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Resumo

A biomassa pode ser convertida em biocombustivess @ois métodos diferentes:
termoquimicos ou bioquimicos. Ambos os processaglyzem residuos que podem ser
valorizados, aumentando assim a sustentabilidageat®sso de producao de biocombustiveis.
A investigacdo recente sobre a produgédo de padiikigdicanoatos (PHA) tem-se centrado na
utilizacdo combinada de culturas microbianas migdMC) e substratos de baixo valor
comercial. A presente tese teve como intuito estadzaracterizar MMC capazes de produzir

PHA utilizando subprodutos resultantes da prodaggbiocombustiveis.

A utilizacdo de um bio-Gleo resultante da pirdlidpida de camas de galinha como substrato,
permitiu selecionar uma cultura com capacidade rdeluzir um copolimero composto por
mondmeros de hidroxibutirato e hidroxivalerato (78086). A influéncia da matriz do bio-6leo
na producdo de PHA foi investigada sugerindo quistem alguns compostos capazes de
inibir/interferir com a capacidade de acumulacdmm® objetivo de maximizar o contelldo em
PHA foram realizadas duas estratégias para modifichio-6leo; fermentacdo anaerdbia e
destilacdo a vacuo. A primeira estratégia pernotiter melhores resultados uma vez que o
aumento de &cidos organicos volateis no bio-Olemdatado resultou num aumento do
rendimento de produgdo em compara¢do com os obtilmso bio-6leo puro (0,63 e 0,31

Cmmol HA/Cmmol S, respetivamente).

Num segundo sistema, utilizando glicerol bruto prognte da producdo de biodiesel como
substrato, foi selecionada uma cultura com capdeidke acumular simultaneamente PHA e
glicogénio. Embora a fracdo de metanol presentgubproduto também tenha sido consumida,
o glicerol foi a unica fonte de carbono que conitbpara a produgdo dos biopolimeros.

Usando o glicerol bruto em ensaios de acumulactevetse 47% de PHA em conteudo celular.

A comunidade microbiana de ambos os sistemasatkigiio de PHA foi avaliada através de
electroforese em gel com gradiente de desnaturdgBddacdoin situ de fluorescéncia e

sequenciacdo. Ambos revelaram uma elevada divdesidacrobiana com predominancia da
classeBetaproteobacterice do génercAmaricoccusnos sistemas com bio-6leo e glicerol,

respetivamente.

Palavras-Chave:Residuos e subprodutos provenientes da produgibidoombustiveis; Bio-
Oleo, glicerol bruto, culturas microbianas mistadMC, “mixed microbial cultures”);

polihidroxialcanoatos (PHA); ecologia microbiana.
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Abstract

Biomass can be converted into biofuels by two d#fié ways: thermochemical or biochemical.
Both processes produce waste streams that can loeised in order to increase the
sustainability of the biofuels production proceBgcent research on polyhydroxyalkanoates
(PHA) production has focused on developing costediffe processes using low cost substrates
combined with mixed microbial cultures (MMC). Thetent of this thesis was to study and
characterise MMC able to produce PHA using the togdpcts resulting from the biofuels

production.

Bio-oil resulting from the fast-pyrolysis of chiakdeds was used as substrate to select cultures
under feast/famine conditions with a good PHA deraesponse. Several operational
conditions were investigated and optimized. A cgp@r composed by hydroxybutyrate and
hydroxyvalerate monomers (70%:30%) was obtainee.ifipact of the bio-oil matrix on PHA
production was also investigated suggesting thatescompound may inhibit or interfere with
the ability of the enriched culture to accumulatéAR For further maximization of polymer
accumulation two strategies for bio-oil upgrade evperformed, anaerobic fermentation and
vacuum distillation. The increased of volatile yaticids on the fermented bio-oil led to an
increase on the production yield compared to thes@btain with pure bio-oil (0.63 and 0.31

Cmmol HA/Cmmol S, respectively).

In another system, MMC selected with crude glycérain biodiesel production as feedstock
had the ability to simultaneously store PHA andcgben. Although the methanol fraction
present in the crude was also consumed, glycersltha only carbon source that contributed
for the biopolymers production. During PHA accunting assay a content of 47% cell dry

weight was achieved.

The dynamics of the microbial community of both Pigfoduction systems was assessed by
denaturing gradient gel electrophoresis, fluoressgesitu hybridization and sequencing. Both
systems had a high microbial diversity with a prad@nce ofBetaproteobacterialass and

Amaricoccugyenus in the bio-oil and crude glycerol systempeetively

Keywords: Biofuels wastes/by-products; bio-oil, crude ghalermixed microbial cultures

(MMC); polyhydroxyalkanoates (PHA); microbial ecglo
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Thesis motivation and outline

1.1. THESIS MOTIVATION

Worldwide energy demand increased drastically icemé years as a result of the modern
society. The progressive depletion of conventidossil fuels and increase of the greenhouse
gas emission led to a move towards alternativeewable, sustainable, efficient and cost-

effective energy sources with fewer emissions.

Biofuels represent the best renewable alternatoveossil fuels. They are predominantly
produced from biomass which is considered as th@rnweorld renewable energy source to
supplement declining fossil fuel resources. Twommabcesses can be used to convert biomass
into energy/biofuels: thermochemical and biochemigaocesses. Among the existing
thermochemical conversion processes pyrolysis isidered as the best for the conversion of
biomass into liquid fuel (bio-oil). Bioethanol afmodiesel are two of the most widely used

liquid biofuels and are mainly produced trough biemical processes.

Nowadays, biofuels can be produced using the agisdéchnologies and be distributed through
the available systems. They can be easily appliedaae being encouraged by policy measures
reaching its global production over 107 thousankianiliters per year with a tendency to grow
in the next years. As biofuel production increaies,market is being flooded with its waste/by-
products and it becomes imperative to investigdterraatives to valorize these surpluses
making the overall biofuels production a more susfale process. The high carbon content in
most of these residues makes its use as a substrdi®logical conversions to produce
biomaterials a viable strategy. PolyhydroxyalkareafPHA) are one of the biomaterials with

high interest due to the impact of conventionat{is in the environment.

PHA are bio-based, biodegradable and biocompagildstics with high potential to replace
some of the more commonly used conventional pksfihese biopolymers have similar
thermoplastic and elastomeric properties to polgplene (PP) and polyethylene (PE).
However they can be synthesized from renewableuress and are fully biodegradable,
meeting the criteria of a closed loop life cycléofbased to biodegradable) which has a high

environmental and economical relevance.

PHA are synthesized and stored intracellularly blarge number of bacteria as carbon and
energy sources. The interest to develop and opminsizategies to produce, extract and
manipulate these bioplastics has increased signific since the early 1980s. Nowadays, PHA
are already been commercialized, but they areictsirto the use of highly costly synthetic
substrates and pure or genetic/metabolic enginestgihs. Despite the effort put in the
development of pure culture fermentation procesbese have not yet entered bulk materials
markets due to high production costs, which is mh@or drawback in the current PHA

production, limiting commercialization to addeduabpplications.
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In the last decade, research has focused on tletopenent of alternative and more sustainable
production processes aiming to substantially deerdhe PHA production costs. The most
relevant strategies investigated include the usdowf cost substrates (domestic/industrial
waste/by-products) and the use of mixed microhiéilces (MMC). It is generally accepted that
these strategies will allow the decrease of theéal®HA production costs since they requires
lower investment and operating costs, due to tleeofi®pen systems that do not require sterile
conditions. The use of waste-based feedstocks migtpermits reducing the PHA production
costs but would also make the overall industriadcpss more sustainable, by valuing an

industrial waste/by-product.

Despite the increasing number of references inlitheature on the use of several industrial
wastes (cheese industries, waste lipids, sugar sirids, agriculture crop and other
lignocelluloses residues, glycerol and forest atiterowood residues) to produce PHA, the
majority of them used pure microbial strains. Ashsthe development of further investigation
valuing industrial waste/by-products through thedorction of PHA using MMC can introduce

new competitive strategies not only to the PHA reaibut also to several industries.
The major goals of this thesis can be pointed stibkows:

() test the feasibility of MMC to use the liquidattion resulting from the fast-pyrolysis of a
waste biomass to produce PHA without any detoxificaprocess and improve the subsequent

PHA production step;

(I1) enrich a MMC able to accumulate PHA using theajor biodiesel production by-product-

crude glycerol and improvement of the producti@yst

(1N identify the microbial consortium present @ach PHA production systems and correlate

different populations with different operation cdiahs.

1.2. THESIS OUTLINE

This thesis is divided into seven chapters inclgdihe current introductory chapter that
describes the motivation and outline of the workedieped during this PhD project (Chapter 1).
The following chapter includes an overview of thege of the art in the biofuels production and
respective wastes/by products and an outline oedoulture PHA production processes as a
strategic way to valorized industrial wastes (Cha@). Chapter 3 to 6 described the work
developed in accordance with the specific objestil&id out above, and a final chapter
highlights the main conclusions drawn from thisdgt Chapter 7).The work performed
during this PhD will result in four scientific actes, presented in Chapters 3, 4, 5 and 6,

respectively. Chapters 3and 4 are already publighgeer reviewed international journal,
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Chapter 5 was submitted for publication in peefewed international journal and Chapter

6 is being prepared for submission.

Briefly, each chapter includes the following corgen

Chapter 1 (present chapter) provides the motivation anddiiectives of this PhD thesis. It

also includes the thesis outline with a brief sumynad the contents of each chapter.

