this material, when corroded, leaches nickel to the reaction medium
thereby possibly affecting cellulose decomposition [178, 179] to many different water soluble
organic products before being finally converted to gaseous products. When the 1% set of experiments
was done the reactor was new, five to six months later the 2" set was performed, in between several
reactions involving food waste were conducted. It is thought that the salts present in the waste
attacked the wall of the reaction vessel causing corrosion [178]. This led us to conclude that it was
highly likely that the presence of nickel in the reaction medium was what caused the discrepancies
in results between set 1 and set 2; in set 2 under N, the high pH: (Table 15) along with low
conversions of cellulose to products achieved (Table 16) at lower temperatures support the argument.
Under CO, it can be postulated that a combinatory effect took place in which CO, acted as a catalyst
towards the conversion of cellulose to hydrolysis products and at the same time nickel catalysed the
conversion of these hydrolysis products to gases. This would explain the difference in Ps (Table 15)
and the yield of products between both sets and also the difference between CO, and N, reactions in
set 2.

The fermentability of the hydrolysates from set 2 after AC treatment was perfomed, as
expected H, produced was ~ 70 % lower at 250 and 260 °C compared to set 1 due to the lower sugar
content on hydrolysates from set 2.

It is important to mention that experiments in set 2 were only done once but in all of the 10
reactions performed the alteration in product distribution possibly attributable to the corrosion of the

reaction vessel, was evident.

Conclusions

Two sets of experiments involving HCW hydrolysis of cellulose at various temperatures
were performed under CO, and N,. The strong variations in results between both sets are probably
attributable to corrosion of the reactor wall material (Hastelloy C-276; ~ 55 % nickel) which was
likely to have occurred after several reactions involving food waste before set 2 experiments.

Results obtained from set 1 were more consistent with literature reports [144, 169].
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V1.4 Hydrogen from biowastes

This section is presented in form of a paper that is in preparation for journal submission. It describes
the hydrolysis of representative agricultural and kitchen wastes in HCW and the fermentability of

the products.

“Hydrothermal Bio-H, production from agricultural and kitchen wastes: impact of degradation

products on E. coli HD701 growth and H, fermentation”.

Journal: still to be selected.

This proposed paper was written by Rafael L. Orozco. All experiments and analysis were performed

by Rafael L. Orozco. The lignin determination was performed jointly with R.M.N. Roque.
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Hydrothermal Bio-H, production from agricultural and kitchen wastes: impact of degradation

products on E. coli HD701 growth and H, fermentation.

R.L. Orozco', M.D. Redwood®, G.A. Leeke?, R.M.N. Roque?, A. Majewski?, R.C.D. Santos® and
L.E. Macaskie®.

1 Unit of Functional Bionanomaterials, School of Biosciences, University of Birmingham,
Edgbaston, Birmingham B15 2TT, UK.

2 School of Chemical Engineering, University of Birmingham, Edgbaston, Birmingham B15 2TT,
UK.

Abstract

Biowastes are continuously generated worldwide in quantities of billions of tonnes per year
causing substantial environmental damage. Among these lignocellulosic and food wastes are among
the most abundant. Disposal is not only an environmental problem but an opportunity since these
materials constitute a valuable renewable resource for the sustainable production of fuels and
chemicals.
Hot compressed water (HCW) is a promising method of biowaste pretreatment, providing hydrolysis
of polysaccharides as renewable bioprocess feedstocks. But hydrolysis also produces degradation
products (DP) which can affect bacterial action. We investigated the effects of key DPs on growth
and fermentative H, production by E. coli HD701. Both stimulatory and inhibitory properties we
identified, highly specific to the culture condition.
Three important biowastes (brewery grain, food waste and wheat straw) were hydrolysed in HCW at
temperatures from 200 to 250 °C in the presence of CO, for bio-H, fermentation with E. coli HD701.
The obtained hydrolysates from each waste were evaluated for growth and bio-H, before and after
their detoxification with activated carbon (AC). Food waste was the most promising biowaste

hydrolysate and it was tested for bio-H, production in a 3 L fermentation.
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Introduction

Climate change due to increased concentration of CO; in atmosphere, rapid exhaustion of
fossil fuel reserves in association with increases in oil prices, and bio-waste disposal to landfill (and
associated costs) are key drivers for the search of new and renewable energy sources from biomass.
Policies around the world include targets of at least 20% reductions in CO, emissions by 2020 and
50% by 2050 (section 1.4 ), increases in landfill tax for waste disposal (e.g. in UK from current £56
to £72 per tonne by April 2013) [34] were established in recognition of the need to promote
environmental quality and energy security which involves the transition from the fossil fuel to the
renewable and clean energy age.

In opposition to these goals, energy demand increasing rapidly in parallel to the world
population which is estimated to grow from 6 to 9 billion by 2050 (chapter 1), the number of light-
duty vehicles expected to grow from 1 to 2.8 billion by 2050 and by the fact that highly populated
and rapidly developing nations will become more energy intensive as they expand their economies
[3, 4]. Currently, ~ 85 - 90% of energy production comes from fossil fuel resources [161] (section
1.3).

Biomass resources are abundant, renewable and varied; they include agricultural crops and
wastes, food and drink waste, sewage sludge, manure and forestry waste among others. Biomass
availability in the USA is between 512 million to 1.3 billion of dry tons per year [45] (section 11.3).
Energy and chemicals can be obtained from biomass, it has been estimated that the available
biomass in the USA has the potential to supply over 33 % of the current demand for transportation
fuels [45]. Renewable energy should account for at least 20 % of EU’s final energy consumption by
2020 [35].

As a result, technologies to convert biomass efficiently to alternative fuels and chemicals are
under development and it is estimated that the full resource potential from biomass will be available
by 2050 when large scale bioenergy and biorefinery industries are expected to be commonplace [45].

Hydrogen has been recognized as a viable alternative for energy production for stationary
and mobile applications. It has an energy content of 122 MJ.kg™® which is 2.75 fold than
hydrocarbon (HC) fuels and will reduce dependence on oil while substantially and efficiently
reducing emissions of air pollutants and greenhouse gases (CO,). Projections in oil savings could be
of 5.3 M barrels.day™ assuming a 37 % market penetration of light duty fuel cell vehicles with Hy, in
the EU according to the H, road map, by 2020 sales of 0.4 to 1.8 M of hydrogen powered vehicles
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per year are considered a realistic goal and by 2050 approximately 80 % of light-duty vehicles and
city buses will be fuelled with CO,-free H, [35, 180] (sections 1.4 and 1.5). In countries like USA,
UK, Germany, Japan, France, Italy and Sweden which are leading car manufacturers a strong H;
infrastructure is being built consisting of production, delivery, storage, conversion and end use
energy applications along with a strategic network of stationary and mobile refuelling stations
(section 1.5)

Biomass is, and will be, an important source for H, production, it has been projected that
64 M tonnes of H; per year will be needed for 300 M fuel cell vehicles and that the biomass required
to produce 20 % of this demand will be 140 — 280 M MT.y™* [181]. In the EU between 15-30 % of
H. production will come from biomass [35].

Current technologies for H, production depend on fossil sources which account for
about 95 % of the H, produced [43, 95] (section 1.3). Other technologies that are non-fossil fuel
dependent and are under active research and development utilize renewable biomass (biomass
gasification and biological hydrogen) and water (electrolysis, thermochemical splitting and solar
photovoltaics) [43, 58, 141] (chapter II).

Due to increased attention to sustainable development based on clean and renewable
energy sources and waste minimization, this study focuses our attention on biological hydrogen
(bio-H,) technologies, in particular dark and photo fermentative processes which use the capabilities
of different micro-organisms to convert sugars and organic acids (OA) derived from biomass to
hydrogen [90] (sections 11.4.211.4.3). Hence, biomass hydrolysates rich in sugars and other useful
derivatives (e.g. OA) are necessary for further conversion to produce bio-H,.

‘Biomass’ consists of 25-50% cellulose, 20 —40 % hemicellulose, 15—35 % lignin
(section 11.3). Food and lignocellulosic wastes are two of the most abundant and important sources
of biomass.

Food waste

Food waste (FW) includes food materials discarded before or during food preparation. It
includes a proportion of lignocellulosic material (peelings, husks, etc) as well as easily-degraded
materials. The largest producers of FW are domestic and commercial kitchens. FW has an important
social, economic and environmental impact especially in countries such as US and UK [25, 26]. It is
estimated that ~ 16 M tonnes of food and drink waste is generated in the UK every year [182]. In
2002, Americans threw away ~ 43.6 M tonnes of food (leftovers form residences, commercial

establishments and factory lunch rooms). Dumping food waste in landfill causes severe
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environmental damage; it is an important contributor to anthropogenic release of methane gas,
which is a greenhouse gas 25 times more potent than CO, [12], just the food and drink waste
produced in the UK is equivalent to ~ 20 M tonnes of CO, emissions which constitutes ~ 3 % of the
total UK annual GHG emissions [182]. The total “digestable” (able to be anacrobically digested)
waste generated in the UK is ~ 110 M tonnes per year, including manure and agricultural wastes.

Food waste was shown previously to be digested microbially to make H, but previous
studies did not include the recalcitrant lignocellulosic components. Furthermore other studies
involving the conversion of food waste to H, by thermophilic acidogenesis long acclimation period
(~ 3 months) of the seed sludge to the food waste was necessary to avoid methanogenesis during the
thermophilic and acidogenic operational conditions [183].

Lignocellulosic waste

Lignocellulosic materials (wood, agricultural residues, grass, etc) are amongst the most
abundant organic compounds representing a resource of hundreds of billions of tons per year [136,
142].

Agricultural residues (wheat, rice and corn straw, corn stover, grass, etc) are the biomass
materials remaining after harvesting agricultural crops. These constitute an important biomass
resource. Due to its abundance and availability, wheat straw (WS) provides an opportunity to
provide feedstock for biotechnology plants for energy production. In 2000 the availability of WS in
the EU was ~44 M tonnes.yr™* [17], an increase of up 7-fold on 2007 [182].

Spent grains (SG) are the by-products of the mashing process in brewing and, depending on
the separation process, the amount of brewers’ SG would be 85 % of the total by products [21, 22].
About 3.4 M tonnes of brewery SG are produced in the EU every year and the UK contributes with
0.5 M tonnes annually. Brazil, the 4™ largest beer producer, generated 1.7 M tonnes of SG in 2002
[23]. Brewery SG is a high volume low cost by-product valuable for bio-processing.

Bioprocessability of biowaste

Biowastes are not readily fermented by microorganisms due to their complex structure
which also makes them resistant to enzymatic attack. Main factors that affect bio-processing are the
porosity and crystallinity of lignocellulosic biomass and the lignin content; typically cellulosic
materials are combined with lignin (section 11.3). Biomass requires pretreatment for its utilization in
bioprocesses such as biofuel production.

Pretreatment methods depend on biomass composition and are generally serve to remove

lignin, hydrolyse hemicellulose, reduce cellulose crystallinity, and increase the porosity of materials;
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the final goal is to improve the generation of sugars through the effective cleavage of the p-1,4-
glucosydic linkage of the carbohydrate polymers (hydrolysis step), avoid the formation of inhibitory
products for fermentation processes and be cost effective [46, 142] (see chapter I11).

Common pre-treatment technologies for biomass include: physical (ball milling, grinding,
etc), physico-chemical (hot compressed water), chemical (acid or alkaline), biological (fungi) and
enzyme saccharification (cellulases and hemicellulases) (see chapter 111) [141].

Hot compressed water (HCW) treatment is a suitable process to treat biomass; it can be
defined as water at temperatures above 180 °C and various pressures (see chapter IlI). For
lignocellulosic biomass, for example, HCW can be used firstly, as a pre-treatment step necessary to
remove the lignin and hydrolyse the hemicellulose fraction which occurs at lower temperatures
(200 °C) than cellulose hydrolysis. The cellulose part will become more accessible to either further
HCW hydrolysis or enzymatic saccharification which will be the preferred step since it has been
shown that glucose yields can be considerably improved by this process after HCW pre-treatment
[46, 141, 142]. Many agricultural and food wastes contain starch, for those HCW treatment becomes
an excellent alternative to hydrolyse the starch portion. Starch hydrolysis reactions in HCW proceed
faster than cellulose due to the amorphous semi-crystalline structure with less hydrogen bonding and
higher yields of sugars along with 5-hydroxymethylfurfural (5-HMF), a degradation product (DP) of
sugars [145].

HCW hydrolysis of lignocellulosic materials produces hydrolysates containing not only
sugars but a wide variety of compounds formed or released that could be toxic to microbial growth
and fermentation. These can be divided in three main categories: furans, phenolics and aliphatic
acids [174, 184]. Fig. 30 illustrates the main degradation pathways of the hydrolysis of
lignocellulose. Further reactions between compounds will form different polymers that will be also
present in the hydrolysates.
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Fig. 30 Degradation pathway of lignocellulosic compounds, adapted from Palmqvist (2000) [184].

Phenolic compounds are generally found to be more toxic than aliphatics or furans [173,
185], however different lignocellulosic hydrolysates produce a varied DP profile which is also
influenced by treatment conditions (temperature, time). Some of these interact with each other
positively or negatively for biological treatment; microorganisms exhibit different tolerance
mechanisms towards DP and can tolerate them to varying degrees [174, 175]. Several authors have
tried to elucidate the steps of inhibition of individual compounds and their interaction effects, which
are important to optimize conditions during fermentation [141, 173, 174]. For example, Ezeji et al.,
2007 investigated the impact of DP from agricultural residues on Clostridium beijerinckii and
acetone-butanol-ethanol (ABE) fermentation, finding that furfural and 5-HMF in concentrations as
high as 3 g.L ™" are not inhibitory to C. beijerinckii BA101, yet a mixture of the two affected the
culture negatively. Syringaldehyde, ferulic and p-coumaric acids which are DP derived from
lignocellulosic materials however, were potent inhibitors of ABE production by this strain [19].

A detoxification step is necessary to increase the quality of the hydrolysate as fermentation
feedstock through the removal of inhibitors without the loss of fermentable sugars. For this purpose
enzymatic, physical and chemical methods can be employed. Biological methods are based on

treatments with enzymes such as peroxidase and laccase which leads to selective and virtually
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complete removal of phenolic monomers and phenolic acids; Physical methods are based on phase
equilibria separations such as liquid-liquid extractions or physical adsorption onto a solid substrate
as for example activated carbon (AC); Chemical methods such as ‘overliming’ consist on chemical
modification of the inhibitor to a less toxic or non-toxic compound [19, 141, 175]. Comparisons
between these methods, however, are difficult when different lignocellulosic hydrolysates and
different microorganisms have been used.

In this work we studied the impact of some of the lignocellulosic waste and food waste
hydrolysates inhibitors on growth and hydrogen fermentation by E. coli strain HD701. Hydrolysates
obtained from HCW + CO; treatment at 200-240 °C of wheat straw (WS), brewery grain (BG) from
a brewery and food waste (FW) from a central kitchen were detoxified with AC and evaluated for
hydrogen production using E. coli strain HD701, the best hydrolysate was selected for a larger scale
(5 L) fermentation using the same E. coli strain.

Materials and Methods

Unless otherwise stated chemicals and laboratory media components were obtained from
Sigma-Aldrich or Fisher Scientific and were of analytical grade. Activated carbon (AC)
COLORSorb G5 was provided by John Lever, Jacobi, UK. E. coli HD701 (AhycA,; upregulated for
production of Hy) derived from parental strain MC4100 was provided by Professor Frank Sargent
(University of Dundee, Dundee, UK). Wheat straw was provided by Professor Guy Barker,
University of Warwick, UK; spent brewery grain was provided by Heineken UK Ltd and food waste
was supplied by Mark Houghton, Central Kitchens, University of Birmingham, UK.

Effect of degradation products (DP) on growth

For growth and fermentation inhibition of DP, different concentrations of some aldehydes or
phenolic compounds usually found in lignocellulosic hydrolysates were introduced into Erlenmeyer
flasks containing 10.8 g.L™* (60 mM) glucose. This mixture (MX) was sterilised by autoclaving just
before use.

For combinatory tests to determine the effect of the interaction of DP on growth and H,
production, a mixture (Mix1) containing (in g.L™): 1.5 of 5-HMF, 0.9 of furfural and 3.6 of glucose;
and a mixture (Mix2) containing (in g.L™*): 0.3 Furfural, 0.6 SA, 0.6 FA, 0.3 CA, 0.6 5-HMF and 3.5

of glucose were prepared, phenol was not included.
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Colonies were picked from nutrient agar plates maintained at 4 °C into two 5 ml vials of
nutrient broth solution with added sodium formate (0.5% w.v™*) pH 7 and shaken (180 rpm) for 6 h
at 30 °C, 180 rpm before use. The contents of each vial were mixed together and the concentration
of cells (ODggp) Was measured.

The media formulation used in this test was prepared according to appendix section VI1I1.1.5.

After inoculation (1 % v.v-1) aliquots (10 mL) of the inoculated media were transferred into
sterile 50 mL Erlenmeyer flasks and mixed with 5 mL of the MX stock. Aliquots (5 mL) were
incubated in universal flasks (30 °C; 180 rpm). The OD600 was measured after 18 h.

Toxicity of hydrolysates on growth

Media formulation and inocula were prepared as described above. Hydrolysate stocks were
obtained by HCW treatment (see below). Aliquots (45 mL) of the inoculated media were poured
into 100 mL Erlenmeyer flasks previously autoclaved and mixed with 5 mL of the hydrolysate
stock (filter sterilized). Aliquots (5 mL) were taken into universal bottles and incubated (30 °C; 180
rpm). OD600 was measured after 18 h.

Effect of DP on Hydrogen production

To evaluate the impact of the DP contained in MX, Mix1, Mix2 and hydrolysates on E. coli
HD701 and hydrogen fermentation, small fermentation tests were performed using 60 ml glass
serum bottles as described in appendix V1I1.1.4. For the DP the pH was not adjusted.

Stocks of E. coli HD701 were maintained and aerobically pre-grown as described in
appendix section VI1I11.1.1. [100].

Reactors contained 10 ml of sterile medium consisting of Bis-Tris buffer (0.1 M) and
Na,SO4 (0.0435 M) (pH 6.5) and 5 ml of each mixture MX or hydrolysate (filtered sterilized) stock
solution, made anaerobic by purging with N, for at least 30 minutes. To this was added 0.5-1 ml of
the cell suspension to a final cell concentration of 1 g dry weight.L™*, before purging for a further 3-
5 min.

Reactors were incubated at 30 °C (180 rpm, 20 h). After incubation H, produced was
calculated as described by Orozco et al., 2011 [145].

Bio-waste pretreatment
Wastes (Table 17) were blended using a standard kitchen blender and except for the kitchen
food waste, they were dried at 60 °C to determine the moisture content and passed through a 420 pm

mesh (mesh 36) before samples were treated by hot compressed water (HCW).
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HCW reaction

The reaction was performed in a 250 cm® reactor (Parr series 4570/80 HP/HT) made of alloy
C-276, equipped with a heat/agitation controller (model 4836) and a cooling system (Grant
LTD6/20) as described in [145].

Concentrations of each bio-waste ranging from 30 - 40 g (dry basis).L™ were suspended in
de-ionized water (DW) to a final volume of 150 cm?® leaving a headspace in the reactor of about 100
cm®. The reactions were performed at temperatures within 200-250 °C; 15 min holding time with the
addition of CO; as described by Orozco et al. 2011 [145].

Reaction conversions (Xp) will be calculated according to the formula: [(Initial sample
concentration (ISC)-residue after the reaction)/ISC]*100; ISC and residues are expressed in g (dry
basis).L™

Detoxification

After cooling, the hydrolyzates were treated with AC powder as described in appendix
section 0 [175]. The treated hydrolyzates were vacuum filtered through a layer of filter paper
(Fisherbrand QL100). Hydrolyzates and samples were kept at -20 °C for tests and analysis.

Fermentation and H; production

Cells of E. coli were aerobically pre-growth for high density culture (EF media) in fermenter
as described in appendix section VII1.1.2. The pH control was not required during aerobic growth
for the initial 40 - 44 h, after which the transition to anaerobic fermentation was made by purging
with oxygen-free N, (30 min, 1 L.min™) and after the addition of 20 mL of 2 M glucose the pH was
allowed to fall to 6 and thereafter was maintained automatically by the addition of 2 M NaOH for
the 2" phase of hydrogen production. Once H, production had ceased and glucose was totally
consumed (verified by DNSA reducing sugars assay) (see appendix section V1I1.4.1) approximately
700 mL of the produced hydrolysate was added to the fermenter (filter sterilized) while purging with
N, to maintain anaerobiosis; after hydrolysate addition N, was stopped and a 3™ phase of H,
production that depended on the sugar content of the hydrolysate was allowed to proceed. H, and
CO, production were measured using low-flow gasmeters, as described previously [186]. Meters
were placed upstream and downstream of a ‘scrubber’ solution containing 2 M NaOH and universal
indicator, so that the CO, could be calculated by subtraction. Saturation of the scrubber solution is
revealed by a colour change. This method was shown by gas chromatography (GC) to remove CO,

to below 0.05% (v.v') from the H, stream.
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Analysis

Organic acids (OA) in hydrolysates and fermentation samples were analysed by anion HPLC
using a Dionex 600-series system [107]; sugars and 5-HMF by HPLC (Agilent 1100 series) as
described in [145]. Preliminary work showed that H, and CO, are produced in 1:1 ratio for most E.
coli fermentations (section 0). Furfural and phenolics were analysed by reverse phase HPLC using
an Agilent 1100 with a DAD-UV detector/analyser (270nm, 320nm) fitted with a Phenomenex
Synergi 4u Fusion-RP 80A, 250 x 4.6 mm column coupled with a guard cartridge.

The column temperature was set to 40°C with a flow rate of 1.0 mL.min™. The mobile phase
was water/methanol both modified with 0.1% formic acid. The HPLC method starts with 100%
water for 5min and then changes to water/methanol 50:50 for 30 min. Finally the mobile phase
returns to 100% water for 5Smin.

Cellulose was quantified as described in appendix section 0.

Lignin in WS and BG was analysed using the Klason assay as described in the appendix
section 0.

The concentration of cells for the fermentations was measured using a UV/visible
spectrophotometer (Ultrospec 3300 pro) and H, produced was measured using a combustible gas
meter (Gasurveyor2, GMI) as described in appendix section VI11.2.1.

FW and BG were analysed after drying to constant mass at 60 °C and grinding to pass
through a 420 um mesh. Starch and total sugars were estimated as described in [132] (see section
VII1.4.1).

Results and discussion

Effect on growth and fermentation by DP

Hot compressed water hydrolysis (HCW) of a food waste (FW) rich in starch and
lignocellulosic biomasses such as wheat straw (WS) and spent brewery grain (BG) was examined in
this work. These hydrolysates contain a variety of DP that may have a negative impact on growth of
the model organism E. coli HD701 and fermentation. These products include furfural, 5-HMF,
syringaldehyde (SA), p-coumaric acid (CA), ferulic acid (FA), phenol and other phenolic
compounds. A preliminary test was done involving various concentrations of these chemicals (0.75,
1.5 and 3 g.L™) that were used in the preparation of MX and their effects on growth and H,

production were investigated. Experiments were repeated twice and variations between them were
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within 7 %. It is important to note that during the preparation of MX, some of the chemicals (SA,
CA, FA and furfural) were insoluble or partially soluble in water but (at the concentrations tested)
became soluble after autoclaving. As shown in Fig. 31, all of these compounds had a negative impact
on cell growth which increased with concentration of the DP when compared to the glucose control.
SA was found to be the least toxic compound, reducing growth by 16 % when media contained 0.75
g.L? reaching maximum inhibition (66 %) at a concentration of 3 g.L. 5-HMF at 0.75g.L™
reduced growth by 43 % and by 61% at concentrations of 1.5 g.L ™" and 3 g.L™. Furfural, CA, phenol
and FA were the most toxic as they completely inhibited growth at concentrations above 1.5 g.L™
and furfural reduced growth by 77 % when present at 0.75 g.L™. Conversely, furfural and 5-HMF
were suggested to stimulate the growth of C. beijerinckii BA101 (a butanol producing strictly
anaerobic bacterium); furfural (2 g.L™) increased cell growth by 7 % compared to the maximum
achieved in the control and 5-HMF (2 g.L™") by 14 % [19].
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Fig. 31 E.coli HD701growth after 18 h vs. inhibitor concentration. () Furfural; (m) SA;( A) FA; (<)
Phenol;( [J) CA;(e) 5-HMF; (---) Control (glucose alone, no additives).

In contrast to their effects on growth, DPs had the opposite effects on E. coli anaerobic
fermentation, and were stimulatory to varying degrees. H, production was stimulated by SA

reaching a maximum at 0.75 g.L™ with a yield 37% higher than the glucose control (C) (Fig. 32).
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Fig. 32 Yields of E. coli HD701 H, fermentation at different DP concentrations. (White bars) 0.75 g.L™";
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At higher concentrations (1.5 and 3 g.L™) its effect was still stimulatory (~ 27 %), which is
interesting considering that SA was the least inhibitory DP during aerobic growth. FA, CA and
5-HMF also had stimulatory effects on H, production at concentrations of 0.75, 0.75 and 3 g.L™
with H, yields of 24, 16 and 14 % respectively, higher than the control. FA and CA began to inhibit
H. production as their concentration increased reaching a minimum yield which was 70 % less than
the control at 3 g.L™ in both cases. Furfural and phenol were completely or almost completely
inhibitory to H, production when present at 3g.L™; at lower concentrations they reduced H.
production in the order of ~15 % than that achieved in the control. FA, CA and phenol are phenolic
compounds which, at lethal concentrations, have been found to cause inhibition by affecting
membrane permeability [173]. However E.coli HD701 exhibited good tolerance of these
compounds at concentrations of 0.75g.L™. At these sub-lethal concentrations of FA and CA,
bacterial cells have been shown to modify the fatty acid composition of their lipids; as a
consequence there is an increase in the degree of saturation of lipids which probably compensates
for the increase in fluidity of the membrane induced by the phenols [187]. Furfural and 5-HMF are
the main furan derivatives found in lignocellulosic hydrolysate. Intracellular sites seem to be the
primary inhibition targets of these compounds which cause DNA mutation and probably have a

direct effect on glycolytic and fermentative enzymes since furfural and 5-HMF can react with many
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types of biological molecules such as proteins, nucleic acids and lipids [185]. Furfural is more toxic
than 5-HMF and has been found to be a strong inhibitor that also interacts synergistically with other
inhibitors [185]. As indicated by H, production, furfural had an inhibitory effect on the cell
metabolism even at the lowest concentration tested (0.75 g.L™) (Fig. 32).

Conversely, E. coli HD701 exhibited good tolerance and even stimulation via SA as shown
by its H, yields which are >27 % compared to the glucose control (Fig. 32). SA, an aromatic
aldehyde, has been proved to have strong detrimental effects on fermentation of Clostridium
beijerinckii BA101 and to reduce growth and ethanol production by E. coli LYO1 [185]. The
hydrophobicities of furfural, 5-HMF and SA correlates with their toxicities, which implies that their
toxicity involves a hydrophobic target such as cell membrane or other hydrophobic sites within the
cell [174, 185]. Miller et al., 2009 found that in long adaptation experiments with ethanologenic
E. coli furfural tolerance was achieved by silencing several NADPH-dependent oxireductases [188].
The enzymes, genes involved and the metabolic mechanism that allowed the assimilation of SA and
other compounds by E. coli HD701 and enhanced H; production have not yet been determined.

In the combinatory tests utilizing Mix1 and Mix2 to determine the effect of the interaction of
furfural and 5-HMF on growth and H; production, the concentrations of these DP was chosen to be
higher than the expected to be found in the hydrolysates after detoxification with AC (see later in
this section). Mix2 reduced growth by 91 % compared to the glucose control showing that there is a
synergistic effect by all the DP present in the mixture in growth inhibition. Growth test on Mix1 was
not done, however in previous work (data not shown) a 3™ mixture (not previously introduced)
containing 0.24 g.L™ 5-HMF, 0.14 g.L™ furfural and 3.6 g.L™* of glucose (concentrations still higher
than in detoxified hydrolysates) reduced growth by 26 % compared to the control confirming a
synergistic inhibition on growth of E. coli HD701 by this binary combination. H, production by E.
coli in the presence of Mix1 and Mix2 is shown in Fig. 32. Mix1 generated a similar H; yield to the
control, however in Mix2 the combinatory effect of the DP used was additive yielding 23 % more
H, than the control.

Bio-wastes

Bio-wastes were sourced from a catering kitchen, University of Warwick and a brewery (see
Materials and Methods). Their composition is shown in Table 17, Lignocellulosic wastes were BG

and WS. FW contained significant starch (21 % wet weight).
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Table 17 Characterization of food waste, brewery grain and wheat straw.

£ s g 3
= e 3 g ®
S > 3 > E
E = Sg 3 ¢
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(@]
Food waste (FW)?  Rice, pasta (cooked). 726 ND ND ND 211
Blended
Brewery grain (BG)® SPentgrain from brewery process. 755 16-25° 28-35% 7-27° 1.22
Dried and ground to pass through a mesh 36
Wheat straw (ws) ~ Adriculture residue 15 395° 212° 20.2° ND

Grinded to pass through a mesh 36
% Also contains 15-23 % dry weight proteins; from Aliyu et al. (2010) [22].
® From Wiselogel et al. (1996) [189].
¢ Determined by Klason assay following the ASTM Standard method E 1721 — 01 (appendix section 0).

Same sample as ‘catering waste X’ described in BITE IBR paper, nearly in submission
ND = Not Determined.

HCW reaction parameters

Table 18 shows HCW reaction parameters for the selected wastes. HCW hydrolysates were
obtained at different temperatures ranging from 200 to 250 °C for BG; 200 to 230 °C for FW and;
200, 240 °C for WS. The variety of product conversions (Xp) observed may be associated to waste
composition. For BG small variations in final pH (pHs) were noticed compared to initial pHs (pH;),
at temperatures of 200 and 220 °C pH; was lower and X, related to those temperatures were between
53 and 58 %; at 240 and 250 °C pH; were higher with also higher X, (63-64 %). At the lower
temperatures (200-220 °C) it is likely that the lignin and hemicellulosic fraction of the BG
hydrolysate is hydrolysed (see Chapter Il1), and most cellulose expected to remain unreacted. At
higher temperatures cellulose begins to hydrolyse, which explains the higher Xy, but degradation of
the lignin and hemicellulose products may also have occurred, and probably some reactions between
DP that would explain the increase in pHy.

FW HCW hydrolysis yielded higher X, at the temperatures tested (83-93 %) suggesting
almost complete hydrolysis of the starch and other constituents of the waste. Variations in pH were
small but always lower than the pH; probably due to the generation of OA.

WS HCW reactions showed not only the lowest X, at the corresponding temperatures but

also the most change in pH (Table 18). As with BG, it is expected that the lignin and hemicellulose
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fraction were hydrolysed at 220 °C with most cellulose remaining unreacted. At 240 °C the ~ 58 %

increase in X, suggests that some of the cellulose present in the reaction has hydrolysed. The pH

decrease could also be attributed to the production of OA.

Table 18 Reaction parameters for the tested wastes at different temperatures. Xp is calculated according to the formula:

[(Initial sample concentration (ISC)-residue).ISC™]*100

Sample Temp pH; pH; Xp
gL* () (%)

334 200 3.7 57.5

BG 33.6 220 42401 3.6 53.0
40.1 240 4.4 63.2

40.1 250 4.6 64.2

325 200 3.8 83.4

FW 37.8 220 45+0.1 3.4 93.3
36.9 230 3.4 93.3

WS 385 220 - - 345
385 240 54.3

Hydrolysate products

Hydrolysate product distribution before AC treatment for BG is illustrated in Fig. 33.The

maximum yields [mg (g starting material (SM))™] of sugars were obtained at a reaction temperature

of 200 °C, attributable to the hydrolysis of the hemicellulose fraction. Galactose was the main sugar

produced with a yield of 32.4 mg.g SM™ followed by fructose (resulting from the keto-enol
tautomerization of glucose) [54] (16.6), glucose (10.4), sucrose (10.4), maltose (7.6). At 220 °C

furfural, a DP from hemicellulose, was the main inhibitor and product produced with a maximum

yield of 52.7 mg.g SM™ along with lower amounts of 5-HMF (6.7), a DP from glucose and fructose.

At temperatures of 240and 250 °C the yields of sugars strongly decreased with fructose

predominating as the main identified sugar and also with lower yields of furfural and 5-HMF.
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Fig. 33 Shows yields of products in BG hydrolysates before AC at different reaction temperatures.

For example, Fig. 34 shows an HPLC chromatogram of the BG hydrolysate at 220 °C which
has the highest content in furfural and 5-HMF. The peaks of these compounds are shown along with

other various unidentified compounds before treatment with AC.

179



Rafael L Orozco, PhD thesis

ke w‘i‘
\
|
\/ Furfural
]
| ' 5-HMF
4/:/
| |
*
| L
U U \
!'ﬂ_ﬂ?.. N LY W
0 5 10 15 20 25 30 35  min

Fig. 34 HPLC chromatograph for BG hydrolysate at 220 °C before AC. The horizontal axis represents retention time
(min); the vertical axis represents the refractive infrared units (RIU). (*) shows unidentified peaks.

BG contains proteins in significant amounts [22]. Proteins hydrolyse to amino-acids (AA)
which under HCW conditions at temperatures within 225-300 °C (depending on the AA) decompose
following two main degradation pathways: de-amination to produce ammonia and OA, and de-
carboxylation to produce carbonic acid and amines [23, 190]. The presence of ammonia would
explain the higher pHs at temperatures of 240 and 250 °C but was not tested. The addition of protein
hydrolysis products (PHP) and in some cases AA to the reaction will increase the complexity and
variety of hydrolysis products which would also influence, in turn, the growth and fermentation of
E. coli. In the presence of heat, amines and aldose sugars react via the Maillard reaction [191]; the
carbonyl group of the sugar reacts with the nucleophilic amino group of the AA forming a complex
mixture of molecules that are responsible for a range of odors and flavours. At high temperatures,
acrylamide can be formed. The reduction in sugars found at 220 °C (Fig. 33) suggests such reactions
may have taken place under these conditions.

The products resulting from FW hydrolysis are shown in Fig. 35. FW yielded sugars at
optimum vyield at 200°C; the main sugar produced was glucose with a vyield of
35.9 mg.g SM™ followed by maltose (27.3) and fructose (8.5). Galactose (not shown) was also
present in smaller amount. 5-HMF was the main DP (8.5) and traces of furfural (0.93). At 220 °C
the yields of glucose and fructose remained fairly constant whereas the yield of maltose decreased to

5.3 in combination with a strong increase in 5-HMF and furfural yields to 34.9 and
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4.9 [mg (g starting material)-1] respectively. Furfural would come from further degradation of
hemicellulose derived sugars whereas the increase of 5-HMF without a decrease in glucose can be
explained by the combinatory hydrolysis of maltose (a disaccharide) to form more glucose with the
degradation of glucose to form more 5-HMF. At 230 °C however glucose and fructose remained in
very small amounts, furfural probably degraded to formic acid and 5-HMF remained as the main

compound with its yield down to 24.9 [mg (g SM)-1].
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Fig. 35 Shows yields of products in FW hydrolysate before AC at different reaction temperatures. Symbols are the same
as in Fig. 33.

Fig. 36 shows the product distributions after HCW treatment of WS at 220 and 240 °C. In
contrast to BG and FW little sugar was obtained from WS. Furfural was the main product yielding
68.4 [mg (g SM)™] followed by 5-HMF, which is indicative of sugar degradation.
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Fig. 36 Show yields of products of WS hydrolysate before AC at 220 and 240 °C. Symbols are the same as in Fig. 33.

It is important to take in consideration that product distribution could be also affected by
leaching of the reactor wall materials (see section V1.3.2) [178].

OA were analysed only after hydrolysates underwent detoxification with AC and the OA
found in each hydrolysate are shown in Table 19. AC treatment was applied for the removal of
toxic compounds (below) and AC was shown previously not to remove significant amounts of OAs.

In BG lactic acid was the main OA found at 220 °C with a yield of 24.3 [mg (g SM)™]
followed by acetic and formic acid (yields of 23.9 and 5.9 respectively); lactic acid would come
from the dehydration, decarboxilation and deamination of several AA such as Serine and Alanine
[190] which are very likely to be present in these hydrolysates.

For FW acetic and formic acids were present in the hydrolysate with yields of 8.9 and 4.5
respectively along with smaller amounts of lactic acid which will probably come from some protein
content in the FW (Table 17). Acetic acid was the main OA generated by WS (Table 19).
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Table 19 Shows hexoses (glucose, galactose and fructose) concentration (mM) and yields [mg (g starting material)™] in
the hydrolysates after AC; Cell concentration on growth test for the selected hydrolysates before and after AC (BAC,
AAC); H, and OA yields AAC at indicated reaction temperatures. FW, food waste; BG, brewery grain and WS, wheat
straw.

Waste  Reaction temp. Hexose  Hexose yield Organic acids Cell concentration H, yield
(°C) (mM) mg.(gwaste)? Lac Ac Form  gdrymass.L?  mLH, (gwaste)!
mg (g waste)™* BAC AAC AAC
200 10.85 55.3 ND ND ND ND ND 54
BG 220 3.157 13.3 242 239 59 0.05 0.20 25
250 1.8 9.2 ND ND ND ND ND 0
240 2 8 ND ND ND ND ND 0
200 115 455 15 89 4.5 0.21 0.78 111
FW 220 9.1 435 ND ND ND ND ND 105
230 1.2 5.9 ND ND ND ND ND 0.5
WS 220 1.32 5.8 3.7 327 67 ND 0.32 1.6
240 0.9 5.6 ND ND ND ND ND 1.7
Control 20 0.151 47.7

Application of AC to remove inhibitory compounds.

Physical detoxification methods based on adsorption onto AC have proved to be effective at
removing furans and phenolics while retaining the sugars in the hydrolysate [145, 175]. The critical
phase of adsorption involves an attraction similar to Van der Waals forces (London forces). It is the
intensity of these forces along with the potential of the adsorbate (AC) to remain in contact with the
wall of the pores of AC for a sufficient time to effect the electrical attraction and for adsorption to
take place. The potential of the adsorbate is a result of the combination of its micropore (r < 1 nm)
and mesopore (r = 1-25 nm) structure which in this case is 0.19 and 0.37 cm®.g™, respectively
(supplier data).

For BG, 5-HMF was practically removed from all hydrolysates. Furfural gave a 5 and
36-fold decrease in concentration at 200 and 220 °C, respectively (not shown) and was completely
adsorbed from the hydrolysates obtained at higher temperatures. HPLC analysis showed that AC
also removed most of the minor components as shown in Fig. 37 corresponding to BG’s 220 °C
hydrolysate before and after AC. In regards to sugars, 83 to 96 % of all sugars present remained in

the hydrolysate obtained at 200 °C, which had the highest sugar concentration.
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Fig. 37Shows HPLC chromatographs for BG hydrolysate at 220 °C a) before and b) after AC. Note that most of the
peaks have diminished or disappeared after the AC treatment. (*) unidentified peaks; vertical axis represents the
refractive infrared units (RIU)

In the case of FW, 5-HMF and furfural were completely removed by AC (not shown) while
85 to 92 % of the sugars generated remained in the hydrolysates at temperatures of 200 and 220 °C.

In WS, all 5-HMF was removed by AC along with 98 % of the furfural at 220 and 240 °C
(not shown).

These results show that the hydrolysates obtained from the different wastes were highly
detoxified by AC treatment without substantial losses in sugar content demonstrating that AC had
more affinity towards furans, phenolic, OA and amine compounds. The removal of sugars by the
AC treatment was not bigger than 10 % (data not shown).

Table 19 summarizes the concentrations and yields of hexose sugars (glucose, galactose and
fructose) in detoxified hydrolysates. BG hydrolysate at 200 °C had the highest yield with 55.3 mg
hexose.(g starting material)™ followed by FW hydrolysates at 200 and 220 °C yielding 17 and 21 %
less. The rest of the hydrolysates (T > 220 °C) only reached yields within the range of 5.6 —-13.3 mg
hexose.(g starting material)® which is evidence of sugar degradation and/or possible reactions
between hydrolysis and degradation products catalyzed by temperature or by other substance
leached from the reactor wall materials (Ni) into the reaction media [178].

Even though BG and FW hydrolysates rendered the highest hexose yields, they were far
below compared to those obtained at optimum conditions under the same reaction system from
starch [145] and cellulose [192] (see sections 0 and VI.3 respectively), 587 and 228 mg
hexose (g SM)™ respectively.
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Growth tests on hydrolysates before and after AC treatment

For growth tests a hydrolysate from each waste was selected based on its sugar and DP
yields. Table 19 shows the growth observed for FW, BG and WS hydrolysates at 200, 220 and
220 °C, respectively, before and after AC treatment (except for WS which was only examined after
AC treatment); in all cases the detoxified hydrolysates supported substantially more growth than the
un-treated hydrolysates and with the exception of the BG hydrolysate BAC, which was evidently
toxic, the cell yields all exceeded the glucose test. This suggests that the unidentified DP present in
these hydrolysates were assimilated by E. coli HD701 and had an additive effect that promoted
growth. FW hydrolysate AAC yielded the most growth with a yield 5-fold bigger than the control.
BG and WS also supported more growth than the glucose test but not as much as FW.

Fermentability of the waste hydrolysates AAC

Table 19 shows the hydrogen yields resulting from the fermentation test of the hydrolysates
AAC with E. coli HD701. Hydrolysates of FW at 200 and 220 °C produced the highest yield of H,
with 11.1 and 10.5 [mL Ha.(g SM)™], respectively. These yields are, however, ~ 4 times lower than
the H, yield of the glucose test; yet the glucose concentration in the C test was 20 mM which is ~5
times higher than the hexose concentration, therefore, an unidentified component of the FW
hydrolysate enabled the production of more H, per mol hexose. As discussed above, E. coli showed,
with the exemption of furfural and phenol, excellent tolerance to individual DP tested when present
at concentrations of 0.75 g.L™* (4-6 mM), in addition they were found to have an stimulatory effect
on H, production even in the combinatory tests (Mix1 and Mix2), after detoxification of the
hydrolysates the DP concentrations were highly diminished or eliminated by the treatment as
previously demonstrated.

Despite its higher hexose concentration, the H, yield from BG (200 °C) was 49 % lower than
from FW (220 °C) indicating additional H, inhibitory compounds in the BG hydrolysate.

BG H, yield at 220 °C was 54 % lower than the BG at 200 °C attributed to its lower sugar
content (see Table 19). BG hydrolysates at 240 and 250 °C did not produce any Hs.

The H, low productivity of 1.6-1.7 [mL Hz.(g SM)™] from WS hydrolysate could also be
due to the low sugar content of the hydrolysates at 220 and 240 °C but it should be noted that E. coli
is not the best microorganism to be employed in these experiments due to its limited substrate

utilization.

185



Rafael L Orozco, PhD thesis

With the exception of BG hydrolysates, from these results we can summarise that: 1) Low
H, yields are attributed to the low sugar content of the hydrolysates rather than the presence of
inhibitors and 2) with the exception of phenol and furfural, the inhibitors included in this study if
present in amounts ~ 0.75 g.L™ (4-8 mM) could have a synergistic additive effect on H, yields by E.
coli HD701, also assuming that their extra yield is not due to an unidentified additional fermentation

substrate.

Fermentation of wastes

FW was selected for 3 L fermentations due to its high sugar content and the H; yields
supported. It was necessary to repeat the HCW reaction 3 times at 220 °C using 200 g.L™* dry basis
of FW to obtain ~700 mL of hydrolysate (enough only for one experiment) with hexose content of
46.2 mmol distributed as follows: Glucose 33.04 mmol, Galactose 4.8 mmol and fructose 8.4 mmol
as the main sugars. The hydrolysates were de-toxified using 7.5 % (w.v') AC instead of the usual 5 %
since increased amounts of DP were expected due to the higher concentration of FW (~200 g.L™) in
reactions, after detoxification a concentration less than 0.31 mmol of furfural and 5-HMF remained
in the combined hydrolysate. Fermentation was performed with aerobic pre-growth in fermenter as
described in appendix section VI1II.1.2. Fig. 38 illustrates the fermentation pathway and product
distribution which proceeded in 3 stages. During the 1% stage (0 - 43.5 h) aerobic growth took place.
Formate and glucose were totally consumed during this stage while low levels of acetate and
butyrate appeared transiently (after 24 h) and were consumed by end of the growth phase (43.5 h),
when the concentration of cells reached 1.9 g dry mass.L™.

To initiate the fermentative 2" stage, the system was made anaerobic by purging with N,
(60 min; 43.5h—-445h) and 20 mL of 2 M glucose was added to obtain a final glucose
concentration of ~39 mmol with the purpose of adjusting the system to begin H, production while
bringing the pH down from 7.76 to 6 through the simultaneous generation of OA. The low sugar
content of the hydrolysate would probably have been quickly consumed in the pH adjustment before
any H,. The 2™ stage proceeded from 44.5 to 66.5 h and consumed all glucose. At the end the cell
concentration increased to 2.1 g dry cells.L™ and the amount of H, produced was 934 mL with a
yield of 53 %. Acetate (47.1 mmol), formate (5.7 mmol)) and lactate (3.6 mmol) were present, but
no butyrate was found.

For the 3 and final stage (67 h onwards) ~690 mL hydrolysate was added while keeping the

system anaerobic as described in Materials and Methods. After adding hydrolysate the culture
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volume was 3.65 L, cell concentration was 1.8 g dry cells.L™ (due to dilution) and the sugars
amount were glucose 27.74 mmol, galactose 4 mmol and fructose 6.0 mmol, making a total of
38.7 mmol. The amount of OA in the fermenter changed due to the addition of the hydrolysate,
acetate increased to 84.7, formate to 29.6, lactate to 19.7 and butyrate to 2.2 mmol whereas ethanol
content was 111 mmol.

After 46 h of fermentation, cell concentration remained fairly constant at 1.7 g dry cells.L™,
H. produced was 470 mL; all glucose was consumed however only 27 % of the galactose and 26 %
of the fructose were consumed delivering a total of 29.93 mmol of sugars consumed, this represents
a potential H, of 1440 mL, therefore the H. yield obtained during the 3" stage was 32.6 %.. Lactate
was totally eliminated and at the same time butyrate reached an amount of 25.2 mmol replicating the
apparent lactate-butyrate conversion observed in previous work [100] (see section VI.1) took place
during this stage. Acetate remained fairly constant (93 mmol) and formate and ethanol decreased to
19.3 and 76.4 mmol, respectively.

H, productivity during the 2" stage was 23,409 mL H..mol of hexose which represents
~49 % of the theoretical maximum [123] whereas for the 3" stage was 15,703 mL H,.mol of hexose
! only ~32 % of the maximum achievable based on consumed sugars. The average H, production
rates were 42.5 and 10.2 mL H,.h? for the 2" and 3" stages, respectively. These differences in
productivities and rates probably originate from the substantial increase in OA and ethanol that
accumulated during the 2™ stage and increased during the addition of the hydrolysate in preparation
for the 3" stage. It is unlikely that the presence of inhibitors at the given concentrations affected H,
production negatively since it was demonstrated that instead, when present at low concentrations a
stimulatory effect on H, production would be expected. However the high content of OA provides
the potential for downstream use of OA in other processes including photofermentation for further
H. production or methanogenesis [90, 126] thereby increasing the productivity of this fermentative
process (~80 %) [100].
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Fig. 38 Shows the three stages of the fermentation with E. coli HD701 and product distribution of FW hydrolysates
obtained at 220 °C after AC. Experiment was only done once.

Conclusions

At the concentrations tested (0.75 —3 g.L™) furfural, phenol, CA, SA, FA and 5-HMF all
affected the growth of E.coli HD701 negatively, and increasingly with concentration. SA and 5-
HMF were the least toxic whereas furfural, phenol and CA were the most toxic. The combinatory
effect of the mixture (Mix2) strongly affected growth negatively. Alternatively, in H, production SA
had a stimulatory effect and 5-HMF showed little or no inhibition, whereas FA, phenol and CA
began to inhibit H, production at concentrations of 0.75 g.L™%. Furfural was the most potent inhibitor
at all concentrations tested. In general E. coli HD701 showed the capacity to adapt and successfully
metabolize several of the DP tested and the stimulatory effect of some of them on H; production is
of great interest. The mechanisms underlying these phenomena, however, need further investigation.

The products and product distribution of the different waste hydrolysates was dependant on
waste composition and HCW conditions, however it is highly possible that reactor wall-catalysed
reactions have also occurred. AC exhibited strong removal of a wide variety of DP without severally
affecting the sugar content of the hydrolysates. The best hydrolysate in terms of sugar content,
growth and H; production by E. coli HD701 was FW at 200 — 220 °C after AC. A larger
fermentation (3 L) of these hydrolysates delivered low yields of H, production (attributed to the

accumulation of OA and ethanol), however HCW treatment of starch rich wastes, integrated with
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fermentation-photofermentation processes may constitute a viable potential alternative for H,
production in terms of HPP. In regards to lignocellulosic biowastes, HCW could be used as a pre-
treatment to hydrolyse the lignin and hemicellulose portion leaving the cellulosic residue for further
enzymatic or HCW hydrolysis. The lignin fraction can be utilized for the production of H, or

bio-fuels through gasification or pyrolysis (section 11.3.1)

189



Rafael L Orozco, PhD thesis

V1.5 Hydrogen from biomass by HCW and extractive fermentation

This section is presented in two parts:
» Section VI.5.1 is in a form of a paper describing the extractive fermentation of food
wastes and,
» Section 0 also in a form of paper including an energy balance for an integrated
bio-refinery.

VI1.5.1 Electroextractive fermentation for efficient biohydrogen production.
Journal: Bioresource Technology, in submission.

The experiment design and the writing of this paper were done by Dr. Mark D. Redwood.
My contribution to this paper was in assisting Mark D. Redwood in the equipment set-up, operation

and control of the experiments during the fermentation time, performing analysis of samples and

collection of data.
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Abstract

Electrodialysis, an electrochemical membrane technique, was found to prolong and enhance
the production of biohydrogen and purified organic acids via the anaerobic fermentation of glucose
by Escherichia coli. Through the design of a model electrodialysis medium using cationic buffer,
pH was precisely controlled electrokinetically, i.e. by the regulated extraction of acidic products
with coulombic efficiencies of organic acid recovery in the range 50-70% maintained over
continuous 30-day experiments. Contrary to previous reports, E. coli produced H, after aerobic
growth in minimal medium without inducers and with a mixture of organic acids dominated by
butyrate. The selective separation of organic acids from fermentation provides a potential
nitrogen-free carbon source for further biohydrogen production in a parallel photofermentation. A
parallel study incorporated this fermentation system into an integrated biohydrogen refinery (IBR)
for the conversion of organic waste to hydrogen and energy.