Chapter 2 includes the state of the art starting to addrdms current economical and
environmental relevance of alternative fuels. lthiar focuses on the most relevant biofuels,
describing their production, economical relevanod applications of the resulting wastes/by-
products. PHA production is proposed as an alteendd valorize some wastes/by-products
resulting from the biofuels production. A brief esview on PHA structure, proprieties,
application and PHA bacterial synthesis is explaiflowed by the description of the current
industrial biotechnology approach to PHA productiasing pure culture fermentation. The use
of waste-based feedstocks by mixed microbial ce#uo produce PHA in a more sustainable
form is later introduced. Finally the importance tbeé study of the microbial communities

dynamic is briefly presented.

Chapter 3 considers the development of a process where ibigesulting from the fast-

pyrolysis of chicken beds was used as substratelézt a mixed microbial culture (MMC) able
to produce PHA under feast/famine conditions. Dyitime culture acclimatization to the bio-oll
as substrate different conditions were tested, hathe SRT and COD/N/P ratio, in order to

optimize the selective pressure imposed to theesyst

Chapter 4 describes the different bio-oil upgrading strategio improve PHA production by
the enriched culture. The impact of complex bio-miatrix was tested in different PHA
accumulation batch assays in order to gather irdton about some possible inhibition
problems associated not only with the biomass drpottit also with the substrate uptake and
PHA production. Due to the multiplicity of compoungdresent in bio-oil, the performance on
PHA storage capacity of the selected culture upung bio-oil was tested and compared with
the utilization of three defined substrates (aegtglucose and xylose) known to be present in
bio-oil. In addition two strategies for bio-oil giade were performed; anaerobic fermentation

and vacuum distillation, and the resulting liquitkams were tested for polymer production.

Chapter 5 presents the selection of a mixed microbial comtyumith PHA storage capacity
using crude glycerol as substrate and considers taks production step on a 2-stage PHA
production process. The influence of the pure sfithsubstrates composing crude glycerol

(methanol and glycerol, in single or com2010binende), on the biopolymers accumulation
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was investigated. The storage capacity of thecgsleculture was study using different feeding
strategies of crude glycerol (continuous, pulselifeg) and compared to the use of synthetic

glycerol (pulse feeding).

Chapter 6 focuses on the implementation of different stregegto study the bacterial
community dynamics in the two different biologic®HA production systems. The
acclimatization period of the microbial culturessiallowed by DGGE analysis. Sequencing of
specific DGGE bands allowed to perform bacterianiification and correlate with the PHA
storage capacity of the system. Statistical amalygs applied for the presencel/absence of
DGGE bands for the determination of ecological peters as well as clustering analysis. FISH
technique allowed a direct visualization and quation of relevant members of the

population.

Chapter 7 summarizes the main conclusions achieved in thi3 éiksertation. Some possible

challenges and suggestions for future researchlsoeresented.
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2.1. BIOFUELS

The energy growing needs of modernized worlds hieee to an increased demand of
petroleum-based fuels. Today fossil fuels provideai80% of the primary energy consumed in
the world, of which 58% is consumed by the transpector (Nigam and Singh 2011). Fossil
fuels are non-renewable energy sources and theeeves are estimated to be depleted in less
than 50 years, (except coal reserves which shoaldwmilable until 2112) at the present

consumption rate (Shafiee and Topal 2009).

The combustion of fossil fuels is the major conitdr to greenhouse gas (GHG) emission, with
many negative effects resulting from global warmimgerefore, the progressive depletion of
conventional fossil fuels with increasing energpsamption and GHG emission have led to a
move towards alternative, renewable, sustainalfficiemt and cost-effective energy sources
with less emissions. Presently many options anegostiudied and implemented in practice, with
different degrees of success, and in different @had study and implementation. Examples
include solar energy, either thermal or photovoltaiydroelectric, geothermal, wind, biofuels,
and carbon sequestration. Each one has its owmtedyes and problems and, depending on the

area of application, different options will be leetsuited.

Fuel demand in the transportation sector is pregetd increase by 40% over the period 2010—
2040 (ExxonMobil, 2013). One important goal is &g measures for transportation emissions
reduction, such as the gradual replacement oflfassds by renewable energy sources, where
biofuels are seen as real contributors to reacketlgmals, particularly in the short term. Given
that the European transport sector is facing aasaiility issue the European Union has
developed objectives to replace fossil fuels byfusts upon a substitution of 25% by 2030
(Biofuels-A vision for 2030 and beyond). In suppaoithe above, EU has decided to implement
an ambitious regional strategy designed to furédmemourage the development and production of
biofuels to set the long term strategy for the tgwment of renewable energy sources (RES) in
EU (Directive 2009/28/EC, Directive 98/70/EC). Quitthe agreed goal for 20% overall share
of RES by 2020, 10 % of all transportation fuelsudt be derived from biofuels. Recently, due
to conflicts caused by the use of edible crop tmwipce biofuels, an amendments to the directive
2009/28/EC (2012/0288 (COD)) has established that haximum joint contribution from
biofuels and bioliquids produced from cereal antkeotstarch rich crops, sugars and oil crops

should be no more than 5%.



Chapter 2

2.1.1. Advantages and challenges of biofuels

The term biofuel refers to as solid (biochar), iitj(bioethanol, vegetable oil and biodiesel) or
gaseous (biogas, syngas and biohydrogen) fuelstbgiredominantly produced from biomass.
Biomass has been recognized as a major world rdilewenergy source to supplement
declining fossil fuel resources. Besides being reewveable resource that could be sustainably
developed in the future, biomass appears to hayefisant economic potential provided from
the increase of fossil fuel prices in the futuréscAunlike the combustion of fossil fuels which
releases C®that was captured several hundred million years, &> released during the
utilization of a biomass based fuel is balanceddy captured in the recent growth of the
biomass, resulting in far less net impact on GH&lk (Fig. 2.1). Since biomass utilization can
be considered as a closed carbon cycle, the piioduahd usage of biofuels is expected to

reduce the net Cmission significantly (Demirbas, 2007).

Fig. 2.1-Biofuels cycle(http://arstechnica.com/)

Biofuels production is expected to offer new oppoities to diversify income and fuel supply
sources, to promote employment in rural areaseteldp long term replacement of fossil fuels,
and to reduce GHG emissions, boosting the decasabom of transportation fuels and
increasing the security of energy supply. Largdesqgaoduction offers an opportunity for
certain developing countries to reduce their depead on oil imports and in industrialized
countries there is a growing trend towards emplpyimodern technologies and efficient
bioenergy conversion using a range of biofuels.flgils can be produced using existing
technologies and be distributed through the avigldistribution system. For all these reasons

biofuels are currently pursued as a fuel altereatiat can be easily applied until other options
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harder to implement, such as hydrogen, are availablthough biofuels are still more
expensive than fossil fuels their production isréasing in countries around the world.
Encouraged by policy measures and biofuels tarfgetsansport, its annual global production

Is estimated to be over 107 thousand million li{®sn 21, Report 2013).

Besides having several benefits, the production wiiation of biofuels also have several
challenges. An improved biomass waste collectiotwokk and their storage is the main
challenge for establishment of commercial biofuahp A strong policy is needed for organic
waste collection and blending of biofuels at highae. The subsidization for establishment of
biofuel plants will accelerate the production abfoiels and tax credits for utilization will create
the market for the biofuel. Biofuels productioncatieals with the same problem as traditional
petroleum refining — excess waste. In traditioedfining, only about 60 percent of the crude oll
becomes gasoline, the rest is used to make otlwelugis. Similarly, as biofuel production
increases, the market is being flooded with itste/ag-products. Technological improvements
could help to increase the system efficiency aravide value added co-products, which will

reduce the total production cost

2.1.2. Biofuels classification

Biofuels are broadly classified as primary and adaoy biofuels. Primary biofuels are natural
and unprocessed biomass such as firewood, wood ahip pellets, and are mainly those where
the organic material is utilized essentially in itatural and non-modified chemical form.
Primary fuels are directly combusted, usually t@pdy cooking fuel, heating or electricity
production needs in small and large-scale indusipplications. Secondary fuels are modified
primary fuels, which have been processed and pemtircthe form of solids (e.g. charcoal), or
liquids (e.g. ethanol, biodiesel and bio-oil), @sgs (e.g. biogas, synthesis gas and hydrogen).
Secondary fuels can be used for multiple rangesppfications, including transport and high-

temperature industrial processes.

The secondary biofuels are further divided intetfisecond and third-generation biofuels on the
basis of raw material and technology used for tipeoduction (Fig. 2.2) First generation

biofuels refer to biofuels made from sugar, starebgetable oils, or animal fats using

conventional technology. The basic feedstocksHemroduction of first generation biofuels are
often seeds or grains such as wheat, which yidlttsts that is fermented into bioethanol, or
sunflower seeds, which are pressed to yield vegetabthat, can be used in biodiesel. Second
and third generation biofuels are produce usingaaded technology and thus are also called

advanced biofuels. Second generation biofuels adenfrom non-food crops, wastes and
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lignocellulosic biomass. Third generation biofueteualgae or sea weeds as feedstock
(Demirbas, 2011).