Keywords (5 keywords)
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1. INTRODUCTION

Biohydrogen technology offers practical options for clean, fuel gas production relying on
only sustainable resources: organic material and sunlight [193]. Hydrogen gas can provide
electricity via combustion in a traditional generator or, with higher efficiency, in a fuel cell. BioH;
from a fermentative culture has been shown to power proton exchange membrane fuel cells directly
[194].

Dark hydrogen fermentations typically provide 2-3 mol H,/mol hexose sugar, with maximal
production rates in the range 10-50 mmol Hy/h/L culture [108, 193, 195-197]. E. coli is a useful
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model organism for the study of bioH, fermentation because it is oxygen tolerant, mesophilic, non-
sporulating, unaffected by the partial pressure of H, and highly amenable to metabolic engineering
[198; and references therein, 199]. Furthermore, as a facultative anaerobe, E. coli presents the
opportunity for fast aerobic growth to high density followed by a longer period of anaerobic H;
production with little additional growth, an approach which is reported here for the first time.

Sustained operation is a challenge for biohydrogen fermentations. In an excess of substrate,
the first obstacle is acidification of the medium by newly formed organic acids (OA), which is
normally overcome by adding caustic pH titrants. However, the fermentation is ultimately limited by
the toxicity of accumulated end products [200]. Chemostat operation (with suspended cells) is non-
ideal for biohydrogen fermentation because of the continual discard of cells and unmetabolised
nutrients in the outflow [e.g. 201]. Immobilisation of cells (particularly through granule formation)
has been successful in retaining fermenting cells with improved substrate loading rates and H;
production rates but the production rate is limited by diffusion into the immobilisation matrix or
granule [202].

We identified electrodialysis (ED) as a possible means of sustaining indefinitely a free-cell
biohydrogen fermentation with a high H, production rate, substrate loading rate and cell density,
without the use of pH titrant or immobilisation. The key function of ED is the selective transport and
removal of acidic fermentation products, thereby simultaneously controlling fermentation pH and
forestalling the accumulation of OAs to limiting concentrations. Extractive fermentation (using ED)
shares some common features with microbial fuel cells (MFC) in which the definitive feature is the
exchange of current between living cells and a chemical electrode. This may involve a direct
exchange between an electrode and a biofilm of exoelectrogenic bacteria or a mobile
electrochemical mediator to pass current between the electrode and free cells [203]. When a voltage
is applied across a microbial fuel cell, the result is microbial electrolysis (or electrohydrogenesis) in
which the external voltage augments the microbially-generated voltage to enable water electrolysis
coupled to organic compound oxidation. Microbial electrolysis has been found to enhance dark H,
production from a range of organic substrates [204]. Extractive fermentation (EF) differs in that the
electrical terminals of the ED cell are shielded by flanking ion selective membranes and a large
culture circulates through a small ED cell chamber so that a small fraction of the culture is subject to
separation at any one moment. Unlike in MFC, the bacteria ‘store’ electrochemical potential in

charged organic molecules which are then removed in combination with pH regulation.
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Products including benzoic acid, lactic acid, acetic acid, propionic acid and pyruvic acid
have been actively extracted from fermentations [205, 206, 207; and references therein, 208-210]
but to the authors’ knowledge, this study represents the first application of electro-separation to the
production of bioH,. In this context ED is doubly effective as it also generates a purified stream of
separated OAs suitable for conversion to an additional bioH, stream by purple non-sulphur (PNS)
bacteria (to be reported in a subsequent paper).

ED techniques employ cation-selective (CSM), anion-selective (ASM) and bi-polar (BP)
membranes, to achieve the charge-selective separation of valuable products or unwanted
contaminants and the generation of acid and alkali, applicable in processes such as seawater
desalination [211] and OA production (see above). lon-selective membranes consist of a co-polymer
matrix (e.g. vinyl compounds), which support charged functional groups conferring selectivity
[positive in the case of CSM or negative in the case of ASM; 212].

In this study the ED cell functioned as shown in Figure 1. It was composed of four chambers
(named C, M, MA and A, from - to +). The two outer compartments were named C and A, being in
contact with the cathode and anode, respectively. The two inner compartments were named M and
MA, M representing the ‘main’ compartment (source of anions for recovery) and MA representing
the space separating compartments M and A into which anions were recovered. These four
compartments were divided by three membranes (BP, ASM and CSM). In the ED cell, CSM and BP
membranes prevent direct contact between bacterial cells and the electrodes, as the extremes of pH
at the electrode surfaces would result in unwanted reactions [205, 213]. The BP membrane also
splits water, generating H" on the cathode side and OH" on the anode side, a function exploited to
provide pH control simultaneously during extractive fermentations [213, 214]. The CSM also
functions to transport Na+ from the C chamber, resulting in the formation of sodium salts in the MA
chamber.

We describe the adaptation of fermentation techniques to incorporate electroseparation and

the performance of long-term glucose-fed extractive fermentations.

2. MATERIALS AND METHODS
All media and solutions were prepared using deionised water and analytical grade reagents.
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2.1 Extractive fermentation apparatus and operation

Thin-cell electrodialysis (ED) apparatus (C-Tech Innovation Ltd, Capenhurst, UK) was
configured as shown in Figure 1, comprising stainless steel electrodes of which the anode was Pt-
coated. The cell was divided into four chambers (named C, M, MA, and A from cathode to anode)
separated by 3 membranes; bi-polar (BP: Fumasep FBM), anion-selective (ASM: Fumasep FAB)
and cation-selective (CSM: Fumasep FKB), respectively (Figure 1). Fresh membranes were used in
each experiment. Silicone rubber gaskets (1 mm thickness) were cut to expose membrane areas of
200 cm? (128x157 mm). A 4-channel peristaltic pump was used to circulate solutions and medium at
300 mL/min through all four chambers. Chambers A and C (flanked by the anode and cathode,
respectively) were in contact with a single solution of 0.5 M Na,SO,4 (1 L), the M chamber was in
contact with the E. coli culture (initially 3 L) and MA was in contact with the permeate vessel
containing initially 2 L of stirred phosphate buffer (0.366 g K,HPQO,, 0.443 g KH,PO,/L; pH 6.8).

The configuration of extractive fermentation (EF) is shown in Figure 1. Fermentations used
a modular fermentation system (Electrolab, UK; 300-series). In accordance with Table 1,
macronutrients and buffers were sterilised by autoclaving in a volume of 2.7 L inside the
fermentation vessel (‘M’) before sterile MgSQOy,, thiamine, antifoam, microelements and water were
added aseptically to make a final volume of 3 L at pH 6.5+0.1. The medium was heated to 30 °C and
aerated (1 L/min) with turbine agitation (600 rpm) before adding 1% (v/v) inoculum from a
pre-culture. Pre-cultures were incubated for 16-18 h (30 °C, 180 rpm) using 100 mL of nutrient
broth (no. 8; Oxoid UK) with 5 g/L added sodium formate.

pH control was not required during aerobic growth for the initial 24 h, after which the
transition to anaerobic fermentation was made by purging with oxygen-free N, (30 min, 1 L/min)
and the culture was also connected to the M chamber of the ED cell (Figure 1), which had been
cleaned by circulating 75% ethanol (15 min) and washing three times with sterilised water. The pH
was allowed to fall to 6.0, where it was maintained automatically by the removal of acidic products
across the ASM in a pH-sensing feedback loop (C-Tech Innovation, Capenhurst, UK). Glucose was
fed starting from the end of the N, purge at a constant rate of 0.15 mol/day (1.5 M solution,
0.1 L/day, sterile and under air).

In electroseparation of any type, current efficiency (or Faraday efficiency) represents the
fraction of charge passed in a time period, which can be attributed to the detected transfer of target
anion [215].
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Current Efficiency (%)=100i
' (equation 1)
where N is the charge flux as target anion (here, organic acid) in mol/s/m? F is the Faraday constant

(96485.38) and i is the current density in A/m?.

2.2 Bacterial strains and maintenance

Escherichia coli strain FTD67 (provided by Dr F. Sargent, University of Dundee) was
selected as previous studies showed its lack of uptake hydrogenase to be conducive to H, production
[199].

2.3 Analysis

H, and CO; production were measured using low-flow gasmeters as described by [186].
Meters were placed upstream and downstream of a ‘scrubber’ solution containing 2 M NaOH so that
the CO; fraction could be calculated by subtraction. The scrubber solution also contained universal
indicator so that its depletion would be apparent by colour change. This method was shown by GC
to remove CO; to below 0.05% (v/v). Anions were analysed by HPLC and glucose was measured

colorimetrically as described previously [107].
3. RESULTS AND DISCUSSION

3.1 Preliminary extractive fermentation method development

Preliminary work showed that electrodialysis (ED) can recover organic acids (OA) from
E. coli fermentations without causing significant inhibition but that automatic, demand-based
regulation is necessary. The preliminary tests showed that intermittent high intensity separation
(9.6 A, 1 h per day) caused temporary inhibition of H, production, whereas a slow constant-current
(400 mA) was not inhibitory. Glucose was fed continuously from 24 h onwards and pH was
controlled by the automatic addition small amounts of titrants. Cells were grown aerobically then
resuspended in a fermentation medium (containing Na,SO,4 and (NH,4),SO, as the main salts) and
made anaerobic by N, purging. H, production (0.7 L/L culture/day) and glucose utilisation
(20 mmol/L/day) continued for ~10-15 days, as compared to 7 days in controls without ED but the
coulombic efficiency of OA separation was poor; initially 5%, rising steadily to 12% over 14 days.
This poor current efficiency was attributed to competitive ion transfer, i.e. the movement of

inorganic anions (particularly SO,%) and the increasing trend in current efficiency with respect to
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the separation of OAs was attributed to their increasing concentration in the fermentation medium,
which reached 90 mM and ultimately limited fermentation despite an excess of glucose and
favourable pH (pH 5.5).

Therefore, to improve the current efficiency and maintain non-limiting OA concentrations
the fermentation medium was redesigned (Table 1) and the ED was put under pH-linked automatic
feedback control. This provided electrokinetic pH control in place of pH titrant additions (Figure 2).

An ‘ED’ medium was designed (Table 1) and tested in a new protocol for aerobic growth
and subsequent H, production in a single vessel. Growth took place over 23 h in 3 L reactors
(aerated at 1 L/min; pH 7.0). Using ED media with either formic acid or lactic acid (23 mM) the
cultures reached the same density of 4.15 g DW/L in 23 h aerobic cultivation, followed by H,

production after transition to the anaerobic fermentation mode (see further discussion below).

3.2 Electrokinetic pH control in biohydrogen fermentations

As shown in Figure 2, pH was controlled within 0.01 pH units using custom software
provided by C-Tech Innovation (Capenhurst, UK). A baseline current of 10 mA was maintained in
order to prevent back-diffusion of separated anion but when the fermentation pH decreased as a
result of acid production, the applied current was increased until the pH increased (due to the
removal of OA across the ED membrane with simultaneous OH™ generation by the BP membrane;
Figure 1) prompting a return to the baseline current. At steady state the pH typically oscillated by
~0.0005 units with a period of ~5 min, while the current remained predominantly at the baseline
(10 mA) rising briefly up to 20-fold several times per min (Figure 2). No attempt was made to
optimise the frequency or responsiveness of current variation.

Figure 3 shows the effectiveness of electrokinetic pH control in two independent
experiments (‘EF1, EF2”). From a neutral starting point, the pH fell towards the end of the aerobic
growth phase (<1 days) and was subsequently maintained at pH 6.0 by the action of ED. H,
production started on the third day and 40 L H, was produced over 20 days at maximally
~4.7 L/day/L culture. Initially a voltage limit of 4 VV was sufficient to achieve pH control but as
growth continued into the anaerobic phase the rate of acid formation increased and the limit was
increased to 10 V after 6 days.

The permeate solutions (MA chamber) remained clear (as shown in Figure 1B) during 30
days of uninterrupted activity in which the ASM was the only barrier separating the permeates from

dense (~5gDWI/L) E. coli cultures. The current efficiencies representing the main part of the
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fermentations (days 2-20) were 57% and 55% for EF1 and EF2, respectively. It is noteworthy that
the current efficiency increased after 22 days in EF1, which was ‘rescued’ from ethanol toxicity (see
below) but declined slightly in EF2, in which ethanol was not removed (see below). Hence, there
was no indication of a progressive change in membrane function over 30 days of constant activity.
i.e. lack of inhibition by biofouling was implied but this was not specifically quantified. At the end
of the experiments, solid material was found on the M-side of the membranes but this was, evidently,
not problematic. Previously, for pyruvate production in a glucose-fed E. coli fermentation, Zelic et
al. [216] incorporated microfiltration and ultrafiltration (10 kDa cut-off) upstream of ED to remove,
cells, cell debris and proteins which might foul ED membranes. However, such pre-separation was
unnecessary in this study and is disadvantageous due to the additional complexity and cost.
Therefore, ASM are capable of simultaneous cell retention and charge-selective ion
separation in glucose-fed E. coli fermentations and, furthermore, this was confirmed in extractive
fermentations producing H, from food wastes (M. D. Redwood et al.; unpublished; Environ. Sci.

Technol. in submission).

3.3 Comparison with non-extractive fermentation

Figure 4 shows that standard fermentations could consume up to 1 mol glucose, whereas
extractive fermentations consumed 2.5 mol. Furthermore, standard (non-extractive) fermentations
tolerated ~1 mol of accumulated OA (190 mM in 5.5 L final volume) within the culture, whereas
2.5-5 mol was extracted from fermentations with ED (Figure 4A). The extracted liquors contained
39.5% butyrate, 26.3% acetate, 23.8% formate, 7.9% lactate, 2.2% succinate and 0.4% propionate
(averaged molar fractions; 70 analyses). The dominance of butyrate, rather than acetate and lactate,
is a further unusual feature [217] apparently enhanced by this culture technique. Short (24-48 h) E.
coli fermentations in batch mode followed the well-described fermentation balance of E. coli [e.g.
199], whereas when fermentation was prolonged by traditional pH control a switch to butyrate
production (with lactate uptake) occurred 1-2 days into the anaerobic stage. The identity of butyrate
was cross-validated by HPLC and mass spectrometry. Lugg et al. [217] discussed the sparse
previous reports of butyrate production and molecular support for a putative metabolic pathway in
E. coli.

While the non-extractive fermentations (fed-batch) gained fluid volume as additional
substrate was added, the volume of extractive fermentations varied very little due to the movement

of water into MA across the anion-selective membrane. Show et al. [202] stated, "The key to
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successful application of anaerobic fermentation is to uncouple the liquid retention time and the
biomass retention time in the reactor system" and they discussed granules, biofilms and flocs as
potential solutions. Using extractive fermentation the two retention times were uncoupled but with
suspended cells, thereby avoiding the diffusion limitations of immobilised or granular fermentations.
Due to the absence of outflow, feed rates need not be carefully controlled to minimise outflow of
excess substrate and the longer adaptation times (typically 48h) required for adaptation to new
substrates would not cause washout, as is problematic in chemostat cultures [218].

As shown in Figure 4B experiments EF1 and EF2 produced 2.3 and 2.8 mol H, from 1.6 and
1.9 mol glucose, respectively. Therefore, fermentative H, yield was low at 0.7 mol Hy/mol glucose
in both cases, as yields close to the theoretical maximum (2 mol/mol) have been reported previously
[201]. The low vyield is attributed in part to the extraction of formate, the sole precursor of H; in
E. coli [219]. The extracted formate amounted to 1.1 mol in EF1 and 0.9 mol in EF2 (as measured in
MA solutions). Adding this potential H, to the actual H, (i.e. if extracted formate had been
converted to H,) would increase the yield to 1.0-1.2 mol/mol. Therefore extraction of formate
cannot account for the whole yield deficit. Although similar in reactor volume, the earlier
experiments [201] operated as chemostats from which ethanol would be diluted continuously. We
propose (see below) that the accumulation of ethanol (not actively removed by ED) is the most

likely cause of the lower yield in the current work.

3.4 ‘Rescue’ experiments: indication of ethanol limitation

After 22 days EF1 and EF2 (Figure 3) had ceased H, production despite continuing
favourable conditions (excess glucose, optimal pH and very little OA accumulation). Hence the
cessation may be attributed either to the depletion of another nutrient (e.g. N or P) or to the
accumulation of an inhibitory end-product, not removed by ED, such as ethanol. To preclude the
former, EF2 was re-dosed with the initial provisions of vitamins, trace elements and ammonium
citrate (Table 1). This had no effect on the production of H, or OA (Figures 3D and 4), indicating
that nutrient limitation was not responsible.

Zaldivar et al. [220] reported growth inhibition by ethanol at 20 g/L for the E. coli strain
LYO01 having enhanced ethanol tolerance. Therefore, it is reasonable to suggest that E. coli FTD67
(derived from MC4100), could be inhibited in H, production by ethanol at 14-17 g/L (peak values,
Figure 3). In further support of this hypothesis EF1 was ‘rescued’ by harvesting cells from 50% of

the culture, and resuspending in an equal volume of a solution containing concentrations of OAs
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matched precisely to those measured in the culture at 20 days. The solution contained (mM) lactic
acid, 0.85; acetic acid, 8.37; formic acid, 4.57; butyric acid, 29.23; succinic acid, 0.23 and bis-tris
base to pH 6.0 (~50 mM). Upon returning the resuspended cells into EF1, the result would be a ~50%
dilution of all other soluble products. The ethanol concentration fell from 12.3 g/L (267 mM) to
5.2 g/L (Figure 3B) and this was followed by resurgence in H, production (Figures 3B and 4B) and
current efficiency (Figure 3B) and OA production (Figure 4A). Unknown end-products cannot be
excluded but ethanol is the only known major uncharged product [221] and was detected in
potentially inhibitory concentrations (see above). Therefore it is most likely that ethanol was the
cause of limitation. In this work EF prolonged fermentation time from ~3 days to 3 weeks and
increased H, production per culture by 3-fold.

Losses in H; yield due to formate extraction would not be significant in a larger integrated
system because the extractive fermentation would function primarily as an OA generator, rather than

as the primary H, producing reactor (see later).

3.5 Aerobic growth and H; production in a single reactor

It has been accepted that “[E. coli] cells cultivated aerobically ... lack the ability to produce
hydrogen” [222]. Furthermore, it was reported that amino acids are necessary as anaerobic growth
on defined media, with NH," as the sole nitrogen source resulted in the absence of H, production
activity unless amino acids (particularly glutamate) were added [223]. This was confirmed more
recently as E. coli cultivated aerobically on nutrient broth (growing up to ~0.8 g DW/L), would
produce H, when mixed directly with phosphate buffer but not when harvested, washed and
resuspended in phosphate buffer [224]. Later, this was overcome by adding formate (100 mM) to the
aerobic pre-growth medium, which enabled H, production by washed cells in a range of nutrient-
poor buffers [199, 225]. Similarly, Yoshida et al. [222] designed a 3-step process in which cells
were first grown aerobically, and required activation with formate before entering the anaerobic H,
production phase. Therefore, it would appear that either amino acids or formate are necessary as
inducers of H, production for aerobically grown E. coli. Hence, the results of the present study are
surprising as high H, production rates (maximally 8 mmol/h/L culture) were observed after aerobic
growth in minimal media. The phenomenon was not strain specific as the parent strain MC4100 and
its derivatives HD701 and FTD67 [125, 199], were all capable of H, production after aerobic growth

in a single vessel using ED medium.
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Furthermore, when formic acid in the ED medium (Table 1) was replaced with lactic acid H,
production took place normally in the anaerobic phase, whereas formate was previously found to be
a necessary inducer of H, production after aerobic growth.

The capability for H, production without induction by formate or amino acids may result
from the properties of the single-reactor technique, in which there is a gradual progression from
oxygen saturation at pH 7, into oxygen limitation with growth and concomitant OA formation and
resultant fall to pH 6 (before a 30 min purge with N, to ensure anaerobiosis). Hewitt et al. [226]
reported progressive changes in cell physiology throughout aerated E. coli fermentations. Hence,
this transition is a natural property of the culture and appears to promote metabolic reconfiguration
(for H, production) whereas sudden artificial transitions were unsuccessful.

The facility to produce a dense culture and then produce H; in a single reactor represents a
significant advance with several advantages over methods reported to date. Firstly, it does not
require cell harvest so it is more suitable for large scale implementation. Secondly, it achieves a
higher culture density. Cultures grew to maximum densities of 2-4 g DW/L (as compared to 0.8 g/L
using nutrient broth in shake flasks). Much higher densities could be reached by established
techniques, i.e. monitoring the respiratory quotient of the culture (RQ) while limiting the glucose
supply to restrict ‘overflow metabolism’ (the aerobic formation of inhibitory OAs) [226]. The
single-reactor method described here uses the onset of overflow metabolism (and resultant fall in pH
to 6.0) as a trigger for the switch to anaerobic fermentation. Therefore overflow metabolism is
inherently limited, without the need for careful RQ and feed-rate monitoring.

3.6 An indefinite extractive fermentation?

According to an ideal model, an extractive fermentation (EF) could be sustained indefinitely.
This would require the removal of charged products in balance with pH, while maintaining a
constant ionic composition in the culture medium. In the ideal model the concentration of OA in the
fermentation medium remains constant because each unit of organic acid generated by fermentation
results in a detectable fall in pH, which triggers the exchange of 1 unit of anion for 1 unit of OH"
(with the corresponding rise in pH). This chemical balance is illustrated in Figure 1.

This situation was created in the glucose-fed extractive fermentations (EF1, EF2), where the
duration of H, production was significantly extended from ~3 days to 3 weeks but was not indefinite.
EF1 and EF2 were limited by the formation of non-ionic end products, which cannot be actively

separated by the same method as charged products. ‘Rescue’ experiments (see above) confirmed
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that OA concentrations remained non-limiting, indicating that an unidentified fermentation product,
and not the depletion of any key nutrient, was the cause. The most likely non-ionic end product is
ethanol, given the well-described mixed acid fermentation in E. coli [221]. Ethanol formation plays
an important redox balancing role in E. coli and mutants defective in alcohol dehydrogenase cannot
ferment glucose anaerobically [221]. For lactic acid production, homofermentative lactic acid
bacteria have been applied successfully in long-term EF [208], whereas for bioH, production non-
solventogenic alternative species are elusive. Enterobacter spp. function similarly to E. coli
(producing ethanol) while clostridia can produce mainly acetic and butyric acids but are prone to
switching to acetone-butanol metabolism (and sporulation) in response to a variety of stresses,
including OA toxicity [227]. The threshold for OA-induced solventogenesis in clostridial-type
fermentation is reportedly 19 mM free acid (at pH 5.5, glucose substrate) [227] which could be
achieved by precisely controlled electroseparation, whereas E. coli tolerated up to 90 mM OAs in
this work (while continuing to produce H;). Certain thermophilic and hyperthermophilic bacteria
(including some Clostridium spp.) and archaea are promising candidates for biohydrogen production
[see 193] but the upper temperature limit for bipolar membranes is currently ~60°C, which
precludes their use.

Finally, water balance also presents a practical challenge for the indefinite fermentation. lon
separation is accompanied by a degree of water transport from the fermentation chamber so that the
permeate chamber slowly gains volume via transport from the fermentation while water is
constantly lost from the electrode wash solution by electrolysis. In this study, non-extractive
fermentations gained 100 mL/day from glucose additions and typically ~110 mL/day from titrant
additions, reaching the capacity of the fermentation vessel in 12 days. Conversely in EFs the rates of
feed addition and water transport from the fermentation chamber (‘M”) were relatively in balance as
the fermentation volumes (M chamber) changed by only £30 mL/day while over 100 mL was fed.
Therefore, the retention times of fluid and biomass were uncoupled using suspended cells, aiding
mixing and mass transfer. EF can be described neither as ‘fed-batch’ nor ‘continuous’ culture.
Unlike ‘fed-batch’ there was a (reasonably) constant culture volume despite feeding and unlike
‘continuous’ culture there was very little dilution of biomass and no outflow of unused substrate or
soluble products.

A precise water balance may be addressed by controlling the water-separation capacity of
the ED cell using a moderate pressure gradient, preferably a small negative pressure to either A/C or

MA, although this would dilute the contents of these vessels. This hypothesis could not be tested
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using the current apparatus due to the use of peristaltic pumps, which are sensitive to fluid pressures.
However, water movement into MA was observed consistently. Alternative pump mechanisms (e.g.
positive displacement or centrifugal) may enable such control but these are usually too large for
bench-scale experiments. Since, in this study, ~30% of fed water was retained in the fermentation
vessel, in practice an outflow would be required and the resultant dilution may be sufficient to
control ethanol accumulation and achieve a continuous fermentation. Since ethanol accumulated to
much higher concentrations than OAs only a small fraction of OAs would be lost in the outflow.
Hence, the technique described in this study offers practical advantages over traditional
approaches (i.e. fed-batch, chemostat or cell immobilisation) but an indefinite extractive
biohydrogen fermentation remains elusive mainly due to the solventogenic properties of suitable

organisms.

3.7 Extractive fermentation as a bioresource technology

This study demonstrated the effectiveness of extractive bioH, fermentation using glucose
substrate. However, the capacity to utilise bioresources is important for the technique to be useful in
sustainable fuel production. Complex substrates would be more challenging for EF due to the
presence of insoluble components and inorganic salts. The presence of inorganic salts could reduce
the OA separation efficiency and also potentially distort the balance of pH regulation and OA
removal, while the sugars of key bioresources exist primarily as polysaccharides (e.g. starch,
cellulose and lignocellulose) requiring hydrolysis to enable rapid fermentation and also to prevent
fouling of the narrow channels of the ED cell with solid particles. Such upstream hydrolysis of
starch was achieved (R. Orozco, unpublished) and EF took place with high separation efficiency
and H; production using sugars derived from a range of real biowastes. This work will be reported
in a subsequent publications.