The use of edible feedstocks to produce first gaimer biofuels creates a direct conflict with
food/feed supply. Also, the productions of thes#u®ls depend on subsidies and in some cases
are not cost competitive with existing fossil fusleh as oil. Some of the biofuels allow only
limited greenhouse gas emissions savings. Whemgdalkimissions from production and
transportation into account, life-cycle assessnfemin first generation biofuels frequently
approach those of traditional fossil fuels. As asEmuence of first generation manufacture
limitations, advanced biofuels technologies havenbdeveloped. Second and third generation
biofuels are considered to be produced in a mastagwable way and as a truly carbon neutral
or even carbon negative in terms of its impact @ €ncentrations specially due to the use of

non-edible biomass for their production.

‘ Biofuels

[ Primary } \ Secondary

‘ 1t Generation 2"d Generation 3rd Generation
Firewood, wood chips, )
pellets, animal wastes,
forest and crop residues,
landfill gas Seeds, grains or sugares

Non food crops,

- A Algae, sea weeds
lignocellulosic biomass E2e,

Bioalcohols, bio-oil, bio-dmf,
biohydrogen, bio-fischer-
tropsch diesel, wood diesel

Bioalcohols, vegetable oil,
biodiesel, biosyngas, biogas

Vegetable oil, biodiesel,
bioethanol anh hydrogen

Fig. 2.2-Classification of biofuels (adapted from Nigam & 2011)

2.1.3. Biomass conversion process

Biomass can be converted into energy/biofuels by main processes: thermochemical and
biochemical processes. First generation and a &mergl-generation biofuels such as ethanol
and butanol are produced via biochemical processueder, the main second-generation fuels
(i.e methanol, refined Fischer-Tropsch liquids (f;Tand dimethyl ether (DME)) are produced
thermochemically. The thermochemical conversiorcgsses include combustion, gasification
and pyrolysis. Choice of conversion process depemds the type and quantity of biomass
feedstock, the desired form of the energy, i.ed, @se requirements, environmental standards,

economic conditions and project specific factors.

Biomass combustion is a worldwide adopted processbtain a range of outputs like heat,

mechanical power or electricity by conversion cd tthemical energy stored in biomass. This
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process is performed in the presence of air amatder for the combustion to be feasible the
biomass moisture content has to be lower than 50%most cases biomass rarely arises
naturally in an acceptable form of burning, reqgrsome pretreatment like drying, chopping,

grinding, etc., which in turn is associated witheincial costs and energy expenditure.

During gasification process the biomass is heatéld neduced air supply and converted into a
combustible gas mixture by the partial oxidationbadmass at high temperature, in the range
1000-1100K. Methane and hydrogen are also formedilsineously by thermal splitting of

organic material. The low calorific value gas progd can be directly utilized as a fuel for gas

turbines and gas engines

Pyrolysis process converts biomass directly intadséiquid and gaseous products by thermal
decomposition of biomass in the absence of oxygdthough pyrolysis is still under
development, this process has received speciaitiattesince it offers efficient utilization of
biomass with particular importance for countrieshwiastly available agricultural by-products.
(Saxena et al., 2008).

Thermochemical biomass conversion involves prosedhat require much more extreme
temperatures and pressures than those found idnacal conversion systems. Biochemical
conversion uses enzymes to break down structurlabbgdrates (for example, the cellulose and
hemicellulose found in plant cell walls) into sugiawhich are transformed into alcohols,
organic acids, or hydrocarbons by microorganismiimentation. The conversions typically

take place at atmospheric pressure and temperaturgsig from ambient to 70°C.

The two most widely used liquid biofuels are maiphpduced as first generation fuels trough
biochemical processes: bioethanol and biodieseds@&ltwo biofuels have the ability to replace
gasoline and diesel fuels, respectively, in todans avith little or no modifications of vehicle

engines. As a result a growing investment on thmductions has been observed, especially in

the transport sector.

Bioethanol production technology is based on #ieéntation of sugar to ethanSlgar can be
obtained directly from sugarcane (Brazil) and subeets (Europe) or indirectly from the
hydrolysis of starch-based grains, such as coriit¢diStates) and wheat (Canada and Europe).
In the latter case, the starch feedstock needs grdund to a meal that is hydrolyzed to glucose
by enzymesThe resulting pulp is fermented by yeast and bectdtinally, the fermented
stream is separated into ethanol and residues fffed production) via distillation and

dehydration.
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Biodiesel is produced using vegetable oils suctaps seed oil, sunflower seed oil, soybean oll
and also used frying oils (UFO) or animal fats rhairby chemical conversion

(transesterification).
2.2. PYROLYSIS

In the last decade, increasing efforts have beelicaked to implement biorefinery plants
worldwide. Those plants seek for the conversiorigifocellulosic and cellulosic waste into
starting materials for the biotechnological produttof bioenergy, biopolymers and a range of
fine chemicals. From all the thermochemical conearprocesses, pyrolysis is considered as

the one best suited for conversion of biomassliqtid fuels (Goyal et al., 2008).

Pyrolysis is the thermal degradation of biomasscivhoccurs in the absence of oxygen,
resulting in the production of charcoal (solid)o+oil (liquid) and fuel gaseous products.
Depending on the operating condition, pyrolysis sammainly classified as conventional (slow)
or fast-pyrolysis. Conventional pyrolysis occursden a slow heating rate (0.1-1K/s) and
residence time around 45— 550 s. In the first stqme-pyrolysis) biomass is thermal
decomposed between temperature of 550 and 950Kindduhis stage, some internal
rearrangement such as water elimination, bond bgskappearance of free radicals, formation
of carbonyl, carboxyl and hydroperoxide groups tpke. The second stage (main pyrolysis
process) proceeds with a high rate and leads téothation of pyrolysis products. During the
third stage, the char decomposes at a very slavarad forms carbon rich solid residues. Fast
pyrolysis occurs at higher temperatures (850-12%il) fast heating rate (10-200 K/s), short
solid residence time (0.5-10 s) and small parsde (<1 mm) (Naik et al., 2010).

Fast pyrolysis processes have been developed fmuption of food flavors (to replace
traditional slow pyrolysis processes which had mimker yields), specialty chemicals and
fuels. In fact, fast-pyrolysis of biomass has bskawn to be two to three times cheaper than
biomass conversion technologies based on gasdicaiind fermentation processes (Vispute et
al. 2010). Bio-ail is the main product of fast plysis technology together with the by-product
char and gas which can be used within the procepsolvide the process heat requirements so
there are no waste streams other than flue gasaahd Liquid yield depends on several
parameters: biomass type; temperature; hot vapidenece time; char separation and biomass
ash content. Research has shown that maximum ligjglds are obtained with high heating
rates, at reaction temperatures around 775K arid skibrt vapor residence times (between 30
and 1500ms) to minimize secondary reactions. Besidence time and temperature control is
important to ‘freeze’ the intermediates of mostrolwl interest in conjunction with moderate
gas/vapor phase temperatures of 675-775K befooweec of the product to maximize organic

liquid yields.
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2.2.1. Fast-pyrolysis reactors

In fast pyrolysis technology the reactor is congdeas the center of the process. Although the
reactor probably represents only about 10-15%etdtal capital cost of an integrated system,
most research and development has focused on @ewgl@nd testing different reactor
configurations on a variety of feedstocks. The meohnologies are bubbling fluid beds;
circulating fluid beds anttansported beds; the rotating cone which a typgawsisported bed
reactor; and ablative pyrolysis. Fluid bed pyrofgs€Fig. 2.3) give good and consistent
performance with high liquid yields of typically 7% wt% from wood on a dry feed basis. The
key requirements in the design and operation aisa fpyrolysis process are heat transfer and
char removal as char and the ash are catalytiaatiye. Recently increasing attention is being
paid to control and improvement of the liquid qtyaland improvement of liquid collection

systems (Meier et al. 2013).

Cyclone(s)
Gas
For recycle,
Pyrolyser | export or flare
Quench
cooler

Biomass

Sand & |

char | Electrostatic

precipitator

Hot sand

Combustor

Ash Bio-oil

Recycle gas heater Gas recycle

and/or oxidiser

Fig. 2.3-Typical fast-pyrolysis reactor (fluid bed react¢mtp://www.pyne.co.uk/)

2.2.2. Bio-oil characteristics

In fast pyrolysis, biomass decomposes very quipkbducing mainly vapors and aerosols and
some charcoal and gas. After cooling and condemsa#i dark brown homogenous mobile
liquid (bio-oil) is formed. Fast pyrolysis producé@—75% of bio-oil, 15-25% solid char and
10-20% non condensed gases depending upon feesistock

Typically, bio-oil is a dark brown, free-flowingquid. However depending on the feedstock and

the fast pyrolysis process the color can be alrlastk through dark red—brown to dark green,
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being influenced by the presence of micro-carbothénliquid and chemical composition. Bio-
oil has a complex chemical composition resultingnfrthree key biomass building blocks:
cellulose, hemicellulose, and lignin. Most oligamestructures are unable to be detected using
gas chromatography (GC) or gas chromatography-s@estroscopy (GC-MS). However, the
more than 300 compounds already identified in tleeo can be classified into the following
five broad categories: (1) hydroxyaldehydes, (Zrbyyketones, (3) sugars and dehydrosugars,
(4) carboxylic acids, and (5) phenolic compoundsiflsh, Pittman,, and Steele 2006).