Finally, and moving towards a zero waste high output process, the extracted OAs were
coupled to a second phase of photofermentative bioH, production (M. D. Redwood et al.,
unpublished; Environ. Sci. Technol. in submission), while growth of Spirulina, a high value
foodstuff, on fermentation waste CO, was achieved in a parallel study (X. Zhang & L. E. Macaskie,

unpublished).
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4. CONCLUSIONS

e Aerobic cultivation and subsequent fermentation by E. coli to produce H, can occur in one
vessel using a minimal medium without added inducers (formate or amino acids).

e Electrodialysis provides simultaneously the electrokinetic control fermentation pH while
preventing the accumulation of organic acids (OA), thereby enhancing and prolonging H»
fermentation.

e Electroseparation of OA from an active fermentation can be maintained over long periods
(30 days) with cell retention while maintaining high OA separation efficiency.

e Extractive fermentation with suspended cells uncouples the retention times of fluid and
biomass.

e The main limitation for extractive biohydrogen fermentation is solventogenesis.
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FIGURE CAPTIONS

Figure 1. Application of ‘BAC’ electrodialysis to fermentative and photofermentative
biohydrogen production.

BP, bi-polar membrane; ASM, anion-selective membrane; CSM, cation-selective membrane;
C, cathode chamber; M, main chamber; MA, permeate chamber; A, anode chamber; -, cathode;
+, anode.

Figure 2. Automatic control of fermentation pH by extractive fermentation.

pH was regulated automatically using a program provided by C-Tech Innovation
(Capenhurst, UK) which varied the applied current within set limits (10-3000 mA). pH and | were
recorded at 1 s intervals and was not smoothed.

Figure 3. Electrokinetic pH control in extractive fermentation (EF1 and EF2).
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E. coli fermentations were sustained for 1 month by the removal of organic acid products by
an electrodialysis (ED) cell controlled by pH. The voltage applied over the ED cell (thin solid lines
in A and C) varied up to the set limit (thin broken lines in A and C). Arrows indicate the time of
'rescue’ experiments (see text). The bracket in C indicates a temporary pump malfunction. Glucose
was in excess throughout. Despite continuous substrate addition, culture volume remained relatively
constant due to water loss via ED (see text). pH and V were recorded at 2 min intervals and data
smoothing was applied (100 points; 200 min) because V fluctuated rapidly with | (see Figure 2).
Current efficiency (equation 1) was derived from 2-3 daily recordings of the fluid volume in MA,
the accumulated charge passed over the ED cell and analyses of the OA concentration in MA.
Current efficiencies shown in B and D represent time-weighted averages smoothed by 5 points
(i.e. £1 day) as individual outputs varied widely attributed to the combined error on several
measured inputs.

Figure 4. Comparison of standard and extractive fermentations: Maintenance of low organic
acid concentrations in extractive fermentations (A) and extension of fermentation (B).

EF1 and EF2: extractive fermentations using electrodialysis for simultaneous pH control and
organic acid separation. SF1 and SF2: Standard fermentations took place under the same conditions
as extractive fermentations apart from the presence of the electrodialysis system. SF1 and SF2 were
stopped at 14 days as H, production ceased at 7 days and organic acid formation ceased at 12 days.
A shows the organic acids present in and extracted from fermentations. Standard fermentations
could accumulate ~1 mol organic acids whereas 2.5-5 mol was extracted from fermentations with
electrodialysis. Arrows indicate ‘rescue’ experiments showing that the cessation in H, production
can be attributed to the accumulation of a secondary metabolite such as ethanol and not to cell age,
nutrient depletion or organic acid toxicity. B shows the yield of H, from glucose in each experiment.
All fermentations were fed glucose constantly (150 mmol/day) but standard fermentations could not
consume >1 mol glucose, whereas extractive fermentations consumed 2.5 mol before requiring a

‘media refresh’ (see text).
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TABLES AND FIGURES

Table 1. Development of ‘ED’ medium for extractive fermentation of E. coli.

Component Chemical Final concentration (mM)
class SM? ED (this work)
Macronutrients Glucose 27.75 as SM
and buffers (NHy),2 SO4 20.43 3.5
Na,SO4 14.08 -
NH,CI 9.348 -
K2HPO, 83.82 -
NaH2PO4 28.99 -
(NH,).-H-citrate 4.782 -
(NH4),HPO, - 2
Citric acid - 5
BIS-TRIS base - 50
Formic acid - 23
NH,OH - 44
Additions MgSO, 2 as SM
Thiamine (vitamin B1) 0.030 as SM
Micronutrients Na,-EDTA 0.1702 as SM
(Used as 3 ZnS0O, 0.001878 as SM
mL/L) MnSO, 0.001775 as SM
CuSO, 0.001201 as SM
CoSO, 0.002241 as SM
FeCls 0.1743 -
CaCl, 0.01721 -
FeSO, - 0.1743
CaSO, - 0.01721
Final inorganic anion charge (equivalents) 323.2 15.7

‘ED (electrodialysis)’ medium was formulated to minimise the influence of competing inorganic
anion. The nutrient content of SM®* medium [226] which was optimised for aerobic growth to high
density, was mimicked while minimising inorganic ion. Phosphate buffer was replaced with the
cationic buffer, bis-tris base (pK, 6.15). 50 mM was found to be a suitable bis-tris concentration in
short aerobic growth tests. Inorganic salts were replaced with formic acid, as an ‘inducer’ of Hp-
producing metabolism [199]. The level of inorganic anion equivalent was reduced from 323 mM to
16 mM but could not be reduced to zero because of the minimum requirements for S and P, which
are preferably supplied as phosphate and sulphate ion. E. coli K12 strains required only 0.1 mol P
and 0.04 mol S per mol N [201], which were matched. All media also contained 0.5 mL/L
polyethylene glycol (antifoam). Citrate is an organic acid which does not serve as a carbon source
for E. coli. It functions (along with EDTA) as a chelating agent and was monitored among organic
acids for its contribution to current efficiency.
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V1.5.2 An integrated biohydrogen refinery: Synergy of photofermentation, extractive
fermentation and hydrothermal hydrolysis of food wastes.

Journal: Environmental, Science & Technology, in submission.

The experiment design and the writing of this paper were done by Dr. Mark D. Redwood.
My contribution was in performing the hydrothermal hydrolysis (HCW) of the solid biomasses
residues, in assisting Dr. Redwood in the equipment set-up, operation and control of the extractive
fermentation process, in providing data for the energy calculation of the HCW process, sample
analysis and data collection.

The first two pages of the paper are presented below, the whole paper can be found in

appendix section VII1.5.1.
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ABSTRACT
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We report an Integrated Biohydrogen Refinery (IBR) with experimental net energy analysis.

power

v

Net power output

"< 53-82kW/ha /
\ Photovoltaics

Anaerobic digestion
0.75kW/ha

The IBR converts biomass to electricity using hydrothermal hydrolysis, extractive biohydrogen

fermentation and photobiological hydrogen fermentation for electricity generation in a fuel cell. An

extractive fermentation, developed previously is, here, applied to waste-derived substrates,

following hydrothermal pre-treatment, achieving 83-99% biowaste destruction. The selective

separation of organic acids from waste-fed fermentations provided suitable substrate for

photofermentative hydrogen production, which enhanced the gross energy generation up to 11-fold.

Therefore, electrodialysis provides the key link in an IBR for ’waste to energy’. The IBR could be

more productive than ‘renewables’ (photovoltaics, on-shore wind, crop-derived biofuels) and also

emerging biotechnological options (microbial electrolysis, anaerobic digestion).
KEYWORDS: fermentation, photofermentation, biohydrogen, waste, electrodialysis
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V1.6 Pilot plant

Abstract

Information available on pilot plant (PP) studies for biological H, production is very limited.
E. coli fermentations for H, production using glucose and food wastes have been optimized at bench
scale experiments performed in 0.005 m* fermentation vessels (bioreactors). H, production yields of
about 80 % of the theoretical maximum were achieved during several days in fed batch and fed
continuous fermentations using glucose as substrate [100, 132]. Optimum parameters and process
conditions learned were now tested at pilot plant scale (PPS) of 0.120 m? total capacity to perform E.
coli fermentations using glucose and pear waste juice as substrate. The results obtained were far
from optimum, the process conditions were analysed and are discussed in this chapter for future

improvement and optimization of fermentative H, production at pilot plant scale (PPS).

Introduction

Escalation of the fermentation process from 0.005 m® bench lab scale to PP volumes
(> 0.1 m® is not a straight forward task. Equipment and operating conditions that enable cells in a
given formulation of medium to be made at scale, protected from contamination and with retention
of biological activity, along with the design, implementation and operation of the bioreactors in
which the cells perform and generate product (H;) constitute a major challenge and focus of
attention. Fig. 39 depicts an integral fermentation process; the successful operation of this system
relies on the ability to solve the problems involved in achieving the desired final product (Hy) in a
novel or particular approach in the most cost effective way and with production and separation of
OA for the downstream PBR. Fig. 40 shows the PP fermentation unit at the University of
Birmingham that was employed in this work.

The purpose of these final experiments is to transfer initial experience into the main aspects
of the model described, and methods and operation to get initial knowledge from the PP equipment.
Examples of PP that have been operated successfully with rates of H, comparable with that of the
bench scale data can be found in Debabrata et al., 2008 [111]. The current system is made more
complex, but potentially of much higher H, production overall, by the future incorporation of an
electrodialysis (ED) unit and downstream photobioreactor, integrated at bench-scale as described
elsewhere [100].
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Fig. 39 Shows a model of a fermentation system, the blocks in light blue represent main unit operations, the blocks in pale orange show important components of
each unit operation. The whole system is interconnected as shown by the arrows.
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Fig. 40 Twin fermentation system at the University of Birmingham.
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Upstream operation

Upstream operation involves cells development, feedstock preparation, media formulation,
quality of water utilized and air and N, sources to maintain aerobic/anaerobic conditions that are
appropriate for cell growth and performance. Whenever possible the presterilization of the
equipment, media, water and additives must be done to avoid the presence of contaminating
microorganisms. An exception to this is the use of a rapidly growing organism in a sparse or toxic
medium to which it has been pre-adapted, although quality control checks need to establish the
failure of contaminants to become established in the culture.Cell culture deals with the appropriate
selection of efficient high yielding strains of microorganisms. The advantages of E. coli as a model
microorganism for fermentative H, production from sugars were discussed in section 11.4.3 and VI.1.
From the E. coli strains available (Table 6) strain HD701 proved to be a robust strain with excellent
growth, good productivity (Table 7) and adaptability suitable for this production-scale operation.
For example strain MC4100 and strain FTD67 failed to produce H; in small 15 mL fermentation
tests possibly due to media nutrient limitations and pressure conditions inside the sealed serum
bottle, however strain HD701 performed well and was a reliable strain for these purposes despite the
non-optimum conditions. Certainly the utilization of other strains for PP experiments should not be
disregarded since each strain offer different capabilities and valuable advantages such as strain
RLOQ9; despite its more difficulty to grow it generates less ethanol (Table 7) an accumulating
inhibitory product) than the other strains which might be an important advantage in long term batch
or continuous fermentations.

Media formulations provide the nutrients and substrates (sugars) at the correct levels
required by E. coli (discussed in section 11.4.3) and certainly this quality should be maintained
during the fermentation process; however the economics of the raw materials and their pre-treatment
IS an important parameter to manage. The introduction or accumulation of inhibitory by-products
(such as 5-HMF, OA and ethanol) should be avoided or controlled to maintain high productivity.

Water utilized for PP experiments was tap water as de-ionzed water (DW) is costly;
experiments at bench scale fermentations using tap water revealed no significant difference in

comparison with DW in terms of H, production and growth by E. coli HD701.

216



Rafael L Orozco, PhD thesis

Bioreactor

The bioreactor is the heart of the fermentation system, it provides the appropriate biological
environment to favour a desired biological process, in this case the production of bio-H,.
Bioreactors are usually operated as batch, fed-batch and continuous operation processes.

Our system is complicated since upstream dark fermentation is operated as fed-batch while
the ED extraction of OAs is intermittent (controlled by feedback loop from the pH of the upstream
vessel) while Rhodobacter feed from the permeate chamber is/can be operated on a continuous basis.
The integrated system, overall, is projected as a continuous process once the problem of ethanol
accumulation in the dark fermentation is overcome, as it was described in section 0. by using strain
RLO09.

Batch operation is one of the most common modes of process operation since it provides
several advantages such as lower risk of contamination as fresh inoculum and media can be
introduced safely, it allows successive biomass growth stages followed by a product formation stage
under different operating conditions to run in the same vessel and batch operation gives greater
operational flexibility and production planning [228]. However one of the main disadvantages of the
batch mode is the accumulation of inhibitory products (OAs, ethanol), while fermenter down-time
between batches is an economic consideration.

Fed-batch operations permit the operation of batch modes for extended periods as this allows
the replenishment of consumed nutrients and substrates into the bioreactor providing control over
the specific growth rate of the microorganism while maintaining maximum H, production rates.
Room has to be made in the bioreactor for the fresh ingredients and one of the best ways is to
remove part of the suspension before each addition (fill and draw), however the accumulation of
inhibitory products is still an issue that eventually will affect H, productivity. In the present process,
operated as an electrofermentation (see section VI1.5) a part of the dark fermenter volume is lost via
electrolysis of water in the electrochemical cell. This offset, in part, the volume increase in the dark
fermenter vessel.

Continuous operation mode has strong advantages compared to batch and fed-batch
operations since this operates in long production runs resulting in high productivity and steady state
conditions that favour easier process control and even demand on utilities which translates in being
more cost efficient while achieving consistency of product quality [228]. As this mode of operation
operates an extended period, it requires the utilization of organisms with high genetic stability,

operation under low risk of contamination and the continuous removal of inhibitory products [100].
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With respect to the design of the bioreactor, aerated (gas sparged) stirred cylindrical vessels
with the agitator shaft placed along the vertical axis of the cylinder are commonly used for
fermentations and the most common impeller type is the bladed turbine operated at variable speed,
which produces radial flow and high shear rates near the impeller which are very important for air
dispersion in aerobic growth and to achieve homogeneity, mass and heat transfer in the fermentation
media. A key feature is the double mechanical seal between the impeller shaft and the vessel top
plate. This allows free rotation of the impeller shaft while precluding entry of contaminant
microorganisms into the fermentation.

Special consideration should be given to increasing agitation speed (mixing condition) since
higher agitation will improve the performance of the bioreactor in this respect but also will bring an
increase in shear stress which could reach levels that damage the bacteria; dissolved oxygen tension
(DOT) has a strong effect on cell physiology and biomass yield therefore a poor mixing condition
would lead to low biomass yield but high cell viability (a measure of healthy cells), while on the
contrary high mixing conditions give higher biomass yield but low cell viability. Therefore it is
important to avoid environmental stress associated with appropriate levels of dissolved oxygen
through mixing [229]. On the other hand, at high cell densities and ‘aerobic culture’ contains areas
of transient anaerobiosis therefore these cells are continually switching rapidly between aerobic and
anaerobic metabolism [229].

Air flow should also be controlled to meet the oxygen demand of an aerobic growth process.
The sparged gas also dissipates energy into the culture medium and contributes to agitation. Bubble
dispersion may be employed, or the vessel may be baffled to assist mixing.

The volume of the vessel should be between 30-50 % larger than the fermentation culture
volume to allow a head-space necessary for the separation of liquid from the gas phase. The vessel
should also be designed to withstand the internal sterilization pressures and temperatures.

The performance of the scale-up system will be evaluated in terms of achieving the same E.
coli growth, H, yields and production rates as in the 3 L scale fermentations at minimum unit cost.
This task implies the use of rational optimization procedures, especially those based in statistical
methods as a valuable tool to determine the combination of controllable process operating
conditions that will yield the desired values.

Computer control

Computers and software (fermentation control algorithm) strategies provide an indispensable

control function in fermentation processes and are extremely helpful in monitoring, data logging and
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control, and in computer simulations for optimization as models on fermentation kinetics are
developed. Important fermentation parameters such as temperature, pressure, pH, airflow, COD and
agitation speed can be monitored and controlled. Correlation of these parameters with other “off-line”
variables such as biomass concentration, sample quantitative analysis and product evolution are
facilitated and processes can be optimized at lower costs [228].

Automatic controllers require accurate measurements to achieve good closed-loop control
therefore the incorporation of appropriate instrumentation (for example probes resistant to steam
sterilization or fouling) and instrument calibration methods are important factors to consider in
having a true and an accurate measurement of the processes parameters.

Analysis

As some biological variables are still difficult to be measured on-line, off-line analysis is
widely used and their incorporation to the control loop requires the intervention of an interactive
operator; in addition the obtained data may be several hours delayed.

Vent gases such as Hz, N,, CO, and O, can be effectively measured on-line using mass
spectrometers.

Downstream operation

It is said that the downstream operation could capture 60-90 % of the total processing costs
of the fermentation system as described in Fig. 39. It embraces the cost of separation of biomass
(disc centrifuges are commonly used at large scale) and also the finishing operations that deal with
product purification, product concentration, product packing and storage (among others) and that are
subject to the composition of the process stream (which is subject to variations) and to the
specifications of regulatory agencies or product requirements. Limited information is available,
therefore downstream processing is a very active research area, and good examples of relevance to
this study are H, storage systems and carbon capture and storage (CCS) in steam methane reforming
(SMR) for H, production plants (section 11.1).

Materials and methods

All chemicals were analytical grade. E. coli HD701 was provided by Dr. F. Sargent
(University of Dundee). Pear waste was provided by Minor, Weir & Willis (MWW).

Fermentations were carried out utilizing a twin system of two 0.100 m® parallel steam pilot
plant (PP) (Pierre Guerin Ltd) automated bioreactors with an effective volume of 0.07 m® as

illustrated in fig XX. A mass spec model Prima dB (Thermo Scientific) was connected on-line to
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provide immediate gas analysis. Air was supplied using a conventional air compressor and N, was
supplied through an Atlas Copco N, generator both filtered sterilized. A fed batch fermentation
mode will be described. The purpose of twin reactors is to provide control data (e.g. from glucose)
and experimental data (e.g. from pear juice) in a single experiment using a divided inoculum.
Unfortunately, in the ‘glucose control’ reactor the shaft impeller motor overheated and the
experiment in that fermenter had to be stopped. By the way the fermenters are fixed; the company
admitted the impeller shaft should not have failed on the small hours of usage logged and they are
investigating the cause of the problem.

Due to limitations such as manpower needed to process the input feed (in this case ~ 30 Kg
of pear per load) only a single 40 L twin fermentation experiment was made, with the
aforementioned problem in the glucose control reactor. The fermentation volume established implies
that more than 65 % head space in contrast to 40 % head space in 0.005m* (5 L) bench scale
fermenters. Glucose was used as a substrate for the aerobic growth phase whereas pear juice
obtained from pear wastes was used as a substrate for the anaerobic phase. The juice from pear
waste was extracted using a Ferrari 5 L hand-cranked fruit press. No infusion was used.

Bioreactors were washed and temperature, pH and OD electrodes were calibrated previously,
solutions of 2 M NaOH and 2 M H,SQO, (5 L each) were prepared for pH control.

Fermentation media (40 L) was prepared according to aerobic pre-growth in fermenter
media formula described in the appendix section VIII.1.2. Tap water was utilized for media
preparation. Fermentation media was autoclaved (120 °C; 30 min; cooling to 30 °C) in the fermenter
followed by the aseptic addition of pre-sterilized media additives. Media additives (as described in
the same appendix section) were trace elements (0.12 L), Glucose (500 g.L™)(1.6 L), MgSO4
(0.080 L) prepared using DW and autoclaved separately; Thiamine (0.050 L) was filter sterilized.
All additives were mixed before added to the fermenter through special ports using autoclaved
connectors.

For inoculum, cells of E. coli HD701 were pre-growth overnight as described in appendix
section VII1.1.1 but utilizing 0.4 L (1 % v.v'') of NBF8. Cells were introduced into the bioreactor
through an inoculation port using autoclaved connectors.

With the aim to achieve high cell concentration (2-4 g dw.L™), the system was programmed
for a first aerobic growth phase followed by a manual switch to a second anaerobic fermentation

phase. Conditions for the aerobic growth phase were as follows:
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pH acid set point 7.5

pH base set point 5.75
Air flow rate 13 L.min™,
Agitation speed 100 rpm

YV V. V V V

Temperature 30 °C

» Head pressure 0.2 bar

At pH ~6.0 the fermentation will be switched to the anaerobic phase with the pH

controlling both the switch and the automated control of titrants to maintain pH at 5.75. Conditions
for the anaerobic phase were as follows:

» pH acid set point 7.5
pH base set point 5.75
N, flow rate 6 L.min™* continuously
Agitation speed 200 rpm
Temperature 30 °C

YV V. V V V

Head pressure 0 bar

Analysis
E. coli growth was followed by measuring ODgg, OA were analysed by HPLC (as described
in [107] , glucose was analysed by DNSA assay (appendix section VII1.4.1) and biogas was

analysed using an on-line mass spectrophotometer.

Results and discussion

E. coli HD701 growth and pH profile are shown in Fig. 41; glucose and OA generation are
shown in Fig. 42. The maximum aerobic growth was ~ 0.45 g dw.L™ achieved after 72 h, the pH
was 6 and ~ 40 % of the initial glucose was consumed. This growth was only ~ 20 % higher than the
traditional E. coli aerobic pre-growth using erlenmeyer flasks containing ‘NBF8’ media (appendix
section VIII.1.1) after fermentation inoculation [100] and ~ 6 times lower than the aimed 2-4 g
dw.L1 achieved in similar fermentations at 5 L scale after the initial 24 h [132].

In an attempt to re-stimulate growth, the pH was adjusted to 7, and agitation speed and air
flow were increased to 250 rpm and 30 L.min™ respectively. However, after 16 h (88 h since t=0)

only 15 % more growth was obtained, the pH decreased to 6.6 and an additional 10 % of glucose
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was consumed (total of 50 % consumed). Afterwards the system was switched to anaerobic mode
(after 88 h from t=0).

Substrate (glucose) concentration and DOT [132, 229] are important factors to consider in
the utilization of this method in order to achieve maximum growth yields.

Glucose concentration helps to restrict the aerobic formation of inhibitory OA (overflow
metabolism, which produces primarily acetate) which is utilized to signal the transition (at pH 6.0)
to the anaerobic phase; an excess of glucose has an immediate effect of decreasing the growth rate
and increasing the generation of OA [229]. However the transition to anaerobic phase helps to
mitigate overflow metabolism due to any excess in glucose concentration (Fig. 42) [132]. The
concentration of acetate reached ~ 55 mM which is ~ 7 fold higher than that obtained in the smaller
fermentations (section VI1.1.1). Also, acetate was produced throughout aerobic growth.

DOT has a strong effect on cell physiology and biomass yield, as explained earlier in this
chapter a poor mixing condition usually leads to low biomass yield but high cell viability and high
mixing conditions give higher biomass yield but low cell viability. Therefore it is important to avoid
environmental stress associated with glucose limitation and to maintain appropriate levels of
dissolved oxygen through mixing. The glucose concentration utilized was equivalent to the glucose
concentration in previous successful experiments, consequently the low growth obtained in our
experiment could be attributed to an initial poor mixing and possibly a limiting DO concentration
but this was not monitored, which will be very important in future experiments.

After 24 h of the growth phase formate decreased from initial 22 mM to 13.5 mM and set
between 11.6-12.8 mM for the rest of the fermentation but in the small batches there was almost no
formate. This shows that conversion to H, was not happening effectively. Acetate began to
accumulate in significant amounts; in contrast with previous fermentations where formate levels
rapidly declined from initial 23 mM to 4-8 mM and lactate (up to ~8 mM) was mainly produced
instead (sections VI.1.1 and VI1.5). During the next 64 h formate remained steady and pyruvate
began to accumulate; before switching to anaerobic phase acetate and pyruvate levels reached a
maximum of 56 and 28 mM reapectively (2.24 and 1.12 mol). Once in anaerobic phase, pyruvate
gradually decreased to O after 185 h of fermentation, acetate decreased to 44 mM during the initial
24 h of the anaerobic phase and remained at 34-38 mM for the rest of the fermentation period.
Lactate increasingly accumulated finally ~ 43 mM. The lactate-butyrate transition did not occur in
this experiment as it was observed throughout E. coli fermentations (section VI1.1.1). No changes in

trend were observed after the addition of 3.25 L of pear juice after 114 H of fermentation (24 h after
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anaerobic phase) which resulted in accumulation of glucose (from 37 to 75 mM) without significant
consumption during the rest of the fermentation (60 mM).

During the metabolism of glucose by E. coli whether in aerobic or anaerobic conditions,
glucose is transported into the cell by the phosphotransferase system and catabolised to pyruate in a
process that liberates energy as ATP [230]. Pyruvate is metabolised to acetyl CoA by the pyruvate
dehydrogenase (PDH) complex, at the same time the FHL complex is activated through the addition
of formate. In subsequent anaerobiosis the synthesis of the PDH complex is mostly repressed and
totally inhibited possibly by NADH being replaced by pyruvate formate lyase (PFL) [123]. Acetyl-
CoA is still produced but the activated FHL complex shift pyruvate metabolism to formate and H,
along with competing pathways to lactate, acetate and ethanol (section VI.1) [123]. H, was not
detectable against the large excess of N, but the persistence of high levels of formate in the aerobic
phase would suggest poor conversion of HCOOH to H, + CO, via FHL (Fig. 42). It is evident from
the accumulation of pyruvate and acetate during the aerobic growth that the FHL complex was not
adequately expressed during the aerobic growth phase and as a consequence the FHL metabolic
pathway to formate and H, was ineffective. This could be attributed to low mixing/aeration
conditions during the growth phase employed in this experiment. A positive response in growth was
found when air flow and agitation speed were increased (Fig. 41) and the rate of glucose
consumption increased ~ 2 fold (Fig. 42). However in order to avoid further accumulation of
inhibitory OAs the system was switched to anaerobic mode.