Particular characteristics of the bio-oil imposensochallenges on their future applications.
Despite the high water content, pyrolysis liqui@s-{45%) can tolerate the addition of some
water before phase separation occurs. Water addigiduces viscosity and improves stability
while reducing the heating value, meaning that miongid is required to meet a given duty.
Therefore the effect of water is complex and imguatt Due to the high oxygen content, around
35-40 wt%, the majority of the bio-oils are miseilwith polar solvents such as methanol,
acetone, etc., but totally immiscible with petratederived fuels. Removal of this oxygen by
upgrading requires complex catalytic processes-oBias a high density compared with the
light fuel oils (1.2 Kg/L and 0.85 kg/L, respectiye This means that the liquid has about 42%
of the energy content of fuel oil on a weight babigt 61% on a volumetric basis. This situation
has high implications for the design and specificatof equipment such as pumps and
atomizers in boilers and engines. Viscosity is heotimportant feature in many fuel
applications. Bio-oil viscosity can vary from 251600 nis? (at 40°C) or more depending on
the feedstock, the water content of the bio-o, aimount of light ends collected and the extent
to which the oil has aged. Although bio-oil has rbesiccessfully stored for several years
(polyolefin plastic drums) without any deterioratichat would prevent its use in the
applications tested to date, it does change slowitly time (clear gradual increase in viscosity).
The recent advances in fast-pyrolysis process demigl control as the technology develops
have show substantial improvements in consistendystability of the bio-oils. However, aging
is a well known phenomenon caused by continued skondary reactions in the liquid which
manifests as an increase in viscosity with time ianektreme cases phase separation can occur.
The addition of alcohols such as ethanol or metheao reduce or control the aging process
(Meier et al. 2013).

2.2.3. Bio-oil application

Bio-oil can be considered in many applications (Ri¢). The heating value of bio-o# {7 MJ/
kg.) is lower than that for fossil fuel mainly besa of the large number of oxygenated

compounds and significant water content. Neverfiseleested flame combustion showed that
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fast pyrolysis oils could be used directly to replsheavy and light fuel oils in standard
industrial equipment such as boilers, furnacesndmg;; stationary diesel engines, gas turbines
and stirling engines (http://www.btgworld.com).

Non-condensable
gas

Synthesis
Extraction

Pyrolysis heat

Upgrading

‘l

Biomass Pyrolysis oil
Fast-Pyrolysis (Bio-oil

Engine

Boilers

Charcoal

Pyrolysis heat

Fig. 2.4-Products from fast-pyrolysis of biomass convergaaapted from Meier et al. 2013)

Considering an intermediate upgrading step sevepdibns for bio-oil utilization can be

proposed. Recently there has been considerablarchsand commercial interest in upgrading
bio-oil into synthetic hydrocarbon fuels for trapgjation applications, however even though is
feasible it's still not yet currently economic ptable. For this type of application, the high

oxygen content of bio-oil is reduced through “degemyation” processes commonly used in the
petrochemical industry: hydrotreating and catalgtiacking. The costs associated with these
process increases drastically the price of thd pnaducts reducing potential use of those bio-

oils as a substitute for petroleum-based fuels.

A different approach to synthesizing transportatioaels from bio-oil is using the pyrolysis
liquid as a feedstock for gasification, rather thaw biomass. By gasifying slurry of bio-oil and
biochar, it is possible to produce a clean syndaistwis then upgraded to transportation fuels
using Fischer-Tropsch processing (Henrich et @920A final upgrading consideration for bio-
oil is using steam reforming techniques for thedpiation of hydrogen. Hydrogen is required
for many industrial processes, is frequently usethé petrochemical industry and can be used
in fuel cells to generate electricity.

Bio-oil contains specific compounds such as aceticid, levoglucosan, and

hydroxyacetaldehyde that have been researchedofential extraction. There are many other
“specialty products” originating from bio-oil witcommercial potential such as: wood
preservatives, insecticides and fungicides, fedii, resins, adhesives, numerous food

flavorings and additives. In fact, food flavoringpin wood pyrolysis products are already
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commercially in many countries. All chemicals at&aative possibilities due to their much
higher added value compared to fuels and energyupts, and lead to the possibility of a bio-

refinery concept in which the optimum combinatiof$uels and chemicals are produced.

Polar bio-oils resulting from the fast-pyrolyis bfnocellulosic materials usually have high
concentrations of alcohols, aldehydes, ketonegogstic acids and other polar components. In
addition, to the high content in low molecular weigolar components, polar bio-oil has a
considerable good water solubility which has matdathe interest in their use as substrate for
microbial fermentations. Several studies were fedua the use of sugars present in the bio-oil,
especially levoglucosan, to produce ethanol (CmehRuff 2010; Lian et al. 2010; H. Wang et
al. 2012) and some triglycerides (Lian et al. 201®}yll cases, pure single strains (bacterial and
yeast) were used and due to the presence of iatsliibmpounds (mainly furfural and phenolic
compounds) the bio-oil required a detoxificatiompstin order to be metabolized by the

organisms.

In recent years it has been reported some develusmen technologies to converted
petrochemical plastic waste steams into PHA. Firs, plastic waste streams are submitted to
pyrolysis and then the pyrolysis products are dagphs carbon substrate for microbial
fermentation to produce PHA. Ward et al. 2006 comek styrene oil (resulting from the
pyrolysis of PS) into mcl-PHA with a yield of 0.1RHA/g PS usindg®’seudomonas putidaA-

3. Latter, the process was improved through therebaf styrene feeding (Nikodinovic-Runic
et al. 2011). By changing the mode of liquid fe#dstyrene by pumping it through the air
sparger a 5.4-fold increase in cell dry weight aelsieved. Based on the PS to PHA technology
the solid fraction —terephthalic acid (TA) - result from the pyrolysis of polyethylene
terephthalate (PET) was used to produce mcl-PHA et al. 2012). Two differefR. putida
strains were able to accumulated PHA at a maxiatel of 8.4 mg PHA/L.h for 12 h before the
rate of PHA accumulation decreased dramaticallxediplastic pyrolysis oils contain benzene,
toluene, ethylbenzene, xylenes, and styrene (BTEX$)eir composition. Nikodinovic et al.
2008 using a synthetic mixture of BTEXS compounag a defined mixed-culture &f. putida
strains was able to accumulated 24-36% (cell dighteof PHA with a yield of 0.1 g PHA/ g
BTEX.

2.3. BIODIESEL

In its main characteristics, biodiesel is quiteiEimto petroleum-based diesel fuel and can be
blended with petroleum diesel to create a stabbelibsel blend. Biodiesel obtained through
transesterification is a mono alkyl ester (methyethyl ester) of long chain fatty acids derived

from natural, renewable feedstock such as new/useétable oils and animal fats. Due to
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problems of corrosion, deposits on the engine asaidamty issues, a limit on the content of fatty
acid methyl ester (FAME) in blended diesel in Ewapas established to 7% (v/v) (EN 590).
However, this limit is not required for other biefyproduction processes, as pure hydrocarbons
similar to diesel fuel are obtained from biomassgshe Fischer Tropsch process or vegetable
oils hydrogenation. Thus, biodiesel is considerged aubstitution fuel for traditional diesel in
any compression ignition (diesel) engines withditbor no modification (Abbaszaadeh et al.
2012).

Due to the prospects of replacing fossil fuelsdl@eel production has continuously grown in
the last decade. In 2012, the European Biodiesmidbestimated that EU biodiesel production
totaled 23.54 million metric tons, being in thetlpsars the EU responsible for about half of the

world’s biodiesel output_(http://www.biofuelstp.guCompared with conventional diesel fuels,

biodiesel is much less pollutant for the environtreamd represents a strategic source of energy
for the countries that have no oilfields. Therefareen though the costs of biodiesel are still
greater than diesel from petroleum, many governmeustain this production for reducing the
environmental impact and the dependence on forgiglitically unstable suppliers. For
example, the European Directive imposes a 10% wolafrbiofuels in the transport sector by
2020 (Santacesaria et al. 2012) .

In the production of biodiesel more than 95% ofigecks come from edible oils since they are
produced in many regions of the world and the prisgeeof biodiesel produced from these oils
are much suitable to be used as diesel fuel sutestithe fuel potentialities of many vegetable
oils (including castor, grapeseed, maize, camepinmpkinseed, beechnut, rapeseed, lupin, pea,
poppyseed, peanut, hemp, linseed, chestnut, susfleaed, palm, olive, soybean, cottonseed,
shea butter) were considered as early as 1939. tywathe most employed feedstocks in

biodiesel production are rapeseed, sunflower, soyl@d palm oils.

About 60-80% of the total cost of biodiesel prodtuttcomes from the cost of raw materials
and first generation biofuels are not consideresiagniable due to the food/energy competitions
which increase both the cost of edible oils anddigigel. In order to overcome these
disadvantages, many researchers, scientists, tegists as well as industrialists are interested
in non-edible oil source like waste oils of anytsoil from Jathropa curcasand more recently
oils from algae, the later not suitable for humansumption due to the presence of some toxic
components in the oils. (Salvi and Panwar 2012uBadda and Goud 2012; Santacesaria et al.
2012)
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2.3.1. Biodiesel production

Several technologies are accepted and well estedlisor the production of biodiesel fuel.
Direct use and blending of raw oils, micro-emulsiothermal cracking (pyrolysis) and

transesterification are considered as the four rpeonedures to produce biodiesel.

The direct use and blending of raw oils have bemrsidered not satisfactory and unpractical
for both direct and indirect diesel engines dueptoblems such as, high viscosity, acid
composition, free fatty acid content, gum formatilue to oxidation and polymerization during

storage and combustion, carbon deposits and ldimggcail thickening.

Micro-emulsions with solvents such as methanolambdhand 1-butanol have been studied for a
potential solution for solving the problem of higkgetable oil viscosity. However, micro-
emulsion of vegetable oils has resulted in irreguigector needle sticking, heavy carbon

deposits and incomplete combustion during 200 arktbry screening endurance test.

The conversion of vegetable oils and animal fatmpmsed mostly of triglycerides using

thermal cracking reactions represents a promiseéagriology since the fuel properties of the
liquid product fractions of the thermally decompbsegetable oil are likely to approach diesel
fuels. Although the products are chemically similarpetroleum-derived gasoline and diesel
fuel, the removal of oxygen during the thermal pssing also removes any environmental

benefits of using an oxygenated fuel.

The most common technology of biodiesel producisotransesterification with alcohol, most
likely methanol, which gives fatty acid alkyl est€FAAE) as main product and glycerol as by-
product. A catalyst is usually involved to imprave reaction rate and yield. Alkalies (sodium
hydroxide, potassium hydroxide, carbonates, andesponding sodium and potassium
alkoxides), acids (sulfuric acid, sulfonic acidhydrochloric acid), or enzymes can be used to
catalyze the reaction. Base-catalyzed transest&tidn is much faster than the acid-catalyzed
one and is most often used commercially. The §itsp of the transesterification reaction is the
conversion of triglycerides to diglycerides, whishfollowed by the conversion of diglycerides
to monoglycerides and of monoglycerides to glyceyiglding one methyl ester molecule from
each glyceride at each step (Fig. 2.5; Abbaszaatah 2012).
L <

tz%—_:-—:\-‘l —e + R Catalyst »- Q‘ + Q
@ P _> ( "‘“
Triglycerid; ) | ¢ g ‘ \\\"

Q\ [ 20
Alcohol ‘- ‘—ﬂ Methyl Ester Glycerol

Fig. 2.5-Transesterification reaction (http://share.psthac.
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2.3.2.  Crude glycerol composition

The chemical composition of crude glycerol varieginty with the type of catalyst used to
produce biodiesel, the transesterification efficienthe recovery efficiency of the biodiesel,
other impurities in the feedstock, and whetherrtethanol and catalysts were recovered. The
average accepted values are 50 to 70% glycerag 20% methanol, 5 to 10% salts, <3 to 10%

water, <1 to 5% fatty acids, and 5% non-glycerglamic material (NGOM) by weight.

In most commercial applications the quality of @gio must be improved until it has an
acceptable purity that is completely different frémose obtained in biodiesel facilities. There
are many actions and processes used to purifydsietlirecover useful agents for re-cycling,
and process the byproduct glycerol. An importantstypwocess of glycerol includes
acidification/neutralization to adjust pH and evagtmn/distillation to separate water and
excess methanol for reuse. Biodiesel manufacturenmally recover methanol by heating and
reused in the biodiesel production process. Howdwarause recovery of methanol is less cost
effective than using new methanol, this is not glsvthe case (Quispe et al., 2013; Tan et al.,
2013).

2.3.3.  Crude glycerol market

Biodiesel is considered one of the most promisintgsttutes for fossil fuels, still its production
has increased at a slower rate than expected dua telatively high production cost.
Valorization of biodiesel main by-product, glycer@ considered as one of the strategies for

lowering the production cost.

Biodiesel production generates about 10% (v/v) @lgtas the main byproduct. Supported by
governments to increase energy independence arndimeegsing energy demand, the biodiesel
market is expected to reach 37 billion gallons 8@ an average growth of 42% per year. This
means that around 4 billion gallons of crude glgterill be produced that year saturating the

glycerol market.

From the 1970s until the year 2004 the high-pugificerin had a stable price between 876 and
1314 €/ton. However, with the arrival of biodieghis relatively stable market has been
drastically altered. In 2006, glycerol price skaled around 438 €/ton, with a strong falling

trend. In fact, in 2011, the price of crude glydarothe US was so low, 3 to 8 cents/Kg that

many biodiesel producers started to store the ghyeeiting for a better market.

The development of sustainable processes forintlithis organic raw material is imperative.

Since purified glycerol is a high-value commerahé&mical with thousands of uses, the crude

glycerol presents great opportunities for new aapibns. For that reason, more attention is
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being paid to the utilization of crude glycerolfidiodiesel production in order to decrease the
production cost of biodiesel and to promote biceli@sdustrialization on a large scale (Quispe
et al., 2013).

2.3.4. Crude glycerol applications

Currently there are more than two thousand useglyoerol. However, only a few applications

use large amounts of glycerol in their compositibne three main uses for refined glycerin are
food products, personal hygiene products and gmgiehe products, making up to 64% of total
market (Fig. 2.6).

Others

Alkyd resin 1-5%
3-9% Cosmetics
37-40%

Pharmaceutical
6-8%

Polyurethan
7-10%

Tobacco products
9-10%

Food
23-25%

Fig. 2.6-Traditional glycerol application@dapted from Quispe et al. 2013)

The global market for refined glycerol was estiate be roughly 900,000 tons in 2005.
Considering that by 2016 crude glycerol derivedrffaiodiesel conversion is expected to reach
around 4 thousand million gallons it is of greatportance for scientists to find new
applications for refined and crude glycerol (Yangle 2012). Recently, numerous papers have
been published on direct utilization of crude ghptefrom biodiesel production. Two main
applications have been considered: animal feedstndKeedstock for chemicals.

Glycerol as a feed ingredient for animals dateklacthe 1970s. This application has been
limited by the availability of glycerol. Recentlthe possibilities of using crude glycerol have

been investigated because of the increase in tbe gf corn and the surplus of crude glycerol.
Glycerol has high absorption rates and once abddthean easily be converted to glucose for
energy production in the liver of animals by theyane glycerol kinase. The addition up to

15% (depending on the animal and the stage ofédt&ldpment) has been proved to have
potential for replacing corn in diets. However, anast be aware of the presence of potential

hazardous impurities in crude glycerol from biodlegor example, residual levels of potassium
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may result in wet litter or imbalances in dietatgotrolyte balance in broilers. The levels of

methanol must be minimized because of its toxicity.

1,3-propanedio(1,3-PD) is a simple organic chemical and has aetanf applications in the
production of polymers, cosmetics, foods, lubrisaahd medicines. Currently, the anaerobic
fermentative production 1,3-PD is the most prongsoption for biological conversion of
glycerol. Some works have already shown the pradimadf 1,3-PD using crude glycerol as
feedstock. Mu et al. 2006 demonstrated that crugleepl could be directly converted to 1,3-
PD without any prior purification bilebsiella pneumoniaThe final 1,3-PD concentration on
glycerol from lipase-catalyzed methanolysis of smaip oil was comparable to that on glycerol
from alkali-catalyzed process (53 and 51.3 g/Ipeetively). This fact implied that the crude
glycerol composition had little effect on the bigical conversion and as such a low
fermentation cost could be expect€&dostridium butyricuncould also be used to produce 1,3-
PD from crude glycerol, presenting the same tolaan raw and commercial glycerol, when

both were of similar grade, i.e. above 87% (w/@olizalez-Pajuelo et al. 2005).

Ito et al. 2005 demonstrated the production of bgdn and ethanol using &mnterobacter

aerogenestrain. Crude glycerol had to be diluted with athgtic medium to increase the rate
of glycerol utilization and observed that the rabé$d, and ethanol production from biodiesel
wastes were much lower than the ones for the sameeatration of pure glycerol, partially due

to a high salt content in the wastes.

Rhodopseudomonas palustbacterium was able of photofermentative conversioglycerol,
both pure and crude with nearly equal productiofishydrogen (Sabourin-Provost and
Hallenbeck 2009).

Selembo et al. 2009 showed the conversion of ghydeto H, and 1-3-PD using anaerobic
fermentation with heat-treated mixed cultures.his study, the highest yields yet reported for
both H and 1-3-PD production from pure glycerol and theeegrol byproduct from biodiesel

fuel production by fermentation using mixed culsiveere achieved.

Pyle 2008 propose to use crude glycerol in the éatation of the microalg&chizochytrium
limacinum which is a prolific producer of docosahexaenoiida(DHA), an omega-3
polyunsaturated fatty acid with proven beneficiie&s on treating human diseases such as
cardiovascular diseases, cancers and AlzheimEds. supporting alga growth and DHA
production, 75-100 g/L of crude glycerol were recoemded as the optimal range. Further,
DHA-containing algae have been developed as replants for fish oil omega-3 fatty acids
(Yang et al., 2012).
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Synthetic glycerol can be used by several bactetauproduce PHA (Nikel et al. 2008; Ibrahim
and Steinbuchel 2009). Moralejo-Géarate et al. 2@8&ionstrated the feasibility of mixed
microbial cultures to produce PHA using synthetigcgrol attaining a PHB content of 80%
(cell dry weight). The use of crude glycerol aseadstock has been tested and the available
literature is increasing. Ashby et al. 2004 remb@ePHB content between 13 to 27% (cell dry
weight) usingPseudomonas oleovorandMothes et al. 2007 attained 70% of PHB (cell dry
weight) with Cupriavidus nectoand Teeka et al., 2012 achieved a PHB contenb%f with a
Novosphingobiumgenus. Additionally, Dobroth et al. 2011 explorde tuse of a mixed
microbial consortia that was able to use exclugitieé methanol fraction of the crude glycerol
to produced PHB.