The big head space left inside the fermenter (due to low culture volume) and the minimal N,
flow required by the mass spec (6 L.min™) diluted any H, produced to very low levels making
analysis very difficult. In future fermentations it will be important to increase the volume of
fermentation to ~ 100 % of the effective volume (75-80 L) to improve the concentration of H,

produced.
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Fig. 41 HD701 growth and pH during fermentation time. The arrow indicates the time where pH was adjusted to 7 and
agitation and air flow increased in an attempt to stimulate growth. The dotted line indicates the point where the
fermentation was switched to anaerobic phase; (- - -) indicates the onset of the stationary growth phase. Glucose control
experiment is not represented in the graph due to a reactor failure.
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Fig. 42 OA produced and glucose consumption by HD701 with fermentation time. (o) lactate; (0) acetate; (¢) formate;
(A) succinate; (@) pyruvate; (¢) H, production; (- - -) glucose consumption. Aerobic and anaerobic phase are divided by
the dotted line. The arrow indicates the time of addition of pear juice. Glucose control experiment is not represented in
the graph due to a reactor failure.
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In other parallel studies, a pilot plant of 1.48 m* (effective volume capacity) was operated to
produce H, from molasses using seed sludge from local municipal wastewater continuously for 200
days. The H, production rate obtained was compared with previous bench-scale studies. In these
experiments H2 yield (m*d™) and specific H, production rate (m*.Kg MLSS.d™) increased when the
organic load rate (OLR) ranged from 6.32 kg COD.m>.d™ to 68.21 kg COD.m>.d*; H2 yield:
8.25 m*d™ (0.75 m®.Kg MLSS.d™%), however H, decreased when OLR was > 68.21 kg COD.m>.d.

It was also observed that a high concentration of biomass in PP bioreactor improved H; yield [96].

Conclusion

The results obtained show that poor agitation had a negative impact on aerobic growth.
Nevertheless this preliminary experiment enabled the first steps towards scale up and future studies
would:
Use two fermenters in parallel; one control and one altered by just one parameter.
Analyse DO during the growth phase.

Larger culture volume to minimise head gas and hence diluent N,.

YV V V V

Careful study of agitation and air supply.
» Strict control over the other parameters such as temperature and pH.
Minimizing the amount of experimentation at PP scale is essential for economic reasons,
therefore the utilization statistical experimental design becomes a valuable tool to make the

experimental procedure cost effective.

225



VII.

Rafael L Orozco, PhD thesis

GENERAL DISCUSSION: OUTCOMES WITH RESPECT
TO OBJECTIVES

The subprojects and activities part of this research project were completed and all its primary
objectives were achieved.

Results on E. coli bench scale fermentations revealed different capabilities and advantages of
these microorganisms for the downstream processing as discussed in section VI.1. Mutants that
provided low ethanol concentration gave promising results.

Results indicated that the hydrolysates produced from HCW hydrolysis of starch, cellulose
and food wastes with high starch content are suitable for bio-H, production after their detoxification
with AC; however an important factor that should be taken in consideration is the reactor wall
material which in this case is Hastelloy C-276, an alloy rich in Ni that, when corroded, (usually after
reactions with materials containing salt) may provoke wall-catalysed reactions affecting sugar yields
negatively while increasing the formation of DP as discussed in section VI.3.2. An alternative
reactor material may include stainless steel (SS-316L).

Extractive fermentation of different food wastes utilizing a novel electrodialysis technique
(developed by Dr. M. D. Redwood) for the separation and transport of the OA generated during the
dark fermentation was also successful and proved to be a promising technology for a synergistic
integration of both fermentation processes for H, production. This part of the project was a team
project lead by Dr. M. D. Redwood and my contribution was in assisting Dr. Redwood during the
equipment installation and start-up procedures, operation and process control throughout the
experiments, sample processing and analysis.

Fermentations at pilot plant scale provided an invaluable contribution to the escalation of the
dark fermentation process for bio-H; production as it enabled the first steps towards scale-up and the
design of future pilot plant experiments.

A larger fermentation (3 L) of food waste hydrolysates revealed a low rates and yield of H,
production that can be attributed to the accumulation of OA and ethanol. Additional experiments are
necessary for a more definite conclusion.

As an additional outcome from this project very interesting lines of research were identified
and remained to be explored in the near future.

Although results were already discussed for each subproject in chapter VI, this section

summarises the main project outcomes and outlines the most important challenges to pursue.
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VIl.1 Final discussion and conclusions

Improvement in H; yield from all the strains tested (Table 6) most within the range of 22-35 %
were achieved in 3 L scale fermentations compared to small 0.1 L scale (section VI.1) as a
consequence of improvements in growth methods [100], advances in media formulations [152, 231]
and the utilization of more sophisticated fermentation equipment.

E. coli strains showed different capabilities associated to their particular genetic
modifications. Strain HD701 (lacking the FHL repressor), FTD67 (devoid of up-take hydrogenases
Hyd-2) and FTD89 (devoid of Hyd-1 and 2) performed better than the parent strain MC4100 in
evolving better H;, yields and rates, demonstrating that those deletions effectively enhanced H,
production. All these strains produced similar amounts of ethanol compared to the parent strain
MC4100.

Among the OA generated by the strains, butyrate is the best OA for the downstream process
in terms of HPP (10 mol H,.mol OA™) and current efficiency whereas acetate and succinate are the
worst options as there are likely to yield no energy profit. Considering this criterion, strain FTD67
offers more viability in terms of HPP and net energy profit above the other three strains.

The presence of butyrate is an interesting, little-reported and un-expecting phenomenon
discovered during these E. coli fermentations, having major implications for integration with a
downstream PBR and as such needs further investigation to elucidate its metabolic pathway. In the
case of strains MC4100, HD701, FTD67 and FTD89 butyrate is generated at the expense of lactate
under glucose depletion.

Mutant strain RLOO7 (devoid of IdhA) compensated the effect of lacking the lactate
dehydrogenase by making more succinate and consequently less ethanol. The H, produced by this
strain was less compared to the parent strain, however, and despite having the highest HPP of all
strains, ~ 85 % of this comes from succinate and acetate implying that the utilization of this strain is
likely to result in no energy profit after the utilization of its OA in the photofermentation process. In
addition this strain and the parent strain were the only strains tested for their ability to make
Bio-Pd/Pt catalyst from the waste biomass for use in a hydrogen fuel cell to produce electricity and
the results showed that palladized cells from strain RLOO7 produced ~ 3 fold more electricity as
compared to Bio-Pdwcaioo.

In mutant strain RLO09 (devoid of IdhA and ackA) the additional deletion of the ackA
enzyme blocked the route to acetate provoking an accumulation of pyruvate. This resulted in an
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activation of the POX complex which not only opened another route to acetate synthesis which did
not generate ATP, resulting in poor growth but also enhanced H, production reaching the highest
yield of all strains (~ 1.7 mol Ho.mol glucose™) and decreased the generation of ethanol by half
compared to strain RLOO7. In terms of HPP this strain could be interesting as it has the second
highest HPP (10.3 mol H,.mol OA™) of which ~ 50 % comes from butyrate (the best OA) and ~ 50 %
from acetate (one of the worst).

These two mutant strains showed a different route to butyrate in which butyrate was
generated at the expense of pyruvate (as these strains do not make lactate). This is also unexpected
and deserves further study as butyrate is a desirable product for the photofermentation process.
Evaluation of palladized and platinized cells from RL0O09 to produce electricity also needs
examination. This is important as re-use of the used bacteria ‘in process’ is important towards the
concept of zero waste; palladized cells from Hj-fermentation have been shown to be effective
catalysts. Towards ‘in process’ recovery of COpy; initial studies have shown promise on the
production of a value algal product on fermentation waste CO; (See appendix VII1.6.2).

Overall, and based on the information collected so far, strains FTD67 and RL009 seem to be
the most suitable E. coli strains to be used in the dark fermentation process for the downstream
processing, even though more study is necessary to understand and improve the performance of E.
coli strains according to the criteria established as biological hybrid systems for bio-H, production
have to be envisioned as one single integrated process where the potential and performance of each
microorganism has to be evaluated in terms of its contribution to an overall objective.

Hydrolysis of biomass to fermentable sugars is essential for its utilization for downstream
bio-H, production. In addition to biomass composition, costs and effectiveness, environmental
factors are also important in the selection of the hydrolysis method (chapter I11).

HCW in the presence of CO; is an environmental friendly method of biomass hydrolysis as
it utilizes water at high temperatures and pressure. The addition of CO, forms H,CO3 which is a
weak acid that catalysed the reaction, improving yields of hydrolysis products, mainly sugars, but
also 5-HMF, furfurals, phenolics, amines and OA depending on biomass composition. While at the
same time reducing the optimum hydrolysis temperature by 10 °C compared to the use of Ns.

Model compounds (starch and cellulose) and wastes (food waste, spent grain and wheat
straw) were hydrolysed in HCW/CO,. Starch produced hydrolysates with highest glucose content
(548 g.kg starch™ carbon at 200 °C) due to its weaker semi-crystaline structure which was easier to
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hydrolyse. From the wastes food waste produced the hydrolysate with more sugar content
(45.5 mg.g waste™).

For lignocellulosic wastes the conversion to sugars was very low, therefore a combination of
HCW and enzymatic methods may offer a feasible alternative for the optimum hydrolysis to sugars
of these complex wastes that are also not enzymatically biodegradable due to the complex structure
of lignin (chapter 111VV1.4). In this HCW pretreatment lignin and hemicellulose will be separated first
and the residue (rich in cellulose) is more susceptible to enzymatic attack or for further HCW
hydrolysis (chapter Ill). The lignin fraction can be utilized as a source of chemicals, particularly
phenolic compounds [232] and for the production of H, and bio-fuels through the utilization of
gasification and pyrolysis technologies (section 11.3.1). This would add value and importance to
HCW hydrolysis technology and constitute another very interesting line of research to follow.

It was demonstrated that the hydrolysates produced from the hydrolysis of the model
compounds and bio-wastes using HCW/CO, were suitable for fermentation by E. coli after their
detoxification with AC; before AC treatment the fermentability of the hydrolysates to produce H,
was nil whereas after AC treatment in most cases H, production was comparable or equivalent to
glucose control (chapters 0VI.3 and V1.4).

The AC treatment removed most of the degradation products identified as potential
inhibitors for fermentation without severely affecting sugars, thereby considerably improving the
fermentability of the hydrolysates. An alternative to AC that is interesting to evaluate is the
utilization of ionic exchange resins such as Ambertlite XAD1180N, XAD761 or XAD4 resin
utilized with satisfactory results (but inferior to AC) in the removal of 5-HMF, furfural and other DP
for the production of butanol from agricultural residues by fermentation after hydrolysis. These
polymeric resins offer the advantage of an easier regeneration on-site which translates in smaller
costs. But nevertheless ion exchange resins are expensive, whereas AC is the bulk method of choice
in, for example, the water industry where it is used to remove chlorination by products at scale.

In the case of starch and cellulose, the main degradation product was 5-HMF and its removal
by AC was very selective and effective (Chapter 0 and VI.3). 5-HMF can be converted to
2,5-furandicarboxylic acid by aerobic oxidation involving titania-supported gold catalyst (99 mol %
yield achieved under optimal conditions) [233]. This organic compound (2,5-furandicarboxylic acid)
was identified by the US department of energy as one of 12 priority chemicals for a future “green”
chemistry industry [234], this chemical may replace terephthalic acid as a monomer in the

production of plastics [235]. This process may offer another opportunity that is worth to explore as it
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could be integrated to the HCW hydrolysis technology for value product co-production. In this
context E. coli bacteria have been shown to recover gold from wastes [236] and bio recovered nano
Au(0) is highly active as an oxidation catalyst. The use of ‘aurized’ waste E. coli to develop a value
product from waste 5-HMF is a clear future opportunity to value-add to the ‘waste into energy’
process described in this thesis.

Another interesting use of 5-HMF that needs investigation is for the synthesis of
2,5-dimethylfuran (DMF) which is a powerful fuel that contains as much energy as petrol and ~ 40 %
more than ethanol. The usual synthesis path includes sugar transformation to 5-HMF (in this case
5-HMF is obtained by HCW hydrolysis) and then to DMF through the utilization of acid, copper
catalysts, salt and butanol as solvent [237]. DMF can be utilized in enormous quantities as bio-fuel
for the transportation industry. However the “value” of the synthesized fuel needs to be balanced
against the butanol consumed. In this context the butyrate production pathway is very relevant;
others have reported the use of E. coli to produce butanol after substantial modifications [238] and
the discovery of a ‘natural’ pathway of 4-carbon fatty acid metabolism as reported here may be of
relevance in this context if conversion of butyrate to butanol (as a simple metabolic pathway
diversion) can be achieved. However this would detract from the use of butyrate in the downstream
PBR and here of HPP from the process.

Furfural was the main DP product from the hydrolysis of lignocellulosic wastes (spent grain
and wheat straw) (chapter V1.4) and it was also efficiently removed by AC. The recovery of furfural
by utilizing ionic exchange resins like the ones mentioned above might be easy after resin
regeneration and offers another area of investigation that may be easily integrated to the HCW
hydrolysis. Furfural is a very important industrial chemical intermediate for the synthesis of a wide
range of high value chemicals with several uses and applications within the chemical industry;
furfural is first converted into furfuryl alcohol via hydrogenation, for which palladized waste E. coli
cells have been found to be an effective hydrogenation catalyst (see appendix VI111.5.2), and further
processed into furan resins used mainly for foundry sand binders in the metal casting industry [239,
240].

The utilization of FW hydrolysates obtained from HCW/CO, treatment, in 3 LF scale
fermentation delivered low yields of H, production (attributed to the accumulation of OA and
ethanol), however HCW treatment of starch rich wastes integrated with fermentation-
photofermentation processes should not be disregarded as it may be possible to increase sugar

extraction from these wastes by: processing wastes with a higher starch content; ensuring that
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reactor wall material is not leaching and catalysing sugar degradation (see section V1.3.2) and
finding optimum concentration of starting material for the HCW reactions. It may constitute a viable
potential alternative for H, production and bio-waste utilization.

It is vital for the future of all these technologies to achieve scale-up operation to pilot plant
scale. University of Birmingham modern pilot plant facility provides an excellent opportunity to
conduct research towards finding the optimum conditions, best microorganisms at scale and best
substrates for the reproducibility of results already obtained at bench scale experiments before the
pre-industrial application of the technologies reported here. In the first experiment conducted in the
pilot plant a number of incidents occurred that resulted in undetectable yields of H, from the
fermentation sugar rich substrates by E. coli HD701. Among these were: insufficient aeration, pH
control failures, low volume of media (~ 40 % relative to the effective volume utilization of the
fermenters), low culture density (inoculum), H, on-line analysis, among others. Such scale-up of the
biological processes is a very important task to pursue in the near future.

Finally, based on results, learning and experiences from this research work the concept of an
integrated bio-refinery process is broadly schematized in Fig. 43. This conceptual model
contemplates a versatile process considering the integration of the most important technologies (to
my judgement and knowledge) for the processing of biomass into high value chemicals and fuels for
energy. Product yields, mass and energy balances and economic evaluation will have to be
integrated to the scheme as we progress through the development of these technologies; some of
them already are in the commercialization stage such as anaerobic digestion, gasification and

pyrolysis.
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APPENDICES

VIl APENDIX I. Methods of cell growth and testing

VIIl1.1 Aerobic pre-growth in flask and harvesting of cells (for chapter V1.1)

Stock maintenance: Stocks of E. coli strains were maintained at -80 °C in 75% glycerol,
plated on nutrient agar (Oxoid) and incubated overnight at 30°C.

Pre-culture preparation: For the experiments, colonies were picked up for pre-culture into 5
ml vials of nutrient broth solution with added sodium formate (0.5% w.v') (“NBF8”) pH 7, and
incubated for 6h at 30°C, 170 rpm before use.

Harvesting: After preculture, cells were harvested in two 2 L Erlenmeyer flasks containing
1 L of the same NBF8 with added sodium formate (0.5% w/v) previously autoclaved, flasks were
inoculated with 10 pL of sample equivalent to 0.001% inoculum and incubated at 30°C, 150 rpm, 16
h. Cell pellets were then obtained by centrifugation using a Beckman J2-21M/E centrifuge at 7500
rpm, 10 min, 20°C then washed twice in 100 ml phosphate buffer saline (PBS: 1.43 g Na,HPO,4, 0.2
g KH,PO, 0.8 g NaCl, 0.2 g KCI / L™, pH 7.0) before resuspending in 20 ml PBS to produce a
concentrate containing ~ 35—50 mg dry weight/mL.

Biomass concentration was estimated by using a conversion factor; an ODgonm Of 1
corresponds to a concentration of 0.480 mg dry weight/mL (determined previously by D.W. Penfold
and V. Marcadet, UoB). The cell concentrate was kept in a 20 ml sterile syringe before it was

transferred into the fermenter.

VIII.1.2 Aerobic pre-growth in fermenter (EF media) (for chapter V1.4)

Aerobic pre-growth in fermenter was performed using a modular system (Electrolab, UK;
300-series). Media was prepared as follows: citric acid (1.05 g.L™); formic acid (0.98 mL.L™);
(NH4),HPO, (0.264 g.L™Y); (NH4),S0; (0.462 g.L™Y); NH,OH (2.44mL.L™"):; BIS-TRIS base
(10.462 g.L™) in a volume of 2.7 L inside the fermentation vessel, pH was adjusted at 6.5+0.1 with
H,SO,4 (2M). After autoclaving medium additions were added aseptically to a final volume of 3 L:
glucose 2.78 M (20 mL.L™"); PEG (0.5mL.L™"); MgSO; 2M (2mL.L™"); Thiamine 10 mg.L™
(10 mL.L™"); Trace elements (2 ml.L™): Nar-EDTA 0.1702 mM; ZnSO4 0.00188 mM; MnSO,

0.00178 mM; CuSO, 0.0012 mM; CoSO,4 0.00224 mM; FeCl; 0.1743 mM; CaCl, 0.01721 mM;
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FeSO, 0.1743 mM; CaS0O,4 0.01721 mM (Hewitt et al. (2006)) [152]. De-ionized water (as needed).
For a 1% aerobic growth phase the medium was heated to 30 °C and aerated at 1 L.min™ (sterile
compressed air pre-filtered with through glass wool and activated carbon filter) turbine agitation
(300 rpm) before adding 0.17% (v.v'') inoculum from a pre-culture. Pre-cultures were prepared as
described in VI1I1.1.1.

VIIL1.3 Fermentation media formula (for chapter VI.1)

The fermentation vessels contained 3 L of fermentation medium (de-ionized water, 42.6 g
Na,SO4, 10.456 g K,HPO,4, 0.204 g KH,PO,4, 0.1982 g (NH,) 2SO4, pH 5.8). All eluents and
solutions were prepared using de-ionized water (DW). The following supplements previously
autoclaved were aseptically added to the fermenter just before inoculation: 6 ml of 1 M MgSO,4, 30
ml of 2 M glucose, 9 ml of trace elements solution (quantities in g/L): Cacl,.H,O (0.74);
ZnS0,4.7H,0 (0.18); MnSO4.H,0 (0.10); Na,-EDTA (20.1); FeCls.6H,0 (16.7); CuSO4.5H,0 (0.10);
C0S0,4.7H,0 (0.21) solution and 0.5 ml of poly ethylene glycol (PEG).

The system was purged with oxygen free nitrogen (OFN), (through a 2 pm filter) for
at least 30 minutes before inoculation, conditions for the fermenter were set up and automatically
pH control maintained at pH 5.5 - 5.7 using 2M NaOH and 2M H,SO, solutions, temperature at
30°C and stirring at 300 rpm.

VIIL.1.4 15 mL H, fermentation tests (for chapters 0, V1.3 and V1.4).

Small fermentation tests were performed using 60 mL glass serum bottles leaving 75% of
volume for gas space and 25% for culture media (15 mL). The bottles were sealed (10 mm butyl
rubber stoppers). The initial pH was standardised to pH 6.5 (x 0.1) with NaOH/H,SO,; additions for
pH adjustment were negligible.

Fermenters for fermentation tests (60 mL glass serum bottles) contained 10 mL of sterile
medium consisting of Bis-Tris buffer (0.1 M) and Na,SO, (0.0435M; pH 6.5) and 5mL of
hydrolysate or sample (filter sterilized) or glucose control (60 mM) leaving 75 % of volume for gas
space and 25 % for culture media (15 mL). Fermenters were sealed using butyl rubber stoppers and
made anaerobic by purging with N, for at least 30 min. 0.5-1 mL of the cell suspension was added to
give a final cell concentration of 1 g dry weight.L™, before purging for a further 3-5 min. Fermenters

were incubated at 30 °C (180 rpm for 20 h).
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VIIIL1.5 Media for growth tests (for chapters V1.3 and V1.4).

Media formulation used in growth tests consists of the following ingredients: citric acid
(1.05 g.L™); formic acid (90 %) (0.978 mL.L™); (NH4),HPO,4 (0.264 g.L™); (NH4),S04 (0.462 g.L™);
NH,OH (2.871 mL.L™Y); BIS-TRIS base (12.55 g.L ™). pH was adjusted to 6.5; after sterilising by
autoclave the following were added aseptically: glucose 2 M (10 mL.L™); MgSO,4 1 M (2 mL.L™);
thiamine 1 mg.mL™ (10 mL.L™; filter sterilized); trace elements (TE) as in Hewitt et al. (2006) [152].

For this test, the glucose that was added to the media is to ensure the presence of a sugar that
is appropriate for growth; this allows us to attribute any observed variation in growth to the

inhibitors contained in the samples rather than to the possibility of substrate limitation.
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VIII.2 APENDIX Il. Gas analysis and measurements
VIl.2.1 Combustible gas meter (CGM)

The concentration of H, in the headspace after incubation was measured by withdrawing a
gas sample (1 mL) using a gas-tight syringe (Hamilton) immediately after shaking to ensure gases
were evenly dispersed and injecting the sample into a combustible gas meter (Gasurveyor2, GMI).
The system produced a numerical result that was related to the concentration of combustible gas in

the injected sample.

For this, a calibration method was developed to correlate the output obtained from the CGM
to a quantitative amount of hydrogen expressed as (v.v™%); the averages of 3 samples withdrawn from
bottles with known H;, concentration were converted using a linear calibration (R? > 0.99). The
measured concentration of % H, was used to determine the volume of H, produced (y).

The variable addition of cell concentrate used in independent experiments and its minor
effect on headspace volume was accounted for.

This calibration method has to be performed each time in parallel with the experiment and
preferentially each experiment should have its own calibration curve. Below is an example of a

calibration curve obtained for a particular experiment.

vol H,
Space added CGM outputs (Iml inj) at V=6.00 and unlimiting
Bottle (mLO (mL) % H, current

A 245 0.5 0.20% 0.0

B 244 2 0.81% | 0.3 0.4 0.3 0.4

C 244 5 2.01% 1.7 1.7 1.7

D 247 10 3.89% | 35 3.6 3.5

E 244 25 9.29% | 9.3 9.4 9.3 9.4

F 245 40 14.04% | 14 14 14

F 244 60 19.74% | 19 19 19
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20% - CGM calibration

16% A y = 0.010229x
R2=0.997637

O% T T T

0 5 10 15
CGMreading (Imlinj.)

20

To convert from % H; concentration to mL H, produced:
Average bottle volume: 57.75 mL

Headspace bottle volume after inoculum: 41.85 mL

HD701 usually makes 50:50 (H2:COy) (from preliminary work)
% [H2] =y = x.(ax+h)™*

Gases formed (ml
(m) " mL H,

H, CO, [Ha] %
0 0 0.0% 12 -
1 1 4.6% y:40.591x2+17.628x+0.0855
2 2 8.7% <107 R?=0.9998
3 3 12.5% g 8
4 4 16.0% £
5 5 19.3% 2
6 6 22.3% 4
7 7 25.1% 5
8 8 27.7%
9 9 30.1% 0 w w w w
10 10 32.3% 0% 10% 20% 30% 40%
11 11 34.5%
12 12 36.4%
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VII.2.2 Water height displacement column (WHDC)

In this method, a closed water filled graduated cylinder partially submerged in an open
container of a barrier solution (tap water) was used. The system is allowed to equilibrate until the
water stops draining from the cylinder; this generates an internal pressure (Po) inside the
fermentation vessel that is less than the external atmospheric pressure (Pam) hereby generating a
partial vacuum. The gas produced after trapping the CO; generated in a 2M NaOH solution entered
the top of the cylinder displacing the water into the container. The volume of water displaced
corresponds to the volume of H, produced. By the use of time lapse photography it was possible to

calculate the H; production rates.

- Water weight column causes a Py < P
Gas inlet ——p & inside the fermentation system

A

Graduated cylinder Water column height (hg)

Container with barrier
I solution (tap water)

VIII1.2.3 Low flow gasmeters (LFG)

In some experiments, H, and CO, production were also measured using low-flow gasmeters.
Meters were placed upstream and downstream of a ‘scrubber’ solution containing 2 M NaOH and

universal indicator, so that the CO, could be calculated by subtraction. Saturation of the scrubber
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solution will be revealed by a colour change. This method was shown by gas chromatography (GC)
to remove CO, to below 0.05% (v.v'}).