Beyond the chemicals mentioned above, several ptioeesses for producing useful chemicals
from crude glycerol via biotransformations haverbdeveloped. Crude glycerol can be used as
a raw material for conversion into valued-addeddpots such as: lipids; citric acid, succinic
acid; butanol and glycolipid-type biosurfactanthirdugh conventional catalytic conversions
oxygenated chemicals, hydrogen, syngas, monogtespropylene glycol and acetol have also
been reported to be produced when using glyceavh fbiodiesel production (Yang et al.,
2012).

2.4. POLYHYDROXYALKANOATES (PHA)

PHAs are a unique family of polymers used as ieltalar carbon/energy storage for more than
300 species of Gram-positive and Gram-negativeebiacas well as a wide range Afchaea
When microbial cell are unable to grow at the saate at which they can take up the carbon
substrate, they store PHA in their cytoplasm adararand energy source. Growth restriction
can be caused by limited availability of an extéfaeator, such as nitrogen, phosphorus, sulphur
or oxygen, or by an internal decline in anabolieyenatic levels or activity (Q. Wang et al.
2009). Since these polymeric materials do not tamitiglly alter the osmotic state of the cell
they can be stored at high concentrations (up b 80 the dry cell weight). (Laycock et al.
2013)

The mechanical properties of PHA are very simitathe ones of conventional plastics like
polypropylene (PP) or polyethylene (PE) and camxteuded, molded, spun into fibers, made
into films and used to make heteropolymers witreogynthetic polymers. However, PHAs are
bio-based polyesters, fully biodegradable and bigeatible which makes them very promising

bulk materials for a significant number of industipplications.
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2.4.1. Economical and environmental relevance of PHAs

In the second half of the 2Q@entury, plastics became one of the most univigrsasled and
multipurpose materials in the global economy. Todagstics are utilized in more and more
applications and they have become essential tonmalern economy. With continuous growth
for more than 50 years, global plastic production2012 reached 288 million tons - 2.8%
increase compared to 2011 (Plastics-The fact 200i8). drawback of plastics is that they are
synthetic polymers derived from fossil fuels thah@ersist in the environment for extended
periods of time. As such, sustainable and enviranial€oncerns are important issues that have

gradually drawn attention since the last century.

The growing demands for more sustainable solutiead|to a growing replacement of
petroleum-based plastics by biopolymers. Bioplastice a family of materials that are bio-
based (produced from renewable biological sourteajiegradable, or both. In 2011 bioplastics
production capacity achieved approximately 1.2ionltones and is expected to reach 6 million
tons in 2016. (EBA, 2013)

Nowadays, some conventional plastics, such as fhglgme (PE) and polyvinyl chloride (PVC)
can already be synthesized from renewable resaurmsever, although they are referred as
bioplastics, they are not biodegradable. Therenctreer type of bio-based plastics (e.g. starch
plastics, cellulose polymers, polylactide acid (FL#hat despite being biodegradable require
some extra additives to improve their functional®HA are a third type of bioplastics made
from 100% renewable resources without additivesfaty biodegradable, enabling a so-called
bio-based-to-biodegradable life cycle (Fig. 2. Mefiefore, PHA can be considered as the only
fully bio-based and biodegradable plastic.

Fig. 2.7-Bioplastics closed loop life cycle (www.europedoghastics.org)
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Life Cycle Assessment (LCA) has become a powedal to critically evaluate and direct the
overall impact of bioplastics and other bio-baseddpcts. Yates and Barlow 2013 review
shows that the majority of studies that analyzeel HICA of PHA focused only on the
consumption of non-renewable energy and global waympotential. These studies often found
that the overall PHA production consumes more rasrewable energy and have higher global
warming potential than the petrochemical derivedymers. In contrast, studies which
considered other environmental impact categoriesvels as those which were regional or
product specific often found that this conclusianld not be drawn. Despite some unfavorable
results for these biopolymers, the immature natfithese technologies needs to be taken into

account as future optimization and improvemengratess efficiencies are expected.

2.4.2. PHA structure, properties and applications

The basic structure of PHA has been identified asarily linear, head-to-tail polyesters
composed of hydroxyfatty acids monomers. To dateentiban 150 different PHA monomer
units have been reported. According to the lengtth® carbon chains, PHA monomers can be
classified into two major groups: (i) Short chaength (SCL) monomers composed by 3-5
carbon atoms. (ii) Medium chain length (MCL) monameomposed of 6-14 carbon atoms. The

number of monomers in the polymer ranges from »080000.

PHA bio-synthetized have a much higher moleculaightethan that achieved chemically.
Molecular weights (Mw) typically range between Q% and 3x10 Da. When Mw is lower
than 0.4x10 Da the mechanical properties of PHA deterioratel dor thermoplastic
applications the value of Mw should be higher tiax1® Da. Different bacteria produce
P(3HB) with different Mw. Also, substrate type andncentration, nutrient availability and
growth conditions such as pH and temperature playnportant role and values of Mw as high

as 2x10 Da have also been reported in mutant strains (ekyet al. 2013).

PHA polymers properties are influence by severabip&ters: monomer composition, chain
length of the polymer and the microstructure of ploéymer (organization of monomers in the
polymer chain: randomly or as block co-polymersfiAPare hydrophobic, water-insoluble,
non-toxic material, inert and indefinitely stabfeair. They also possess thermoplastic and/or
elastomeric properties; have very high purity witthe cell and a much better resistance to UV
degradation than polypropylene. Generally, SCL Pat& more thermoplastic, whereas MCL

PHA show more elastomeric properties.

The most common PHA are poly(3-hydroxybutyrate)HBBand poly(3- hydroxybutyrate-co-
3-hydroxyvalerate) (P(3HB-co-3HV)). The average pemies for the homopolymer P(3HB)
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are: transition temperature (FgpC (by differential scanning calorimetry (DSC)) &-C (by
dynamic mechanical thermal analysis (DMTA)); mradtitemperature (Tmy 176C; tensile
modulus 2.9 GPa; tensile strength 37 MPa; maximuomgation to break~4%. These
properties induce a stiff and brittle material whilgh crystallinity witch has been reported as an
obstacle to the practical applications of theseenws. Significant research effort has been
devoted to manipulating these mechanical proper@@se of the solution for improving
mechanical properties of PHA is to use copolymernaterials, such as P(3HB-co-3HV) with
higher HV contents, or mcl- PHA copolymer. When 8tV monomers are included in the
P(3HB)-type lattice it is observed a “less-perfectystals with more defects, smaller
crystalline domains and less brittleness. The tesud P(3HB-co-3HV) co-polymer with less
stiffness and brittleness and an increased flewit{thigher elongation to break), tensile strength

and toughness. (Laycock et al. 2013)

H @)
| '|* ]
C C
0 2 | \(C)X (e
R1 | N = 100-30000
R,
X R1 Rz Name Abbreviation
H H Poly (3-hydroxypropionate) P(3HP)
SCL CHs H Poly (3-hydroxybutyrate) P(3HB)
1 Poly (3-hydroxy- (Cs-Cs) CH:CHs H Poly (3-hydroxyvalerate) P(3HV)
alkanoates) CHs CHs  Poly (3-hydroxy-2-methylbutyrate)  P(3H2MB)
MCL CH2CHs CHs  Poly (3-hydroxy-2-methylvalerate) P(3H2MV)
(Ce-Cig) (CH22CHs H Poly (3-hydroxyhexanoate) P(3HHX)
o Poly (4-hydroxy- H H Poly (4-hydroxybutyrate) P(4HB)

alkanoates)

Fig. 2.8 General structure of (PHAs) and examples of thetrmommon monomers

The highly diverse PHA monomers pool (Fig. 2.8pwallfor a broad range of application.
Initially PHA were used as packing materials, sastshampoo bottles, shopping bags, diapers
and cosmetic containers. However, the increasitgrast on bio-based, biodegradable and
biocompatible polymers PHA has been applied in sareach as industry, medicine and
agriculture. The top companies in the PHA busineskide: Metabolix Inc. (US), Meredian
INC. (US), Biomer (Germany), Tianjin GreenBio Ma#ds Co. Ltd (China) and Shenzhen
Ecomann Technology Co. Ltd (China). Today's PHA laeagion includes packaging, food-

services, agriculture/horticulture, consumer eteutrs, automotive and consumer goods and
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household appliances. But there are a lot more etmdtarting to use PHA such as building and
construction, leisure or fibre applications (cloipi upholstery). Lately, it has been reported an
increasing application of PHA on biomedical field anplant materials and drug delivery

carriers.

2.4.3. PHA biosynthesis

PHA can be chemical or biological synthesized. Blosynthesis of PHA gives rise to a much
higher molecular weight polymer; however this aggtodoes not allow much control over the

monomer structures in the PHA (Chen 2010).

Several microorganisms are known to carry metalkaiitity to biosynthesize PHA molecules
including Azotobactersp., Pseudomonasp., Bacillus sp. andMethylobacteriunmsp.. PHA are
stored in the cell cytoplasm as granules. Typicadlgch cell contains 5-10 discrete granules
with diameters ranging from 100 to 500 nm. Each Pd#anule is surrounded by membrane
coat composed of a phospholipid monolayer with efdbd and attached proteins. These
proteins include the enzymes involved in PHA sysithand degradation as well as phasins and
regulatory proteins. Phasins are the most abunutate¢in on the granule surface and their role
seems to be related to regulating the size and euwibPHA granules as well as stabilizing
them (Grage et al 2009)

PHA biosynthesis is controlled by numerous genesoding a range of enzymes that are
directly or indirectly involved in PHA synthesisufently it is clear that nature has evolved
several different pathways for PHA formation, eadited to the ecological niche of the PHA-
producing microorganism. So far, PHA biosynthesis be summarized in eight pathways (Fig.
2.9).

The first pathway (Pathway 1) is the most well kmoand is represented by the model organism
Cupriavidus necator(previously known asRalstonia eutrophys The PHB metabolism
involves three key enzymésketothiolase, NADPH-dependent acetoacetyl-CoA ctake and
PHA synthase, encoded by genes phaA, phaB and phegpectively. Initially the
carbohydrates are converted into acetyl-C@Acetothiolase condensate two units of acetyl-
CoA into acetoacetly-CoA which is then reduced gy NADPH dependent acetoacetyl-CoA
reductase into R)3-hydroxybutyryl-CoA. Subsequently )8B-hydroxybutyryl-CoA is
incorporated into the polymer chain by PHA synthd3ae to the stereo specificity of the
enzymes involved, all microbially synthesized HA momers are in theRj configuration
(Sudesh et al., 2000). Biosynthesis and degradatiodAHA are a cyclic mechanism. In the
depolymerization reaction the accumulated PHA idrblyzed into 3-hydroxybutyrate (3HB)
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by depolymerase (encoded by phaZ), and can themeoed back into acetyl-CoA. The
associated pathway was also found in straindevbmonas hydrophilgPseudomonas stutzeri

andPseudomonas oleovorafShen 2010).

Pathway Il is associated with fatty acid uptake aeseral microorganism@Pseudomonas putida
Pesudomonas aeruginosand A. hydrophilg use this pathway to synthesize mcl-PHA. After
fatty acidp-oxidation, acyl-CoA is converted to 3-hydroxya&GdA which follows the PHA
monomer synthesis process. Several enzymes ardvadvan this pathway including 3-

ketoacyl-CoA reductase, epimerase and (R)-enoyl-Bydatase/enoyl-CoA hydratase I.

In Pathway Il substrates are converted into 3-oygacyl-ACP to form PHA monomer 3-
hydroxyacyl-CoA, leading to PHA formation under thetion of PHA synthase. Enzymes 3-
hydroxyacyl-ACP-CoA transferase (PhaG) and malo@glA-ACP transacylase (FabD) are

involved in this pathway.

Pathway IV uses NADPH-dependent acetoacetyl-CoAigtade to oxidize 3-hydroxybutyryl-
CoA. All the other pathways (V, VI, VIl and Vlil)ra used to synthesis alternative copolymers.
For example, pathways V and VIl are used to symbd?(4HB) byClostridium kluyveriandA.
hydrophila 4AK4respectively.(Laycock et al. 2013)

Regulation of PHA metabolism can be performed a¢is# levels. (1) pha gene expression due
to specific environmental signals, such as nutrigiarvation; (2) PHA synthetic enzymes
activation by specific cell components or metabatiermediates; (3) inhibition of metabolic
enzymes of competing pathways and therefore engohrof required intermediates for PHA
synthesis; or (4) a combination of these. For etamduring normal bacterial growtB;
ketothiolase from pathway | is inhibited by freeenayme-A coming out of the Krebs (or TCA)
cycle. However, when nutrients other than carbam lamited, acetyl-CoA cannot enter the
Krebs cycle and the excess acetyl-CoA is chanriatedPHA biosynthesis. If by other reasons
growth is limited, protein synthesis stops leadioga high concentrations of NADH and
NADPH which inhibits citrate synthase and isocéraehydrogenase, slowing down again the
Krebs cycle, directing acetyl-CoA towards PHA sytils (Laycock et al. 2013)
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Fig. 2.9-PHA biosynthesis pathways. (adapted from Chen 2010

2.4.4. Industrial PHA production by pure culture fermentat ion

Since the early 1980s many industries have madeteffo produce various PHA on pilot or
industrial scales. Currently, about 14 companiggaga in PHA production using either wild
type PHA producers or genetically modified orgarssiespite the vast number of known PHA
monomers only the homopolymer PHB, the copolymgidBRco-HV), P(HB-co-4HB) and
P(HB-co-HHX) and mcl-PHA are produced at large scal

PHA production involves several important stepsaistdevelopment, shake flask optimization,
lab and pilot fermenter studies and then indussaalle up. Batch and fed-batch fermentations
are typically used in the industrial processedetiibatch cultivation, medium composition can
be controlled and high initial concentration of swates fed can be avoided preventing a
potential substrate inhibition. With this stratelgigh products and cell concentration can be
achieved. The major limitation of fed-batch cultiva is the long downtime between two

batches, which results in high operation costs éGial. 2010).

Initially microorganisms are supplied with an optied growth media to attain a high cell
density. At this stage PHA accumulation is usuaityy limited. After the depletion of the

growth medium, growth limiting conditions are impdsin order to induce PHA storage.
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Usually limitation of oxygen or a macroelement, lsugs ammonia or phosphate, on the
presence of carbon excess is the most used str@i@gguce and maximize the PHA content of
the biomass. When biomass reaches PHA saturatiencedlls are recovered and disrupted in

order to extract the intracellular biopolymer

The most commonly used wild type strain for theustdal production of scl-PHA is
Cupriavidus necatodue to its ability to accumulate large amount BiBPfrom simple carbon
sources, for example, glucose, fructose and aaetit (Khanna and Srivastava 2005). Usually
this strain is fed with glucose or a mixture of@lge and propionate to produce PHB (Tianjin
Northern Food Co. Ltd) or P(HB-co-HV) (Zhejiang miAn Co. Ltd, China), respectively. The
maximum PHA content achieved with this strain i%8&ell dry weight) of PHB over 60h and
75% (cell dry weight) of P(HB-co-HV) over 48 h (Gh2009).

BesidesC. necatoy other strains likAlcaligenes latusAeromonas hydrophildPseudomonas
oleovoransandPseudomonas putidare used as natural PHA producéslactuswas able to
accumulate up to 50 wt % PHB on glucose or suchosB8h of growth.A. hydrophila P.
oleovoransandP. putidawere used to produce mcl-PHA. hydrophilawas employed for large
scale production of P(HB-co-HHXx) reaching a con®@nb0 wt%.P. oleovoranggrown on n-

alkanes was reported to produce 63 wt% PHA comtgimcl monomers (Chen 2009) .

Genetically modified bacteria have also been engaofpr PHA production. From all strains
recombinant Escherichia coliis an obvious choice due to its convenience fonege
manipulation, fast growth, high final cell densimd ability to utilize inexpensive carbon
sourcesE. coliis not a natural PHA producer; however recombistnatins are able to produce
both scl and mcl-PHA. A recombinaBt coli harboringC. necatorPHA synthase genes
reached a PHA content of up to 90% of the cellvaejght (Lee and Choi 1998).

An effective and sustainable microbial PHA prodoctdepends on several factors such as the
final cell density, bacterial growth rate, percgeataof PHA in cell dry weight, time taken to
reach high final cell density, substrate to prodwahsformation efficiency, price of substrates

and a convenient and cheap method to extract anify the PHA.

One of the main challenges concerning the replantofehe conventional plastics by PHA is
the considerable high cost of the biopolymers. Wi increasing financial investments made
into production and marketing of bioplastics, PHéces have been reduced in the last years.
However, although the latest market price of Mire{fPHB) is quoted at about 1.50€/ kg, the
average PHA prices are around 3€/ kg against 1€dkpgetroleum-based plastic (Chanprateep
2010).
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From all the cost associated to the PHA productiaw, material accounts for 30-40%. In 2010,
food waste were responsible for almost 14% of tital tmunicipal solid waste stream (the
second most abundant after paper), <3% of whichre@svered and recycled. By the year 2020
it is estimated that annual food waste related €oms would be about 240 Mt. Recent
strategies to lowering PHA production cost include use of a broad range of waste and by-
product streams associated with food at differéages of the production/utilization cycle as a
sustainable feedstock (Nikodinovic-Runic et al. 201Several recombinant strains and wild-
type PHA producers have been reported to produck fiRbin cheap carbon sources. However,
the polymer concentration and content obtained weresiderably lower than those obtained
using purified carbon substrates. Therefore, tliee need for development of more efficient

fermentation strategies for production of thesg/pelrs from a cheap carbon source.

2.45. Low cost PHA production strategies — Mixed Microbid Cultures

Due to the great potential of PHA, it has been plegkin recent years an increasing interest in
investigating potential alternative processes tiatrease the PHA production costs. These
alternatives process include not only the use of Malue substrates (waste or surplus
feedstocks) but also the use of mixed microbiaiuras (MMC).

In opposition to the pure culture process, MMC pexoperates under non-sterile condition.
Since sterilization is not required several operattosts are reduce; less expensive materials
can be used for reactor construction and the earprfor control can be minimized. In
addition all the contamination and the genetic degation of genetically modified strain
disadvantages associated to the pure cultures ggat® not exist in mixed culture process,
since mixed culture processes are based on naokifical selection. Moreover, mixed
culture can use a wide variety of complex subsiratven substrates rich in different
compounds. Unlike most pure cultures, PHA storageMMC is not induced by nutrient
limitation (but by an internal growth limitationJhis is particularly advantageous if industrial
waste feedstocks containing compounds of undeftoetposition are used. As such, combining
the use of low substrate and MMC to produce PHAaomby will allowed a significant reduction
on the production costs (more than 50%) (Reis.€0f)3) but also to increase the sustainability

of PHA production.