Low flow gasmeters operate based on an inverted “tripping bucket” submerged in liquid
(usually water), the water is displaced by the gas produced in a bucket of known volume. The gas
produced in the fermenters generates a positive partial pressure that drives the gas into the bucket.
Once the gas bubbles fill the bucket it trips and by means of a magnet a signal is activated and
registered through a connected counting device. By multiplying the number of trips by the bucket
volume is possible to quantify the volume of gas and the flow rate. Fig. 44 illustrates this method.

Bucket flipps to the other side

N

<«—— Gasoutlet

Magnet
j
Water Bucket ._/
~a Gas collected
Pivot
) Gas in

Fig. 44 Low flow gasmeter.

LFG has several advantages vs. WHDC, among them a continuous monitoring of the volume
and rates of H, produced and the possibility to quantify the CO, generated by difference between the
upstream and downstream gasmeter readings. However it was observed that there was a lag period
in the beginning of H, production when the LFG method was used compared to the WHDC. This
was attributed to the difference in fermentation vessel internal pressure due to the vaccum exerted
by the weight of the water column in the WHDC, whereas with the LFG the internal pressure in the
fermentation vessel was in equilibrium with the P,m. Based on these examples, there is no reason to
conclude that this difference in internal pressures affects H, production and rates; E. coli is less
sensitive to H, back pressure than other species (section 11.4.3); hence care should be taken if
comparison between species as these can be influenced by the gas measurement method. However

as can be noticed from these two figures the H, production retardation time is much less for HD701
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than for strain MC4100 suggesting that different E. coli strains respond differently to internal
pressure. This phenomena should also be taken in consideration in future experiments especially
those that incorporate a H, storage systems that requires some pressure build up in the fermentation

system to function.

1.6 - 200 -
160 -
1.2
WHDC WHDC
\ <+— LFG
120 - ¢
0.8 -
80 -
<+— LFG
0.4 -
40
0 T T 1 0 T T 7
0 24 48 72 0 24 48 72

Fig. 45 Shows the difference in (A) H, production (vertical axis: mol H, .mol glucose™) and (B) H, rates (vertical axis:
mL H,.h™") pathways by strain MC4100 when LFG and WHDC were employed. Horizontal axis represents fermentation
time (h).
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Fig. 46 Shows the difference in (A) H, production (vertical axis: mL H,) and (B) H, rates (vertical axis: mL H,.h™)
pathways by strain HD701 when LFG and WHDC were employed. Horizontal axis represents fermentation time (h). As
can be noticed the H, production retardation time is much less than for strain MC4100
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VI3 Appendix I11. Detoxification method

The hydrolysates were treated with 5% (w.v ag.™) (except where otherwise stated) wood
derived steam activated carbon (AC) powder (ColorSorb G5, Jacobi, UK) at 60 °C for 1 h with
agitation at 180 rpm as described by Hodge et al. (2009) [21], pH was not adjusted. The treated
hydrolysates were vacuum-filtered through filter paper (Fisherbrand QL100). Hydrolysates and

samples were kept at -20 °C for tests and analysis.
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Vill.4 Appendix V. Quantitative chemical analysis
Vill4.1 DNSA assay for glucose quantification

Mixed samples were mixed with DNSA reagent in varying proportions Table 20, boiled for
10 min, cooled on ice and the Aszowas recorded [100]. For the preparation of DNSA reagent, 0.25 g
of 3,5-dinitrosalicylic acid (DNSA) and 75 g sodium potassium tartarate were dissolved in 50 ml of
2 M NaOH overnight in a brown glass bottle (reagent is light sensitive) after which the volume was

made up to 250 ml with de-ionized water . The reagent was stored in darkness at 4 ° C [153].

Table 20 Samples and reagent proportions according to assay range.

Sample vol Reagent vol Assay range

(). () (mM glucose)
20 800 25-250
50 800 10-100
100 800 ~ 5-50
300 700 0.5-5

Aqueous solution from experiments exhibit different colours (light orange), since DNSA is a
colorimetric method a blank should be run mixing the sample with reagent in the proper proportions
and then put in spectrophotometer. Final ODs7o reading will be the difference between blank and
sample. Dilutions of samples may also be needed when sample is too dark.

As the method is sensitive to all reducing sugars, the accurate quantitative analysis of

glucose is dependent upon glucose being the only reducing sugar (or agent) present.
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VIIlL.4.2 Total Organic Carbon (TOC)

Total Carbon (TC) is composed of total organic carbon (TOC) and Inorganic Carbon (IC);
TOC results from the difference between TC and IC. All samples were run through a total organic
carbon analyser (Model TOC 5050A, Shimadzu Co., Japan) equipped with an autosampler (ASI-
5000A, Shimadzu Co., Japan) with no prior pre-treatment. The operation of the analyser is based on
the combustion/non-dispersive infrared gas method that is widely employed for TOC measurements
(Shimadzu Instruction Manual, 2001).

The preparation of the samples was done based on the results obtained from the analysis of
the hydrolysates by the DNSA method; samples were diluted with de-ionized water estimating a
carbon content not larger than 1000 ppm. Vials of 6 ml were prepared and placed in the auto-
sampler. The measuring principle for TC is as follows: High purity air (carrier gas) is supplied into a
TC combustion tube, which is filled with oxidation catalyst and heated to 680 °C. When the sample
has been introduced into the TC combustion tube, the TC component in the sample is decomposed
into CO,. The carrier gas, containing the combustion gas from the TC tube flows through an IC
reaction vessel, is cooled and dried. It is then sent through a halogen scrubber into a sample cell set
in a non-dispersive infrared gas analyser (NIDR) where CO, is detected. The NDIR outputs a
detection signal, generating a peak whose area is calculated by a data processor. The peak area is
proportional to the TC concentration of the sample. For IC measurement, the sample is introduced
into the IC reactor vessel, where carrier gas is flowing in the form of tiny bubbles in the solution
acidified by IC reagent. Only the IC component in the sample is decomposed to CO,, which is
detected by the NDIR. The IC concentration is determined in the same manner as the TC

concentration. TOC is thus obtained by difference of TC and IC.
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VII1.4.3 Lignin determination

Lignin in WS and BG was analysed using the Klason assay following the ASTM Standard
method E 1721 — 01 (Determination of Acid-Insoluble Residue in Biomass)

Labelled crucibles were ignited at 575+25°C to achieve constant weight (£0.3 mg). After
that, 0.3 + 0.01 g of sample were weighed, W1, to the nearest 0.1 mg, and placed in a test tube. Then
3.00 £ 0.01 mL (4.92 £ 0.01 g) of 72 % H,SO,4was added, and the mixture stirred for 1 min or until
mixed thoroughly. The test tubes were placed in a water bath at 30 = 1 °C, and hydrolyzed for 2 h.
Samples were stirred every 15 min to ensure complete mixing and wetting. Then, the hydrolysate
was transferred to a glass bottle, and diluted to a 4 % acid concentration by adding 84 + 0.04 mL of
DW or by bringing the combined weight of sample, acid, and water up to 89.22 + 0.04 g. Bottles
were closed and the aluminium seals crimped into place. Afterwards, the samples were put in the
autoclave in their sealed bottles for 1 h at 121 + 3 °C. After completion of the autoclave cycle, the
samples were cooled for approximately 20 min at room temperature before removing the seals and
stoppers. After hydrolysis in the autoclave, the hydrolysis solution was vacuum filtered through a
previously ignited filtering crucible. With hot water, any particles clinging to the glass bottle should
be washed into the crucible allowing the filtered residue free of acid, as well. Next, crucibles and
their contents were dried at 105 = 3 °C for 2 h or until a constant weight of £ 0.3 mg was achieved
upon reheating. The crucibles were then cooled in the desiccator and the weight recorded to the
nearest 0.1 mg, W2, this weight will be the weight of the crucible plus acid insoluble residue, and
acid-insoluble ash. The crucible and its contents were placed in the muffle furnace, and ignited at
575+ 25°C for a minimum of 3h, or until all the carbon was eliminated. Heating rate was
10 °C.min™ to prevent flaming. The container was partially covered during this step if the sample
tends to flame. Heating above the maximum stated temperature should be avoided. The weigh of the
crucible with acid-insoluble ash was recorded to the nearest 0.1 mg after being cooled in a
desiccator (W3). Finally, the percentage of acid-insoluble residue (Klason lignin) on a 105 °C dry-
weight basis was calculated as follows:

W2-W3

% acid insoluble residue = ———— x100

W1x Tios
100
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Where:

W1 = initial sample weight

W2 = weight of the crucible, acid-insoluble residue, and acid-insoluble ash

W3 = weight of the crucible and acid-insoluble ash

T105 = % of total solids determined at 105 °C in accordance with Test Method E 1756.

One limitation of this method is that it can not be utilized with samples containing protein.
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VIill.4.4 Saccharification of cellulose

This method was developed by Seaman et al., 2002 [176] for the hydrolysis of cellulosic

materials to reducing sugars. It consists of a primary hydrolysis of the cellulosic material with 72%

of sulphuric acid and 45 minutes at 30 °C followed by a secondary hydrolysis for 1 h in a 15 psi

autoclave as described below:

chalk).

Grind sample to pass a 30-mesh screen

Air dry and determine moisture

Weight 0.35 g of cellulose sample into a 30 ml shell vial

Add 1 ml of 72% sulfuric acid (cooled at 15 ° C). Mix with a stirring rod.
Add 4 ml more of 72% H,SO,

Put in water bath at 30 ° C for 45°. Stir at 5 — 10 minutes interval

Wash mixture from vial into an Erlenmeyer flask with 140 ml of DW
Autoclave at 15 psi steam pressure for 1 h

Cool sample and dilute exactly to 250 ml

Neutralize w/excess chalk (CaCOs3). (Note: once pH starts to rise by itself stop adding the

Vacuum-filter through filter paper (Fisherbrand QL100)
Analyze for sugar using DNSA method (appendix section V111.4.1).

The accuracy of this method is better compared with other methods such as Kiesel and

Semiganovski method. However not any method gives truly quantitative yields of reducing sugar.

However for these purposes (cellulose decomposition) it provides good reference data.
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ABSTRACT

~ Bio-waste Sugars Organic acids Bio-H,
Pre- Extractive Photo-

treatment fermentation fermentation

Integrated Paraslltlc < Gross
Biohydrogen energy losses poiler
Refinery

Net power output

"< 53-82kW/ha /
\ Photovoltaics
20 kW/ha

36 kW/ha
Crop-derived Biofuels / \ Anaerobic digestion

5 kW/ha 0.75kW/ha

We report an Integrated Biohydrogen Refinery (IBR) with experimental net energy analysis. The

Sustainable
power

On-shore wind

IBR converts biomass to electricity using hydrothermal hydrolysis, extractive biohydrogen
fermentation and photobiological hydrogen fermentation for electricity generation in a fuel cell. An
extractive fermentation, developed previously is, here, applied to waste-derived substrates,
following hydrothermal pre-treatment, achieving 83-99% biowaste destruction. The selective
separation of organic acids from waste-fed fermentations provided suitable substrate for
photofermentative hydrogen production, which enhanced the gross energy generation up to 11-fold.
Therefore, electrodialysis provides the key link in an IBR for ’waste to energy’. The IBR could be
more productive than ‘renewables’ (photovoltaics, on-shore wind, crop-derived biofuels) and also
emerging biotechnological options (microbial electrolysis, anaerobic digestion).

KEYWORDS: fermentation, photofermentation, biohydrogen, waste, electrodialysis
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INTRODUCTION

Biohydrogen provides opportunities for sustainable energy from biowastes using fermentative
and photosynthetic microorganisms. We focus on a dual bioreactor system combining dark
fermentation (DF) and photofermentation (PF), which offers a theoretical maximum yield of
12 mol Hy/mol hexose equivalent. The concept has been advocated by many authors [193] and
research continues to progress rapidly.[241-247]

It is well known that organic acids (OAs) from DF can be valorised by re-use as substrates to
produce methane,[248, 249] electricity [250] or H, via PF. Guwy et al. [251] highlighted the
challenge of recovering OA from DF for use in downstream processes including PF, which is
inhibited by excess nitrogen sources (especially NH4") via the inhibition of nitrogenase.[252]
Usually, OA are co-transferred with other solutes from DF to PF, hence the input feedstock must be
low in N-sources to permit nitrogenase-mediated H, production. Biowaste feedstocks usually
contain bioavailable N allowing microbial NH," release. In several studies, DF extracts rich in OA
contain excess N.[107, 247, 253]

The application of electrodialysis in extractive fermentation (EF)[254] involves separating a
fermenting culture from a permeate chamber with an anion selective membrane (ASM) to transfer
anions specifically, rapidly and unidirectionally under DC. As the ASM is impermeabile to cations
including NH,4", electrodialysis renders the process robust and versatile, immune to the feedstock
nitrogen/NH," content.

Biomass is an abundant renewable source of fermentable sugars to support the future hydrogen
economy.[2, 255, 256] However, the application of electrodialysis as a bioprocess adjunct to the
fermentation of real wastes requires investigation. Firstly, the energetic input for OA separation
could exceed the potential energy output from bioH, production. Secondly, inorganic anion present
in real wastes could detract excessively from efficient target anion separation or upset the balance of
retained anion with pH.[254] Thirdly, liquefaction of feedstock could be restrictively complex or
energetically costly. These factors would vary according to the waste stream. Therefore, a range of
example wastes were processed to generate clarified solutions of soluble fermentable sugars.

Food and agricultural wastes normally contain complex polysaccharides requiring hydrolysis for
their utilisation as fermentation substrates. Hydrolysed can be achieved by chemical, enzymatic and
hydrothermal methods. Enzymatic hydrolysis is slowrequires optimisation to obtain the best
combination of enzymes for each feedstock and cannot quickly adapt to variable feedstock

composition, while chemical hydrolysis consumes chemicals and produces chemically aggressive
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effluents, whereas hydrothermal hydrolysis is an environmentally benign, rapid method requiring
only water, relatively moderate temperatures (200-260 °C) and pressure.

Here, we describe an experimentally based model of a complete integrated biohydrogen refinery
(IBR). We test two hypotheses; firstly that EF can function efficiently using real wastes, and
secondly that the IBR can function as a net energy producing system, accounting for the parasitic

energy requirements and can, therefore, provide sustainable energy from biowaste.
EXPERIMENTAL SECTION

Extractive fermentation

Fermentations were connected to an electrodialysis cell, composed of four chambers (named C,
M, MA and A, from - to +), separated by bipolar membrane (BP), anion selective membrane (ASM)
and cation selective membrane (CSM), respectively.[254] Anions were actively transported across
the ASM from the M chamber (connected to the fermenter) into the MA chamber (connected to a
permeate vessel), in response to an externally applied current, regulated automatically in response to
the fermentation pH using custom software (C-Tech Innovation Ltd, Capenhurst, UK).

In EFs (3 L), glucose (initially 28 mM) was completely consumed during an initial aerobic
growth phase, before rendering anaerobic by nitrogen purge (30 min). At this point, waste-derived
sugars (non-sterile) were added in pulses of 0.1 mol reducing sugars at intervals (Figure 2).

In electroseparations, current efficiency represents the fraction of passed charge attributed to
target anion transfer.[215]

Current Efficiency (%):%

' (equation 1)
where N is the charge flux as OA (mol/s/m?), F is the Faraday constant (96485.38) and i is the

current density (A/m?).

Hot compressed water treatment
The HCW/CO, reactor contained 5 g (dry basis) homogenised waste in de-ionized water to a
volume of 160 mL (£5 mL). The reactor was operated (peak conditions: 200 °C, 50 bar, 15 min) and

hydrolysates were detoxified (activated carbon, 5% w/v) as described previously.[225]
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Fermentability tests
Escherichia coli strains HD701 and FTD67[199] (provided by F. Sargent, Dundee) were used in
fermentability tests as previously[225] except using 10 mL of ‘ED’ medium[254] (pH 6.5, sterile)
and 5mL of test solutions (non-sterile), which were diluted to ensure substrate limitation
if >60 mM hexose equivalent was present. Reactors were incubated (30 °C, 180 rpm, 16 h) before
estimation of [H,]*® and conversion to H, volume (equation 2).
X h
ax+h le—iy

y x
(equation 2)

Where y is [H2] in headspace (v/v), x is volume of H, produced (mL), h is headspace volume

(mL) and a is the ratio of total gas produced to H, produced; a=2.[199, 221]

Photofermentability tests

Rhodobacter sphaeroides ZX5 (provided by Z. Zhou, Shanghai) was selected for its substrate
range[257] and maintained as described previously.[107] Permeates from the end of EFs were tested
as carbon sources for PF. Cultures were grown using yeast extract (YE, 1 g/L) as the sole nitrogen
source and then harvested, washed and transferred into media without YE for H, production. To
ensure cells were prepared for each OA mixture, the same batch of permeate provided the OA for
growth and for H; production.

‘Growth buffer’ was based on ‘SyA’[258] omitting carbon sources and adding permeate
samples (adjusted to pH 6.8 with 3 M NaOH) to provide 60 mM total OA carbon. For growth,
preparations were incubated in fully-filled flat glass flasks (30 °C, static, 75 W/m?; tungsten-halogen
lamp, 48 h). Light intensity was measured with a 400-1000 nm thermopile-type sensor (Skye, UK).
After growth, cells were harvested (4000 g, 15 min) and washed twice in ‘HP buffer’; as growth
buffer omitting YE and including permeate samples (pH 6.8) diluted to 30-60 mM hydrogen
production potential (HPP[259]).

For H, production tests, washed cells were resuspended to 1 g DW/L (ODggonm: 3.307) and
dispensed in 5 mL aliquots into 15 ml glass reactors. Controls used cells washed in HP buffer
omitting carbon sources. Reactors were purged with Ar (30 min) before incubation (30 °C, static,
75 W/m? tungsten lamp, 48 h). H, was estimated as above using equation 2 with an a value of 1

since PNS bacteria produce ~100% H, (v/v), due to the internal recycling of CO,.[260]
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Analysis

Inorganic anions and OAs were analysed by ‘anion-HPLC’[107] while sugars, HMF and ethanol
were analysed by ‘Refractive Index (RI) HPLC’.[261] Total reducing sugars were analysed using
the dinitrosalicylic acid (DNSA) method.[262]

Total sugars and starch in solid wastes were measured after drying (60 °C) and grinding to pass
through a 420 um mesh. Starch was estimated by digestion in KOH (2 M, 4 °C, 2h), then
colorimetric analysis (Asz) of dextrins by the reaction with 1,/KI1 (0.0044%/2% wiv, respectively)
with reference to an analytical grade starch standard.[263] Total sugars were estimated by
digestion[264] then reducing sugars analysis.

RESULTS AND DISCUSSION

Food wastes: Description and processing details

Commercial food wastes were sourced from a fruit wholesaler, catering kitchen and brewery.
The wastes were diverse (Table 1), containing 57-90 % water and 7-28% sugars by mass. Only
catering waste 3 contained significant starch (21 % wet weight). Solids were processed to generate
fermentable solutions (Figure 1).

Fermentability tests

Waste treatments yielded 13 types of clarified liquid preparations (3 juices, 3 infusions and
7 hydrolysates; Figure 1), all of which were screened for fermentability (Table 1). Analysis of
hydrolysates showed that treatment with activated carbon removed inhibitory
5-hydroxymethyfurfural (5-HMF).[225] Relatively low H, yields (below 1 L/kg raw waste) were
obtained from Av waste and CW2, whereas Ap waste supported a high yield of 5.7 L Ho/kg raw
waste, as the sum of juice, infusion and hydrolysate. The highest yield was obtained from CW3
despite the fact that it yielded no juice or infusion but was characterised by low moisture content and
high total sugars, most of which was starch (Table 1), which is highly susceptible to HCW
hydrolysis[265] to generate fermentable substrate.[225]

H. production in fermentability tests was limited by substrate availability as pH remained >5.5.
Further fermentability tests used E. coli strain HD701/pUR400 (sucrose-capable[266]) but no

additional H, was produced, confirming the absence of sucrose shown by RI-HPLC.
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Waste-fed extractive fermentations: Three case histories

The small scale tests (Table 1) indicated that food waste-derived solutions were suitable
substrates for DF. The juices of waste mango (Ma), waste asian pear (Ap) and catering waste 1
(CW1) were selected for sustained H; production and product separation in 3 L EFs.

The only significant substrates for H, production were waste-derived, since all initial glucose
was consumed during the aerobic growth of E. coli before initiating anaerobic fermentation. Without
additional feeding no H, production occurred. Residual formate from the growth medium (initially
23 mM) was depleted within 36 h and before the onset of H, production and, therefore, this
exogenous formate did not contribute to H, yields. Only permeates from the end of the EFs were
tested in PF. Figure 2 shows the progress of three sustained dark EFs dosed 3 or 4 times each with
waste-derived juices.

Figure 2A shows EF using Ma juice. The current efficiency (equation 1) on organic anion (CEopa)
was 86% and based on total anion (CEta) was 92%. The remainder is attributed to a combination of
measurement error (e.g. fluid volumes) and current leakage, chemical reactions (e.g. water
electrolysis) and the movement of non-measured anion. Anion analysis of extracts is shown in Table
2A. The OA concentration in the reactor (M chamber, not shown) was stable at ~80 mM total charge
equivalents during H; production.

Conversely, using Ap juice (Figure 2B), the OA concentration (M chamber) fell progressively
from ~100 mM to ~50 mM total charge equivalents during H, production. The H, production rate
was initially slow, increasing after 96 h. The delay may be due to acclimatisation to unidentified
inhibitors from the Ap juice; nitrates (which could inhibit H, production) were not detected by
anion-HPLC. CEpa was 86% and CEta was 91%.

Using CW1 juice (Figure 2C), H;, production commenced 20 h after feed 1 and progressed
rapidly to an apparent yield of 2.5-3.0 mol Hy/mol hexose, which exceeds the maximum vyield
(2 mol Ha/mol hexose[221]) predicted from the concentration of sugars in waste juice, measured by
RI-HPLC. This is attributed to linear maltodextrins which are fermentable to E. coli[267] and were
detected by RI-HPLC, whereas galactose, sucrose, maltose, mannitol, mannose, xylose and citrate
were not detected. Here, CEoa was 85% and CE+ra was 95%.

It was concluded from three case histories that waste-fed EF is an efficient method for
generating bioH, purified OA (Table 2A) from liquefied biowastes. Hence, the challenges posed to

EF by solids and inorganic salts in wastes were addressed.
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Photofermentability of permeates from waste-fed extractive fermentations

OA derived entirely from the EF of food wastes supported H, production in photofermentability
tests. However, the simple reactors (5 mL static vials) resulted in sub-optimal conditions and low
substrate conversion efficiency (16-49%; Table 2B), whereas typical values in the range of 70-90%
were obtained previously[268] and are widely reported.[269-271] Therefore, extrapolation was
applied using an efficiency of 80% (representing optimised full-scale PF; Tables 3B, 4C). Therefore,

PF would increase the H, yield but also the parasitic energy.

Net energy analysis of the IBR

Our experimental data informed a model of an Integrated Biohydrogen Refinery (IBR).
Although only juices were available in sufficient volumes for EFs, fermentability was confirmed for
all infusions and hydrolysates and we extrapolate on the basis of experimental OA yields from juice
fractions (via EF) and experimentally measured energy requirements of OA separation. OAs in
HCW hydrolysates were found at ~0.01% of sugar levels and hence disregarded.

In the UK the gross power generation of biogas plants is currently rewarded via the feed-in tariff
(fIT) at a rate of GBP 0.14/kWh[272] indicating fIT revenues of GBP 32/tonne plus standard export
revenues of ~GBP 13/tonne and gate fees of 50-90 GBP/tonne, and in contrast to landfill costs of
GBP 76/tonne (inc tax).[273] The UK produces 16M tonnes of waste food per year, plus a further
90M tonnes of farm manures and slurries.[274] Assuming the food wastes are as productive as those
assessed here (average gross output: 170 kWh/tonne; Table 3C) and that manures are ~half as
productive (~100 kWh/tonne), applying the IBR could generate potentially ~12 terawatthours pa
with fIT revenues of GBP ~1.6 billion, plus export revenues, gate fees, and avoided landfill costs.

However, to offer a solution for sustainable energy production the IBR must perform
independently of present subsidies. Therefore, for each case history was estimated the net energy
ratio (NER) of a dark EF (Table 3A-B) and the complete IBR (Table 3C-D). NER is defined as total
process energy output over parasitic energy requirements (energy out/ energy in). If a process
generates a net energy output, then NER>1.

Parasitic energy was based on four factors (Table 3); HCW hydrolysis (0.022-0.032 kWh/kg raw
waste), electroseparation of OA (0.021-0.091 kwWh/kg), DF mixing energy (0.0008-0.0027 kWh/kg)
and PF mixing energy (0.0008-0.0029 kWh/kg raw waste) as these are the core scalable elements,

whereas other costs would be case-specific, e.g., an IBR co-located with a dairy farm (manure and
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milk processing residues) would have near-zero transport and communition costs, in contrast to an
IBR utilising organic fractions of municipal wastes located on a city outskirts.

The energy demands of HCW treatment and mixing were estimated, while that of OA separation
was determined experimentally from the three waste-fed EFs (Figure 2). The presented parasitic
energy demands are applicable to production scale HCW treatment and electroseparation of OA.

The estimated energy demand of the experimental HCW reactor was ~100 kWh/kg dry matter,
leading to parasitic costs of 3-11 kWh/kg raw waste, which would exceed the IBR energy output.
However, this would misrepresent a production-scale HCW system because the experimental HCW
reactor and contents were heated and cooled in sequential batches without heat recovery, whereas a
production scale system would incorporate an effluent-to-feed heat exchanger to obtain much of the
heating and cooling. Around 95% of the heat can be obtained in this way[275, 276] making a heat
demand of 0.0102 kWh/kg HCW reactant (97% H,O, approximated to 100%). The case-specific
HCW energy demands (Table 3B) vary due to the different yields of washed pressings from raw
wastes (Figure 1). The sensitivity of the NER to the fraction of heat recovered varied with the
energy yield in each case. For example, CW1 yielded the lowest gross energy output (0.10 kwWh/kg
raw waste; Table 3A) requiring at least 83% heat recovery to break even (NER=1), whereas an Ap
waste-fed IBR (0.25 kWh/kg) would break even with only 64% heat recovery (WEQ3).

Unlike the experimental HCW reactor, the experimental electroseparation cell was essentially
representative of production scale. Nevertheless we overestimated the parasitic cost because the
experimental cell contained a stack of 3 membranes (BP,A,C) (see Materials and Methods), whereas
production systems employ stacks of many layers (BP,[A,BP],,A,C), thereby reducing the relative
contribution of flanking membranes, which are non-separating, to the stack resistance. The observed
variation in separation cost relates to differences in the separated OA profiles (Table 2A), which is
important due to differences in the HPP/charge ratio. For example, succinate (divalent) provides
only 3.5 mol HPP/mol ionic charge, whereas butyrate (monovalent) provides 10 mol HPP/mol. The
dominant OAs were acetate and butyrate in all cases except CW1 juice where there was also
propionate. Note also that EF produces a third stream of H, via water electrolysis, which in
operation would be pooled with the bioH, streams (Figure 3) and is not included in NER
calculations.

The mixing requirement is lower in anaerobic culture (un-gassed), than in aerobic culture
because, here, the mixing functions primarily to maintain homogeneity (rapid) rather than to

promote oxygen transfer into the aqueous phase (slow). Hence, adequate mechanical mixing
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requires only 40-90 Wh/m*/day.[277] Mixing energy has been optimised in anaerobic digestion,
where headspace re-circulation (or ‘gas mixing’) is a common method, requiring only
1-2 W/m?3.[277, 278] For example, Utile Engineering (UK) manufacture digesters with a gas-based
mixing system requiring 3 W/m®. Fully passive mixing uses the movement of biogas bubbles (e.g.
BIMA system, Entec Biogas Gmbh) or the accumulated pressure of formed gas.[279] AgroEnergien
(Germany) have applied this principle in a ‘Self Mixing Digester’. For EF, culture circulation by an
external pump would make double use of the circulation to the electrodialysis cell, requiring 4 W/m?®
for a turnover time of ~5 h,[280] on which DF mixing energy was estimated (Table 3B).

PF mixing energy is reportedly 1.0 kWh/m?/year[281] for a tubular photobioreactor (PBR;
d=90 mm). The space-time requirement was estimated using 5% light conversion efficiency and 80%
substrate conversion efficiency with a horizontal irradiance of 2.12 MWh/m?/year[282] for Kampala,
an equatorial region rich in biowaste. Hence, the PBR would process 1667 mol HPP/m?/year, from
which land use rates were determined (Table 3D).

For the single-stage EF, NER< 1, so this system would consume energy. Conversely, the IBR’s
average NER was 2.4, with the PBR requiring only 2-3% of the total parasitic energy to produce 63-
91% of the total bioH,. Therefore, we conclude that (i) EF functions mainly to convert biowaste into
purified OA and (ii) that IBR is a viable route to energy from waste, independent of subsidies and
credit systems.

A model of an IBR utilising waste mango (Figure 3) shows a net output of 102 kWh/tonne raw
waste, which could power a typical home for around 1 week[283] with estimated revenues of
~GBP100/tonne under current UK market conditions[284] and the economics would be further
enhanced by incentives for landfill and carbon avoidance, by-products, and electrolytic H, (Figure
3).

Hydrolysis and electrodialysis in the IBR

Wastes were first pressed and infused with water to release soluble sugars (where possible;
Figure 1). Finishing the process without treatment of the solid pressings by HCW would result in
higher NERs of up to 6.6 (average: 4.7) but would also yield solid residues at 0.5-0.9 kg/kg waste
(WEO10), requiring further disposal. HCW hydrolysis reduced the NERs to an average of 2.4 but
eliminated 90% of the solid remnants. It is, therefore, effective for the conversion of biowaste to
energy.

The integration of DF and PF is technically challenging (see above). Here, the challenge is

addressed through the anion-selective property of EF, particularly against the cation NH,". In this
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study, fermentations contained initially 55 mM NH4" from the starting (‘ED’) medium, whereas
permeates contained <<0.1 mM NH,;" and supported H, production by Rhodobacter sphaeroides
OU001 and ZX5, accordingly (Table 2). Other noteworthy features of EF are discussed
separately.[254]

Hence electrodialysis is key to the integration of dark and light biohydrogen fermentations.
Other approaches include co-culture, cell separation and immobilisation, all of which are sensitive to
the nitrogen influx which may vary in a waste-fed IBR. Due to the difficulty of balancing the growth
rates of dark fermentative and photofermentative bacteria, co-culture requires precise control[285]
and has not been applied to wastes. Cell separation from DF effluent is the most common laboratory
approach but has limited scalablity due to its reliance on slow and energy-intensive centrifugation or
ultrafiltration, whereas EF does not rely on solvent flow through a membrane and hence requires no
pressure gradient and is relatively immune to fouling. Immobilisation of the dark phase (e.g.
granulation) has proven effective, although immobilisation limits diffusion and mixing.

An average of 95% of the IBRs parasitic energy was distributed equally between OA separation
and HCW treatment. Therefore, eliminating these energy requirements would enhance the NER 20-
fold. However, HCW treatment was highly effective in hydrolysing and liquefying the solid biomass
residues. Without it, the process would achieve only 26% biowaste destruction. Electrodialysis is
also important, as it enables the IBR to accept diverse feedstocks regardless of nitrogenous
components which may inhibit PF. Therefore, HCW and electrodialysis offer ‘good value’ for their

parasitic costs.

Comparison with leading waste to bioenergy technologies

An alternative biowaste to H, method is the microbial electrolysis cell (MEC) in which occurs
biocatalysed electrolysis.[204, 286-291] An MEC using a fuel cell to meet its power demand would
have an NER of 2.0 (excluding other energy requirements; WEO11). Therefore, the IBR (NER: 2.4)
compares favourably with the MEC.

Anaerobic digestion (AD) is a ubiquitous process, applied worldwide domestically to produce
biogas for cooking[292] and at scale for biowaste treatment. A renewed interest in AD bioenergy
has prompted incentives and regulatory frameworks to valorise digestate sustainably as
fertilizer.[274] AD requires little parasitic energy; 4-8 kWh/tonne feedstock[293], hence its NER is
high although the parasitic energy of feedstock and digestate transport, dewatering and communition

were omitted. As with any solar process, the IBR has a significant land requirement. Land use rates
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for PF were 0.8-2.8 m?-years/tonne, varying with the feedstock (Table 3D). For example, to match
the capacity of a typical AD plant (5000 tonnes/year), an IBR in Kampala would require
1.4 hectares processing Ap waste or 0.4 ha for CW1. An equivalent AD process would require
>120 ha of agricultural land for spreading digestate within nitrate release regulations.[293]
Therefore, the IBR has 0.3-1.2% of AD’s land requirement and, furthermore, the IBR’s land need
not be arable, including industrial areas, rooftops, contaminated land and slopes. Due to a ~2-fold
lower solar irradiance the IBR’s space requirement would be ~2-fold higher in locations 50° from
the equator (e.g. Northern Europe, Northern USA or Australia) but due to the minor contribution of
PF energy requirements, the effect on NER would be negligible.

To compare the IBR with other solar processes, the power/land ratios in the range 53-82 kW/ha
(equator) or 27-41 kW/ha (~50° N or S) were calculated (WEOG6). For comparison, the Sarnia
photovoltaic (PV) power plant, currently the world’s largest (380 ha), outputs 36 kW/ha. Meanwhile
onshore wind (UK) and crop-biofuels (UK) produce ~20 and ~5 kW/ha, respectively.[294]
Therefore, in locations ~50° from the equator (e.g. UK, Germany) the IBR could easily out-produce
wind and crop-derived biofuels, with a similar output to PV, while providing sustainable biowaste
disposal and earning associated revenues.

CONCLUSIONS

e This study supports the two hypotheses; biowastes are suitable for extractive fermentation
(EF) and the IBR is a practical approach for biowaste-to-energy.

e Extracts from waste-fed EF were suitable for photofermentation.

e Dark EF has a negative energy balance, whereas the IBR has a positive energy balance
whereby PF requires 2.5% of the parasitic energy and provides ~80% of the output.

o Hydrothermal hydrolysis and electrodialysis represent 95% of the parasitic energy but enable
<99% destruction of biowaste and NH, -immune solar bioenergy production at 67 kW/ha,
with a net energy ratio of 2.4.

e The IBR compares favourably with leading waste to bioenergy processes, microbial
electrolysis and anaerobic digestion and also to core renewable (wind, crop-biofuels and
photovoltaics).
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Mathematical derivations for Table 3 and values given in text (spreadsheet).

FIGURE CAPTIONS

Figure 1. Food waste processing scheme and mass flows.

Values represent masses (kg/kg raw waste). Av, CW2, CW3 and BG were unsuitable for pressing
and were treated only by blending and hot compressed water (HCW), which took place at 200 °C
except for grain which was at 220 °C. Raw wholesalers waste avocado contained 0.16 g stones
which were removed before blending (not shown). Detoxification (Detox.) used activated carbon

(5% w/v; see text).

Figure 2. Waste-fed extractive fermentations (dark fermentations).

Fermentations were fed with the juices of A: wholesalers mango waste; B: wholesalers asian pear
waste; C: catering waste 1. Arrows indicate time of substrate dosings. Volumes added were
A, 238mL; B, 255mL; C, 245mL, designed to provide ~0.1 mol reducing sugars content per dose.
However, due to the variable nature of waste feedstocks variation in substrate dosing was
unavoidable in practice. Major sugars (glucose, fructose) are shown although maltose, mannose,
xylose and mannitol were detected in low concentrations. Sucrose was not detected. Note that
volume increase was partially compensated by water transport into the permeate chamber. The total
volume increase was A: 0.20 L B: 0.36 L; C: 0.62 L. Total organic anion represents the summed

charges of lactate, acetate, propionate, formate, butyrate and succinate. All except succinate have
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single pKj, values in the range 3.8-4.9 and were treated as fully dissociated at pH 6.0. Succinate (pK,

4.2, 5.6) has theoretically 1.59 charge equivalents/mol at pH 6.0.

Figure 3. Techno-economic analysis of an integrated biohydrogen refinery (IBR) using pre-
treatment by HCW and extractive fermentation.

Annotations in bold italics indicate the features of a process using wholesalers mango waste, where
values are derived from the experimental data of this study. ®Incentive revenues were based on
current UK feed-in tariff for anaerobic digestion: GBP 0.14/kWh up to 250 kW[272]; °Fuel cell
efficiency: 75%; Approx. price of exported power: GBP 0.06/kWh; %In addition to bioH,, the IBR
also produces H, via electrolysis however the yield of electrolytic H, in a full scale IBR is unclear
hence only bioH, was included in this analysis. HCW: hot compressed water. *Excess E. coli and
R. sphaeroides cells can be valorised via metal recovery for fuel cell manufacture.[261, 295]
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TABLES

Table 1. Food wastes characterisation and fermentability

_ . H, yield
- 8 8 (L/kg raw waste)
g g g
= E g& “
Waste®  Description S £8 28 2
O ~ an = o = o r;\
52 & -k S 3
Z: s& $SE 3 & £ 3
S8 g8 g8 2 E 2 g8
Mal  Yariety: ket 849 106 023 085 047 133 2.65
Stones removed.
d Variety: Purus x bretschneideri
Ap Whole fruit used. 87.2 7.25 0.18 1.08 1.60 0.64 3.32
Ay Yarety: "Avo Hass 706 88° ND° ¢ ¢ 052 052
Stones removed.
cwi¢ Red onion, tomato, lettuce, spring g ;545 | 35 077 044 0.66 1.87
onion, pepper, pasta, lemon peel.
Cwoe  Onion, pea, potato, carrot, 873 408 151 ¢ ° 093 093
courgette.
CW3°  Rice, pasta (cooked). 574 285 211 € € 599 5.99
BG*® Malted barley from beer process. 75.5 164 122 ¢ ¢ 1.07 1.07

“For waste abbreviations see Figure 1; "The oil fraction was omitted from acid digestion; “Avocado
was too oily for starch analysis; dpressed to extract juice and solids were infused, see Figure 1; “No
juice or infusion could be produced due to the physical nature of the waste; "'HCW hydrolysis took

place at 200 °C except for grain which was at 220 °C and hydrolysates were detoxified with

activated carbon as reported previously.[225]
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Table 2.
A: Anion analysis of extracts from waste-fed extractive fermentations
Inorganic anion (mM) Organic anion (mM)
Fermentation . o 2 2 o 2
substrate® | T, o ® % e g g £ 5 g2 4 Tota%
& £ E & Z|E& £ & &€ & g & HPP
= = = 3 <= & Q o ) =) 5 =
O Z Z ©»n M |A < A K M o »n O
Ma juice 27 00 00 56 24 546 9.4 0.0 345 988 81 0.6 1777
Ap juice 27 03 00 55 26 80 755 0.0 470 84.0 259 03 1422

CW1 juice 69 0.0 0.04 12.7 4.5 10.2 98.1 58.4 174 39.5 32 0.0 1297

source of OA via extractive fermentation; "HPP values (mol Hy/mol OA) are: Lactate 6; Acetate 4;

Propionate 7; Butyrate 10; Succinate 7; Citrate 14.[296]

B: Experimental and potential H, yields by photofermentation of waste juices

Original waste Initial Substrate  Yield of OA  Extrapolated
substrate conversion from EF photo-
concentration efficiency fermentative

H, yield from
mol HPP/kg  waste juices.

(source of OA via EF) mM HPP* % juice L Hy/kg juicef

Ma juice 34.64 17.7% 5.748 © 110.6

Ap juice 39.60 48.9% 5257 101.2

CW1 juice 61.46 15.6% 0.956° 18.4

‘HPP, hydrogen production potential as proposed by[259] is a convenient unit for the potential H,
production from any mixture of substrates, e.g. a solution of 1 mM acetate and 1 mM butyrate

contains 14 mM HPP, because acetate can yield a theoretical maximum of 4 H,/mol while butyrate

can yield 10 Hy/mol[296]; Substrate conversion efficiency[297]; “Extractive fermentations fed with
the juices of waste mango, asian pear and catering waste 1, yielded respectively 4.02 mol HPP from
0.70 kg juice, 4.02 mol HPP from 0.77 kg juice and 0.80 mol HPP from 0.84 kg juice; "To
extrapolate the productivity at full scale, a substrate conversion efficiency of 80% was used, typical

for optimised photobioreactors as opposed to static vial tests, used here as a high throughput method
to confirm the suitability of electroseparated organic acids (OA) (see text). EF: extractive

fermentation.
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Table 3
A: Gross energy production by a single-stage extractive fermentation.
Waste H, yield in H, yield Fraction of total ~ H, yield from juice, Gross electricity production
juice-fed EF (Juice fraction) H, from juice” infusion & hydrolysate potential®
Unit  mol Hy/ kg juice mol H, from the juice of % mol H, / kg raw waste  kWh/kg raw waste
1 kg raw waste”
Ma 0.631 0.102 31.9% 0.319 0.019
Ap 0.433 0.127 32.6% 0.391 0.023
CW1 0.457 0.262 41.1% 0.638 0.038

B: Parasitic costs and net energy production of a single-stage extractive fermentation.

Waste Hot Compressed Water (HCW) Electroseparation of Mixing energy for dark Total Net
treatment organic acids fermentation® parasitic Energy
energy  Ratio”
Unit  Moisture of kg HCW kWh/kg kWh/ kWh/ kWh/ Daysof kWh/ kWh/ kWh/kg Out/In

washed reactant / kg raw waste® mol kg kgraw  mixing kg juice® kgraw  raw

pressings  raw waste” HPP®  juice waste waste waste
Ma 84.9% 3.126 0.0318 0.0073 0.0422 0.021 3.863 0.0016  0.00080 0.0539  0.35
Ap 87.2% 2.116 0.0216 0.0192 0.1011 0.091 4.042 0.0015 0.00137 0.1142  0.20
CWI1  84.7% 2.349 0.0239 0.0128 0.0123 0.017 5.617 0.0019 0.00269 0.0438  0.87

C: Gross energy production by an integrated biohydrogen refinery (IBR).

Waste H, yield in juice-fed fermentations Total H, yield from juice,  Gross electricity
Dark fermentation Photo- Total infusion and hydrolysate®  production potential®
fermentation
Unit  mol Hy/ kg juice® mol Hy/ kg juice  mol H, from the juice mol H, / kg raw waste kWh / kg raw waste
of 1 kg raw waste”

Ma  0.631 4.598 0.842 2.642 0.157

Ap 0.433 4.206 1.364 4.187 0.249

CW1 0.457 0.769 0.703 1.711 0.102

D: Parasitic costs and net energy production of an integrated biohydrogen refinery (IBR).

Waste  Yield of organic acids (HPP) via extractive Land use rate =~ Mixing energy for  Total parasitic Net Energy
fermentation of wastes photofermentation  energy® Ratio"

Unit mol HPP from the juice mol HPP / kg raw m*years/ kg kWh/kg raw waste kWh/kg raw Out/ In
of 1 kg raw waste' waste' raw waste waste

Ma 0.925 2.905 0.00174 0.0059 0.093 1.70

Ap 1.546 4.746 0.00285 0.0096 0.118 2.11

CW1 0.549 1.334 0.00080 0.0027 0.075 1.36

*Calculated using the mass yields shown in Figure 1;

®Calculated in Table 1;

‘with a power conversion efficiency of 75% via a fuel cell, 285.9 kJ/mol H.,.

Author’s estimation for the power demand for heating in a continuous flow HCW system (see text);
Extractive fermentations fed with the juices of waste mango, asian pear and catering waste 1
required for electroseparation 29.5 Wh, 77.3 Wh and 10.3 Wh, respectively;

for juice, infusion and hydrolysate.

¢Estimated using 4 W/m’ mixing power[280] using the fed juice volumes (Table 2B, legend);

"Net Energy Ratio (NER) includes the necessary and scalable process energy requirements and
excludes variable requirements such as feedstock transport, and communition.

'Calculated using the yields of juice from raw waste (Figure 1) and yields of HPP from juice (Table
2B);
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IEstimated HPP yield via extractive fermentation of all waste fractions (juice, infusion and
hydrolysate), assuming that HPP yield is proportional to H; yield (Table 2);

“Sum of PF mixing energy and single-stage parasitic energy (B).

For further detail see WEO2-5.
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FIGURES

A

Ma: Wholesalers waste mango
Ap: Wholesalers waste asian pear
CW1: Catering waste 1

Chopping

Discards Juice

Ma: 0.15 Ma:0.16
Ap:0 Ap:0.29
CWL:0 CW1:0.57

Figure 1. Food waste processing scheme and mass flows.

Activated
Carbon

1kg Water
Raw waste v Ma:2.93
Av: Wholesalers waste avocado Ap: 2.39
CW2: Catering waste 2 Av:7.56
Water CW3: Catering waste 3 CW1:135
Ma:0.69 BG: Brewers spent grain CW2:5.00
Ap: 0.94 CW3:9.74
CW1:0.96 BG:8.40
. Washed
Pressings pressings
Ma: 0.69
A;' 0.71 Ma: 0.65 Blending
- Ap:0.52
SLREE CW1:0.48
Infusion
Ma:0.73
Ap: 1.13
CW1:0.90
13 SUBSTRATESFOR | «

FERMENTATION

Hydrolysate
Ma:3.56
Ap: 2.90
Av:8.26
CW1:1.77
CW2:5.96
CW3:10.7
BG:9.31

Residue

Ma: 0.02
Ap: 0.01

Av:0.14
CW1:0.05
CW2:0.05
CW3:0.05
BG:0.09

Values represent masses (kg/kg raw waste). Wastes comprised 3 samples of spoiled fruits, 2 samples
of catering wastes and brewers malted grain. Solids were pressed using a Ferrari 5 L hand-cranked
fruit press. Solid residues were homogenised (except for grain) using a standard kitchen blender and
then dried at 60 °C, to determine the moisture content before wet samples were treated with hot
compressed water (HCW). Av, CW2, CW3 and BG were unsuitable for pressing and were treated
only by blending and hot compressed water (HCW), which took place at 200 °C except for grain
which was at 220 °C. Raw wholesalers waste avocado contained 0.16 g stones which were removed
before blending (not shown). Detoxification (Detox.) used activated carbon (5% w/v; see text).
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Figure 2. Waste-fed extractive fermentations.

Fermentations were fed with A: Wholesalers mango juice; B: Wholesalers asian pear juice; C:
Catering waste 1 juice. Arrows indicate repeated substrate dosings into the dark fermenter. Volumes
added were A, 238mL; B, 255mL; C, 245mL, designed to provide ~0.1 mol of reducing sugars
content per dose. However, due to the variable nature of waste feedstocks variation in substrate
dosing was unavoidable in practice. Major sugars (glucose, fructose) are shown although maltose,
mannose, xylose and mannitol were detected in low concentrations. Sucrose was not detected. Total
organic anion represents the summed charges of lactate, acetate, propionate, formate, butyrate and
succinate. All except succinate have single pK, values in the range 3.8-4.9 and were treated as fully

dissociated at pH 6.0. Succinate (pK, 4.2, 5.6) has theoretically 1.59 charge equivalents/mol at pH
6.0.
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Net Energy Ratio

Netpower _ Export

output revenues®
NER=157kWh=2.8 102kWh GBP6.1
56 kWh
Parasitic 56 kWh
31.8kWh 0.8kWh 21kWh 1.7kWh  energy total
heating mixing separation mixing
Raw HCW Soluble Extractive (are [N Organic Photo- Gross Incentive
wastes 1 tonne hydrolysis sugars | fermentation M| acids fermentation Power revenues?
waste food 157kWh GBP22.0
i ElectrolyticH,
Gate fee Solid  0.02tresidue (notincluded)’
GBP50-90  residues  fromHCW . Excess cellst
| 2323 mol
Total revenues ! Fuel
Gate fee + Incentives + Exports * Bio-H, cellb Heat
70+ 22+ 6 = GBP 98/tonne 319mol 2642 mol 52 kWh

Figure 3. Techno-economic analysis of an integrated biohydrogen refinery (IBR) using pre-
treatment by HCW and extractive fermentation.
Annotations in bold italics indicate the features of a process using wholesalers mango waste, where
values are derived from the experimental data of this study. “Incentive revenues were based on
current UK feed-in tariff for anaerobic digestion: GBP 0.14/kWh up to 250 kW[272]; °Fuel cell
efficiency: 75%; “Approx. price of exported power: GBP 0.06/kWh; In addition to bioH,, the IBR
also produces H; via electrolysis however the yield of electrolytic H, in a full scale IBR is unclear
hence only bioH, was included in this analysis. HCW: hot compressed water. °Excess E. coli and
R. sphaeroides cells can be valorised via metal recovery for fuel cell manufacture.[261, 295] See
also WEOS.
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VIIIL5.2 Conference posters

>

BGRS Symposium-poster conference. University of Birmingham, 2009. “Hydrogen
production by mutant strains of E. coli.”

This poster was also presented in the “Jatropha and bio-fuels congress in Mexico, 2010
World Hydrogen Energy Conference (WHEC) 2010. Essen, Germany, 2010.

Two posters were presented in this conference: “Hydrogen production by mutant strains of
E. coli.” And “Towards an integrated system for bio-energy: Hydrogen production by E. coli
and use of palladium coated waste cells por electricity generation in a fuel cell”

World metals for catalyst convention, Argentina 2010. “Towards an integrated system for
bio-energy: Hydrogen production by E. coli and use of palladium coated waste cells por
electricity generation in a fuel cell”

BGRS congress, Oxford 2010. “Waste into Energy” poster.

Hybrid Materials 2011- Second International Conference on Multifunctional, Hybrid and
Nanomaterials; Palais des Congres, Strasbourg, France, March 2011
Poster “Hydrogenation of Soybean Oil Using Bio-Pd Catalyst.”

VIIIL5.3 Conference presentations

>

BGRS Symposium-talks. University of Birmingham, 2010 (awarded with the second prize).
Talk: “Hydrogen from biomass by integration of thermochemical and biological methods”.

Speaker: Rafael L. Orozco

4™ World H, technologies convention, 2011, Glasgow, U.K.
Speaker: Dr. M.D. Redwood.
My participation consisted in assisting Dr. Redwood in the extractive fermentative

experiments for the preparation of his presentation.
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VI1I1.6 Appendix VII1.6 Participation in other related projects

VII.6.1 Biowaste2energy research base
Project: “Implementation of a Volatile Fatty Acid Separator, photobioreactor and a generator
for H, and energy production”.

Project leader: Dr. M.D. Redwood

My participation in this project consisted in assisting Dr. Redwood in the set-up, supervision,
operation, control and data analysis in the extractive VFA experiments and photobioreactor
experiments that in the latter case lasted for more than 100 days (continuous operation of the

photobioreactor).
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Biowaste2energy Research Base

Mark Redwood 16/11/10

Biowaste2energy Ltd (BW2E) plans to implement a process containing 3 main elements:-

A VFA separator to selectively extract volatile fatty acids (VFASs) from large biogas plants.

A photobioreactor (PBR) to convert VFA to hydrogen gas.

A generator, for converting the hydrogen into electricity, so that it can be easily sold.

Research has focussed on parts 1 and 2 as biogas powered generators (part 3) are common
and mixing hydrogen into the biogas stream would pose no significant technical challenge.

VFA separation

The chosen technique is electrodialysis, in which the VFAs are pushed across a selective
membrane by a direct current. This is a fairly sophisticated technique, used in water desalination and
fine chemical production, so proof was required that that it would work in conjunction with a crude
waste fed bioreactor (i.e. a biogas plant).

Lab scale research (funded by APOC/KTDF) demonstrated not only, that electrodialysis is
capable of recovering VFA from waste fed bioreactors, but that high efficiency was maintained
during long-term operation. It was also confirmed that the separated VFA solution was suitable for
the photobioreactor. The results of this study are in preparation for Biotechnology Advances. It

remains to prove VFA extraction from a real biogas plant.
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Apparatus of VFA separation experiments
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Photobioreactor (PBR)

PBRs are an area of active research, now emerging as a commercial technology. The few

systems commercially available are meant for algal cultivation and sub-optimal in BW2E’s

technology. Therefore it was necessary to design our own PBR, to prove the technique and a large

laboratory PBR was constructed (funded by ModernWaste), using electric lamps to simulate

sunlight.

BW2E’s
Pilot PBR

Unlike any system we know of, this PBR is unique in that the lamps can be programmed to

simulate not only the intensity of sunlight, but the profile of that intensity. For example, the graph

below shows how the typical profile of solar intensity changes over one day in Birmingham in four

seasons.
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Theoretical solar profiles for Birmingham
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As shown in the graph, day breaks at 4-8 am, the midday sunlight peak ranges from 150-500
W/m2 and sunset is at 4-8 pm, depending on the season. These profiles indicate the ‘real-sky’ taking
account of average weather conditions, which reduces intensity. However, they don’t account for the

variability in solar intensity due to weather, as shown below.

Examples of real sunlight profiles in Birmingham (June 2008)
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The lighting system was programmed with the theoretical profile a spring/autumn day in
Birmingham. The project ran for several months and called for problem-solving in several areas,
particularly in the prevention of biofouling and maintaining optimal temperature. The main

achievement of the study was to demonstrate the stability and reliability of the hydrogen production,
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over several months of operation. The operators also gained valuable experience of running the PBR
long-term. The following graph shows hydrogen production by the PBR during one simulated day.

Hydrogen production over one day by the photobioreactor
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Hydrogen production ceased completely at night and restarted about 2 hours after dawn,
producing over 6 litres of gas, which was almost pure hydrogen before stopping immediately at
sunset.

In these experiments, the efficiency of light conversion to hydrogen was 1.75%. It is
considered that the theoretical maximum is at least 10% and we consider a 3-fold improvement to 5%
to be achievable, as efficiencies of up to 8% were achieved in earlier work using a 4 litre benchtop

PBR. Furthermore many accounts of similar results are reported in the literature (e.g. Akkerman et
al, 2002, IJHE 27:1195).

Summary of technical objectives

Conceive an easily scalable photobioreactor with very low manufacturing costs.
Design and build a field trial apparatus, which closely represents a large-scale installation.

Run field trials to demonstrate expected productivity from the PBR in real sunlight with
VFA fed from AD.
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VI11.6.2 Growth of Spirulina plantensis
Project: “The effect of CO, on growth process of S. plantensis in experimental
photo-incubator.”

Project leader: Professor Xu-Zhang

My participation in this one year project consisted in assisting professor Zhang in the
preparation of solutions and equipment set-up during the initiation of the project and in performing
the analysis of Spirulina growth and chlorophyll assays from the 30" of August up to date for the

final stage of the project as described below.
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The Effect of CO, on the Growth Process of S. platensis in Experimental

Photo Incubator
Xu Zhang
(School of Bioscience, University of Birmingham, August 2011)

Abstract:

The effect of CO, on the growth of S. platensis was investigated in this study through batch
cultures in a bench-scale photo incubator. The methods for measurement of the dry weight,
chlorophyll concentration of S.platensis were established according to the reference. One CO, fed
batch pulse-feeding technology, which could not only provide the carbon source but also maintain
the pH of medium within the range of 9.5-10.5 simultaneously, was developed for the S. platensis
culture process. Through this technology, the maximum cell concentration achieved was 14g/L

within 30 days at the light intensity of 12.3W/m?. The duration could be more than one month.
Keywords: S.platensis; CO, Biofixation; photobioreactor; CO, fed batch pulse feeding; chlorophyll

Background:

S. platensis are multicellular and filamentous blue-green microalgae belonging to
two separate genera S. platensis and Arthrospira, which consists of about 15 species. Of these,
Arthrospira platensis is the most common and widely available spirulina which most of the
published research and public health decision refers to.

Spirulina is a primitive organism originating from 3.5 billion years ago which has
established the ability to utilize carbon dioxide dissolved in seawater as a nutrient source for their
reproduction. Spirulina is photosynthesizing cyanophyte (blue-green algae) that grows vigorously in
strong sunshine under high temperatures and highly alkaline conditions. It grows in water, can be
harvested and processed easily and has significantly high macro- and micronutrient contents.

In many countries of Africa, it is used as human food as an important source of protein and
is collected from natural water, dried and eaten. It has gained considerable popularity in the health

food industry and in many countries of Asia as protein supplement and human health food.
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Spirulina has been used as a complementary dietary ingredient of feed for poultry and
increasingly as a protein and vitamin supplement to aqua feeds.

An increase in atmospheric CO,, derived from brewery industry, poses great challenges to
worldwide sustainability. The urgent need for substantive net reductions in CO, emissions to the
atmosphere can be addressed via biological CO, mitigation. Microalgae, such as spriulina, have
attracted a great deal of attention for CO, fixation and food production because they can convert
CO; (and supplementary nutrients) into biomass via photosynthesis at much higher rates than
conventional biofuel crops can.

In this work, the effect of CO, on the growth of S. platensis process was studied for the
development of the CO; fixation process from the brewery waste gas, as well as the design of the

photo-bioreactor.
Theory

There exist two reaction mechanisms in the S. platensis culture process, including the CO,

reversible equilibrium reaction mechanism and photosynthesis mechanism, which were shown as

follows:
CO, + H,0«>H" + HCO; (1)
HCO; <> H* +COZ 2)
6CO, +12H,0—*" 5C_H,,0, + 60, +6H,0 (3)
[H +[](£CH)ZC]O3] _K, @

[H71[CO: ] _

[HCO; ] ? ®)

Where, K, =4.3x107", K, =5.6x10™" at 25°C, mol/L

The S. platensis can consume the CO, molecular inside the solution through the
photosynthesis process (equation 3). And then the above reversible chemical reaction equilibriums
in the medium will move to the left side (equation 1). Thus, the pH value will increase with time

during the whole culture process.
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Material and Methods:

Medium: Zarrouk’s medium (based on Raoof et al. Biomass and Bioenergy 30(2006): 537-
542)

Table 1. Media: Zarrouk’s medium:

Chemicals amount g/L
NaHCO; 16.80
K;HPO, 0.5
NaNO; 2.5

NaCl 1.00
MgSO0,.7H,0 0.20
FeS0,.7H,0O 0.01

K;S0O, 1.00

CaCl,.2H,0 0.04
EDTA 0.08

As imL

Table 2. A; micronutrient solution

As micronutrient solution Amount g/L
HsBO; (Boric acid) 2.86
MnCl,.4H,0 181
ZnSQ,4.4H,0 0.222
Na,MoO, 0.0177
CuS0,.5H,0 0.079

Temperature: 301,

Initial pH: 9.40
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Strain: S. platensis

Table 3. Strains information:

Strain No. Genus Species Authority Former Name

86.79 Arthrospira Platensis Nordstedt S. platensis
Gomont

Continuous

Divison Class Authentic ~ Medium Axenic Locality

Cyanobacteria No Spirul Bacterial or Chad Natron

other types of lake
contamination

Sale company: SAG (Sammlung von Algenkulturen Gottingen)

http://epsag.uni-goettingen.de/cgi-bin/epsag/website/cgi/show-pag.cgi

Light source: 300W lamp
Light intensity in photoincubator: Distance between light source and culture bottle: totally
88cm (with 30cm water layer and 58cm air layer) .

Table 4. Light intensity at different experimental positions

Position of Sensor 400-700nm\
1% bottle 12.3 W/m?
2" bottle 12.3 W/m?

Waste CO; solution: Solution of NaOH (~4.8 wt %) was used to wash tanks. And dump the
brew-waste CO2 into the NaOH- (~7.95 wt %) carbonate.
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Experimental methods
Dry weight measurement method

Measure accurately the mass of these 3 aliquots. Take 3 centrifuge tubes, dry at 60°C. Cool
in a desiccator and record empty masses. Spin down 3 aliquots, discard clear supernatants. Rinsing
the samples by deionized water and then repeats the above procedure. Finally, Dry pellets at 60 °C

to constant weight (at least 4 days).
Chlorophyll assay method:

(1)Fill Ependendorf tube with liquid S. platensis culture. (ii) Spin down cells using bench
centrifuge for 5 min on high rpm (13000rpm). (iii) Carefully remove supernatant and refill tube with
methanol. (iv) Shaking vigorously and leave for at least 20 min for chlorophyll extraction. (v) Spin
down cell fragments using bench centrifuge for 5 min on high rpm (13000rpm). (vi) Transfer
supernatant to 1*1 cm glass cuvette. (vii) Measure absorbance at 665 and 750nm

( Spectrophotometer, Ultrospec 3300 pro, Amersham Biosciences, UK ) , if sample is too
concentrated dilute it. (viii) Calculate chlorophyll concentration:

[ChI] (Microgram/mL) =13.42*(A665-A750)*Vmethanol/VVsample.  (6)

Where, [Chl] is the concentration of chlorophyll in the sample, microgram/mL; A665 and
AT750 are the absorbance of sample at 665nm and 750nm.

Vmethanol 1S the volume of methanol; Vsampe is the volume of the sample.

All data of this experiment are repeated three times with repeatability error less than 10%.
pH measurement method:

()Fill Ependendorf tube with liquid S. platensis culture. (ii) Spin down cells using bench
centrifuge for 5 min on high rpm (13000rpm). (iii) Carefully remove supernatant into universals and
then measure the pH value by the pH meter (pH211 Microprocessor, pH Meter, HANNA instrument,
UK).

Experimental apparatus:
Figurel shows the experimental apparatus for the experiments. Certain volume of S.

plantensis was inoculated into two 500ml glass bottles (9X5X 17cm) in a fish tank. One light
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source could provide the light for the photosynthesis. Air/CO,was input into the glass bottles by air

pump or through cylinder

gas P1

v -V

e Culture bottle
Fish Tank

Light source

Figure 1. Experimental apparatus for the culture of S. platensis in the laboratory

photoincubator.
Experimental Results

1 The relationship between dry weight of S. platensis and concentration of Chlorophyll.

The experiments were carried out to determine the relationship between the dry weight of S.
platensis and concentration of Chlorophyll for the culture under the Z-medium. Measure the dry
weight of S. plantensis and the concentration of Chrolophyll during the culture process of non-gas

bubbling culture.
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Figure 2. The relationship between dry weight of S. platensis and concentration of Chlorophyli

Figure 2 shows the relationships between dry weight of S. platensis and concentration of
chlorophyll. When the range of the average dry weight is between 0-3g/L, the following formula is
obtained:

Y (DW g/L)=0.281*X([CI] microgram/mL)-0.135 @)

Where, X is the concentration of chlorophyll (microgram/mL), Y is the average dry weight

of S. platensis g/L.

2 The effects of air bubbling on the growth S. platensis culture in laboratory photo incubator.

The experiments were carried out to determine the importance of CO, bubblling for the
culture under the Z-medium. Air bubbling culture experiments were carried out under the condition
of the (1)24h light, 25ml (concentration 1.53g/L DW) inoculation, 250mL total volume.(2) air
bubbling, 24h lighting, 7ml (concentration 1.53 g/L DW) inoculation, 250mL total volume. (3) non-
air bubbling culture, 24h lighting, 25ml (concentration 1.53g/L DW) inoculation, 250mL total

volume at position 1 and position 2, respectively.
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2.1 The growth curves of S. platensis at different positions of photobioreactor.
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Figure 3. Growth curves of S. platensis at position 1 and position 2 in the bioreactor.

From the figure3, it is known that the two growth curves between position 1 and position 2
were similar under the condition of the air-bubbling culture. It seems that the dry weight of S.
platensis at positonl are little higher than that of position 2 after the 12rd days culture, which maybe
because of the difference in the air flowrates at these two positions. The effects of air flowrates on

the growth of S.platensis should be investigated in the future. By the way, the concentration of

chlorophyll decreased when the dry weight of S. platensis beyond 2-3 g/L.

2.2 The growth curves of S. platensis under condition of the bubbling and non-bubbling

culture.
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Figure 4. The growth curve of S. platensis under the bubbling and non-bubbling conditions
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The figure 4 shows that the average dry weights under bubbling condition are higher than
those under non-bubbling condition. Especially, the maximum concentration of bubbling is much
higher than that of non-bubbling. It is mainly because the bubbling of gas could provide the internal
mixing, which avoids nutrient concentration gradients. Moreover, the gas bubbling could also
promote the exposure of all cells to light (especially in high density cultures), while minimizing self-
shading and phototoxicity. Both the pH changed from 8.40 to 10.4 at these two different
experiments within the 18 days.

However, the concentration of chlorophyll decreases when the dry weights reach about 2-
3g/L after the 7 days’ culture and why?

Otherwise, what is the reason that leads to the difference between the air bubbling and non-
bubbling growth? More reasons should be considered, for example carbon dioxide supply, mixture,

and pH adjustion etc.

2.3 The growth curves of S. platensis under the conditions of air bubbling at different

inoculation volumes
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Figure 5. The growth curves of S.platensis under the air-bubbling culture at 25ml and 7ml
inoculation.

From the figure 5, it is known that the two growth curves between 25ml and 7 ml
inoculation are almost similar at whole process of the experiments under the condition of the air-
bubbling culture. That means these two inoculation volumes would not affect the final growth
results. However, the concentration of chlorophyll also decreases when the dry weights exceed 2-3
o/L.
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According to the results shown in figure3,4, and 5, it seems that the concentration of
chlorophyll could demonstrate the growth curve of the S. platensis well at low concentration of S.
platensis(less than 3g/L). However, when the concentration of S. platensis reach a high level (more
than 3g/L), the concentration of chlorophyll would decrease with the growth time, which might be
due to self-shading of the high concentration of S. platensis that blocked the light to those algae cells

inside the incubator to synthesize the chlorophyll.
3The effects of CO, concentration on the growth of S. platensis experiments
3.1 Effects of gas bubbling, which contains only N, and O, on the growth of S. platensis

The experiments were carried out to determine the importance of CO, concentration for
the culture under the Z-medium. The air was bubbling into NaOH solution and then into one culture
bottles at positionl. One non-air bubbling culture was the control at position 2.

The dry weights of S. priulina during non-CO, bubbling culture process were shown in

figure 6.
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Figure 6. The growth curve of S. platensis under the non-CO; bubbling culture and the control
From the results of figure 6, it is shown that the dry weight of S. platensis under non-CO,
bubbling culture increase within 5-6 days culture, and then decrease, which are different with that of
air-bubbling culture. At this phrase, the S. platensis can consume the carbonate in medium, together
with the higher mass transfer rate and mixing from the gas bubbling. The reason is mainly because
the consumption of carbonate, which could lead to the increase of the pH value in medium, see fig 7.
The pH of non-CO, bubbling culture increased from 9 to 12, which is higher than that of non-air

bubbling culture. The growth of S. platensis will stop and the cells will be dead and broken under
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this high pH condition. And then the pH decrease from 12 to 11 at the last phrase of culture. During
all this process, the color of culture solution changed from green to yellow. By the way, because the
concentration of S. platensis is low (less than 2.5 g/L), the tendency of the chlorophyll concentration
Is in consisting with that of dry weight of S. platnesis.

According to the reference, photosynthesis is a reversible set of reactions, and excessive
dissolved oxygen, DO(i.e.>35 mg/l), can inhibit the metabolic process of algae. In this experiment,
just the nitrogen and oxygen were introduced into the cultural bottle, the accumulated DO is difficult
to be stripped from medium. The results show that too much O, might be severely inhibit the the
growth of S.platensis. The effect of O, concentration on the growth of S. platensis should be

investigated in the near future.
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Figure 7. The pH-time Curve of S. platensis under the non-CO; bubbling culture and the control

It seems that CO, bubbling is very important as the carbon source, pH buffering, mixing
and mass transfer for the growth of S. platensis. In addition, too much O, could also inhibit the

growth of S. platensis.
3.2 Effects of continuous pure CO; bubbling on the growth of S. platensis

The experiments were carried out to determine the effect of the pure CO, on the growth of
S. platensis growth process under the Z-medium. The pure CO, was bubbling into one culture

bottles at position 1. One non-air bubbling culture was as control at position 2.
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Figure 8. Growth curves of S. platensis under pure CO, continuous culture and the control
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Figure 9. pH curves of S. platensis under pure CO, continuous culture and the control
The result of pure CO, continuous culture of S. platensis was shown in figure 8. Compared
to the results of non-air bubbling culture, it seems that only small amount of S. platensis was
produced at the first two days. And then, the concentration of chlorophyll of S. platensis decreased
with the whole growth process just 6days. The reason might because the pH of medium became as
low as 8.4 see figure9, which resulted from the continuous pure CO, bubbling. It also might be the
change of the osmotic pressure and salinity of medium during this process. That means too much

CO, would be harmful for the growth of S. platensis.
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3.3 Effects of pure CO, fed batch pulse-feeding on the growth of S. platensis

The experiments were carried out to determine the effect of the pure CO, fed batch pulse-

feeding culture on the growth of S. platensis growth process based on the pH adjusting strategy.

At first, pure CO, was also input into the non-air bubbling culture bottle to adjust the pH of

the medium to about 8.0. And then the air was bubbling into culture bottle with pure CO,fed batch

pulse-feeding to maintain the pH at the range of 9.5-10.5. One non-air bubbling culture bottle was as

control.
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Figure 10. The growth curve of S. platensis under the non-gas bubbling+ fed batch CO, culture

and the control
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Figure 11. The pH curve of S. platensis under the non-gas bubbling+ fed batch CO, culture and
the control

Figure 10 shows the growth curve of S. platensis under the non-air bubbling culture process.
The dry weight of S. platensis increased firstly, and then decreased when the pH of the solution
reached 12, see figure 10 and 11. That means pH value should not exceed 11 for the S. platensis
culture. However, the DW of S. platensis decreased more quickly when the pH value was decreased
and maintained at low as 8 by pure CO, fed batch culture. That means there is a greater negative
impact of pH 8 on the growth of S. platensis than that of pH 12. Thus, the pH of the solution should

be maintained between the ranges of 8-11.
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Figurel2. The growth curve of S. platensis under the air continuous bubbling + CO, fed batch
pulse-feeding culture and the control
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Figurel3. The pH curve of S. platensis under the continuous air bubbling + CO, fed batch pulse-
feeding culture and the control

Figure 13 shows that the continuous air bubbling culture with CO, fed batch pulse-feeding
could maintain the pH within 9.5-10.5. It seems that the S. platensis grows well under these
conditions with DW reached 14g/L at 29th day, see figure 12. The growth period could last for more
than one month. That means it is effective to control the growth of S. platensis by CO,-pH adjusting
strategy. Air bubbling could provide internal mixing and promote the exposure of all cells to the
light, especially in the high density cultures process. CO; pulse feeding could control the pH and
provide the carbon source by assuring dissolution of CO, and avoid gradients thereof; and also strip

the accumulated DO, hence reducing its toxicity to S. platensis.

3.4 The effect of the reaction products of CO, and sodium hydroxide on the growth of S.
platensis.

Sodium carbonate was taken place by the reaction products of CO, and sodium hydroxide in

one cultural bottle. One non-air bubbling cultural bottle was as control.
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Figurel4. The growth curve of S. platensis non-carbonate and carbonate culture
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Figure 15. The pH curve of S. platensis non-carbonate and carbonate culture
What will happen when the sodium carbonate was taken place by the reactant product of
sodium hydroxide and carbon dioxide? According to the figure 14, it seems that the growth curves
of non-air bubbling culture under these two conditions were almost the similar. However, the pH
values under non-carbonate culture changed slower than those of carbonate culture. That means that
non-carbonate culture has greater buffering capacity than that of carbonate culture, see figure 15.

Therefore, non-carbonate culture has certain advantage over the carbonate culture process.
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3.5 Waste CO2 from brewery factory culture
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Figure 16 The growth curve of S. platensis in waste CO, solution culture
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Figure 17. The pH curve of S. platensis in waste CO; solution culture
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According to the concentration of carbonate and the initial pH of Z-medium, the waste CO,
—NaOH mixture solution from brewery factory was used for the culture of Spirulina. It seems that
the growth rate of spirulina in the waste CO; solution was slower than that in control, see figure 16.
During the growth process, the pH of the waste CO, solution increased slower than that in the
control, see figure 17. These results show that some chemicals in the waste CO, —NaOH mixture
solution might inhibit the growth of Spirulin. More research work should be done to know why and
how to control it. The training of the Spirulina should also be carried out to accustom the waste-CO,

environment.
Discussion:

The CO; bubbling could be the carbon source, pH buffering, mixing and mass transfer
during the S. platensis growth process. Therefore, the S. platensis culture density could be higher
under air-bubbling culture than that of non-air bubbling culture process.

The growth rates of air without CO, bubbling culture process can be significantly faster than
those of non-air bubbling culture process. However, the duration of the former was shorter than the
later. This is mainly due to the CO; in medium could be consumed by the S. platensis for its growth.
The CO, gradually depleted under the non-CO, air bubbling culture process, as well as the rapid
increase in pH value, which will result in the deterioration of culture environment. It is mainly due
to the high efficiency of mass transfer and mixing under gas bubbling process, which enhance the
growth rate of S. platensis and the consumption of a large amount of CO,. With the movement of
equilibrium of CO, in the medium, the more H* consumed, the higher pH increased. In addition,
large amount of CO, in medium were entrained by the non-CO, air bubbling culture due to the low
partial pressure of CO; in the gas. All these reasons lead to the pH of the medium increased as high
as 12. The deterioration of culture environment makes the growth of S. platensis terminated rapidly.

The carbon source in medium could be provided by the addition of pure CO; gas. On the
other hand, the CO, equilibrium reaction in the medium could also be adjusted. The S. platensis
could continue to grow under a favorable cultural environment through control the pH of 9.5-10.5 in
medium.

Increased concentration of carbon source can promote the production rate of S. platensis.
However, it is found that too high concentration of CO, could be harmful to the S. platensis, which

maybe because of the change of the osmotic pressure and salinity in the medium. In addition, too

296



Rafael L Orozco, PhD thesis

high concentration of CO, could drop the pH to very low level, which would be not conducive to the
growth of S. platensis. Furthermore, the fluid shear stress from high ventilation would also do some
harmful to the growth of S. platensis, especially the at the first one or two days of culture.

The results also proved that carbon dioxide and sodium hydroxide reaction products can
replace the carbonate in medium, but also makes the solution to maintain a certain buffer capacity.

During the cultural process, the medium could be adjusted by the fed batch CO, pulse
feeding technology to maintain the pH value within 9.5-10.5. Through the above measures, one S.
platensis production process with high density and long growth cycle can be achieved.

In summary, it seems that gases introduced into cultural bottles could serve a number of
purpose in S.platensis cultivation, including: (i)supply of CO, as sources of carbon for biomass
primary and secondary metabolism; (ii) provision of internal mixing, which avoids nutrient
concentration gradients; (iii) promotion of exposure of all cells to light (especially in high density
cultures), while minimizing self-shading and phototoxicity; (iv) control of pH by assuring
dissolution of CO, and avoid gradients thereof; and (v)stripping of accumulated DO, hence reducing

its toxicity to S.platensis.
Conclusions

1 The S. platensis growth curve can be obtained through tracking the concentration of
chlorophyll. However, when the concentration of S. platensis became higher, this method has higher
errors. The concentration of chlorophylls decreased with the increase of S. platensis concentration
because of the self-shading among the S. platensis cells. The dry weight of S. platensis is effective at
the higher concentration of S.platensis. Therefore, dry weight method and concentration of
chlorophyll measurement should be integrated for the determination of the S. platensis growth curve.

2 Under the air bubbling and non-air bubbling non-gas bubbling conditions, the S. platensis
can grow well. Moreover, the growth rates and concentration at air bubbling condition are higher
than that of non-gas bubbling bubbling. However, both too high and too low CO, concentration will
be harmful for the growth of the S. platensis. The growth characteristics of the S. platensis could be
adjusted by CO, fed batch pulse feeding technology, which could result in the high concentration
and long duration for the S. platensis culture.

3 The reaction products between CO, and NaOH could take the place of commercial

carbonate, and also have a certain buffer capability for the culture process of S.platensis.
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Challenges and research needs:

Enhanced CO, level (typically well above its atmospheric level) are needed for efficient
S.platensis growth and metabolism, and currently are major contributors to the overall cost of
S.platensis cultivation. However, different sources of CO, and supplementary nutrients will greatly
improve the overall environmental performance of S.platensis production. Future research should

explore existing sources, such as CO, from brewery plants, for the growth of S.platensis.
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