In general, mixed cultures are a consortium of ab@l population, wherein the total

composition is unknown, which are selected in aenopiological system by the imposed

operational condition. Mixed microbial cultures kalieen used for decades in wastewater

treatment plants (WWTP) to biological remove selerdrient such as phosphorus, nitrogen

and sulphate. PHA accumulation in MMC has firsaved in enhanced biological phosphorus
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removal (EBPR) systems which are operated by @ty anaerobic/aerobic cycles. In these
systems phosphate accumulating organisms (PAOakeipihe external substrate and convert it
to PHB with the aid of ATP and reduction equivasegénerated by degrading of glycogen and
polyphosphate during the anaerobic period. Durlreg gubsequent aerobic phase the external
substrate is no longer available and PAOs usetttedsPHB as carbon source to growth and
replenish the polyphosphate and glycogen pool. BPE systems PAOs have a natural
competitor, glycogen accumulating organisms (GA®@4d)ich have the same metabolism than
PAQOs with the exception of phosphate removal caypadin both groups of microorganisms,
PHA synthesis plays an important role in their rhelism. Some studies have reported the use
of GAOs to produce PHA mainly through the use aftlgtic substrate (Dai et al. 2007, 2008;
Bengtsson 2009). Through aerobic PHA accumulaBemgtsson 2009 reported a PHA content
of 60% (cell dry weight) using acetate as singléboca source. Studies that used complex
fermented waste (paper mill wastewater and molas$esved lower PHA contents, 42% and

32% (cell dry weight), respectively (Bengtssonlef@08a, 2010).

Activated sludge with PHA storage capacity was adbserved in aerobic WWTP, where
selectors for bulking control were introduced. histprocess sludge is submitted to alternate
periods of excess of carbon (in the selector repelternated with substrate limitation (in the
main reactor) favoring the selection of floc-formevith enhanced PHA storage capacity. This
concept of aerobic “feast and famine” process vimsilated in lab-reactors and confirmed to
enhanced the capacity of MMC to store PHA (Majohale 1996). During the feast phase,
ammonia and external substrate are consumed byItMh@ for simultaneous growth and PHA
storage. After external substrate exhaustion (fanphase) the previously stored PHA are
consumed along with ammonia, indicating that irgHatar biopolymer can be used as carbon

and energy source.

It is widely accepted that PHA storage in MMC occuvhen growth is restricted. In both

strategies, anaerobic/aerobic (AN/A) process aadtfand famine (FF) process, PHA storage
occurs when growth is prevented. However, the m@eisims by which PAOs and GAOs

accumulate PHA under AN/A conditions are differéram those observed in aerobic FF

process. In the first process, storage is maialysed by an external growth limitation due to
absence of an electron acceptor (oxygen, nitrdte)-F process, it is an internal growth

limitation (insufficient intracellular componentach as enzymes or RNA) that promotes PHA
storage, since both electron donor and acceptoprasent in the feast period (Serafim et al.
2008a).

Currently, FF process, also known as “aerobic dyicafeeding” (ADF), is the most well-

studied PHA storage process. In these systemsponganisms obtain enough energy for
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storage, growth and substrate uptake from oxidiangart of the substrate. Therefore, the
enriched mixed microbial cultures are independdnpaly-phosphate or glycogen synthesis,

reducing the tendency to accumulate other storaggounds.

Satohet al. 1999 and Takabatalet al.,2000 have proposed microaerophilic-aerobic prosesse
for selecting PHA producing cultures with low camtef other types of storage compounds. In
the first phase where the external substratelisastiilable was operated under microaerophilic
conditions in order to limit growth and favor PHAosage. During the second, fully aerobic
phase, PHA was used as carbon and energy sourggdeth and maintenance. Using this
condition it was obtained an enriched culture vaitmaximum PHA content of 62%. However,

PHA production was reported to be not stable.

2.4.5.1. PHA production process

Since the late 1990s, research related to PHA ptmofu under ADF conditions increased

markedly. The processes by which MMC produce PHghtnbe operated in two or three steps,
depending on the type of substrate used as a ée#dseviewed by Dias et al. 2006; Serafim et
al. 2008a) (Fig. 2.10). In the two-step process RidAumulating organisms are firstly selected
using aerobic or anaerobic/aerobic conditions (2em Fig. 2.10) and then PHA storage

capacity of the selected culture is maximized snRt1A accumulation step (step 3 in Fig. 2.10).
The physical separation of the culture enrichméagesfrom the PHA production phase allows
for process optimization, as different optimal citinds were shown to be required in each step
(Serafim et al. 2004; Dionisi et al. 2006; Albuoyez et al. 2007; Johnson et al. 2009). Once
PHA storage has reached a saturation stage ircthenallation step, PHA is then extracted and
purified. The two-step approach has been mainiieghpvhen organic acids (e.g. acetate,

propionate, butyrate, valerate or lactate) werel asefeedstock for PHA production.

Recent research has focused on the use of wasd-lmstrates as feedstock for PHA
production using MMC. Waste/surplus materials, sashfood scraps (Rhu et al. 2003);
municipal wastewaters and municipal activated gud@hua et al. 2003; Gurieff 2007;
Mengmeng et al. 2009); olive oil mill effluents (@&Y(Dionisi et al. 2005; Beccari et al. 2009);
industrial wastewaters (Dionisi et al. 2006); paihmill effluents (POME) (Din et al. 2006);
fruit cannery wastewater (Gurrief, 2007; Liu et2008); sugar cane molasses (Albuquerque et
al. 2007); fermented brewery wastewater (Mato e28l08); paper mill effluents (Bengtsson et
al. 2008a; Jiang et al. 2012), glycerol (DobrothleP011) and bio-oil (Moita and Lemos 2012)
have been tested for PHA production by mixed miigotultures.
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The majority of the waste-based feedstocks areobgdrate-rich mixtures of compounds (sugar
cane and olive oil mill effluents among others)likenpure cultures, MMC when submitted to
ADF condition tend to store glycogen from carbolayds instead of PHA (Carta et al. 2001,
Dircks et al. 2001). A strategy to overcome thistacle was to perform a previous acidogenic
fermentation step (step 1 of Fig. 2.10) in ordetrémsform the sugars (and other fermentable
fractions) of the complex substrates into orgamidss such as VFA, which can be effectively
stored as PHAs by mixed microbial cultures. Usualhen waste-based substrates are used to
produce PHA using MMC the three-step process ifieghpOnly a few works have reported the
two-step approach applied with waste-based subst(@urieff et al. 2007 and Liu et al. 2008).

Fermentation

Fig. 2.10- Three-step PHA production process by MMC. Direstdi of either synthetic (A) or waste-
based substrates (C) or used of fermented waseslzadbstrates (B) to preformed culture selectidgmgus
aerobic/aerobic (l) or anaerobic/aerobic (II) dymarfeeding strategies. PHA production (step 3) is
carried out in batch/fed-batch mode using the cedtienriched in step 2 and the feedstock produted i
step 1 (adapted from Serafim et al. 2008a).

2.4.5.2. Culture selection

The most important aspect for the development sliccessful PHA production mixed culture
process is culture selection. This stage is resplen®r obtaining a culture highly enriched in
organisms with high and stable PHA storage capathg presence of microorganisms with no
PHA storing capacity or with low PHA contents hashegative impact not only on the
productivity of the final accumulation stage butabn the downstream processing, increasing
the PHA extraction costs. In addition stable higityiched microorganism community allowed
a stable PHA composition which is also highly dasiie for future commercialization.

The most frequent reactor configuration used in MRIGA selection is the sequencing batch
reactor (SBR) since it can achieve the dynamic tiom$ of a feast-famine regime in a
continuous way. However, as alternative, continuseactors were also used in PHA

production. Bengtsson et al. 2008a used two seiglignidisposed continuous reactors
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(mimicking the feast and famine phase) followed &y settler, simulating a WWTP
configuration, to produce PHA from fermented papi effluent. Latter, Albuquerque et al.
2010a and co-workers compared the performance titireuselection of a SBR and a
continuous system, similar to the one used by Besogt et al. 2008a, using fermented molasses
as carbon source. The results obtained show singitarts for PHA content, polymer yield on
substrate and specific productivity in both confegions, supporting the possibility of using the

existing facilities of WWTP for PHA production fromdustrial or municipal effluents.

In order to accomplish a good selective pressulaige number of operational conditions were
investigated by several authors (revised by Diad.e2006). Among others solid retention time
(SRT), hydraulic retention time (HRT), carbon téragen ration in the medium (C/N ratio),
organic loading rate (OLR), temperature (T), swistcomposition and pH are considered to be

the most relevant.

The SRT imposes a selection pressure based omdivthgrate of the biomass. Several authors
have investigated the optimal SRT, however thelteane inconclusive. Long SRT (10 days in

average) have been reported for selecting a minkdre with high storage yield (Serafim et al.

2004; Lemos et al., 2006; Albuquerque et al. 2EEhHgtsson et al. 2008a). However, different
results have been observed by Chua et al. 2003ioated that a mixed culture enriched at a
SRT of 3 days accumulated more PHA than that €& & 10 days. Recently, Johnson et al.
2009 and Jiang et al. 2012 have reported seleatades with high PHA storage capacity (89%
and 77% cell dry weight, respectively) using SRT$ and 2 days respectively.

In FF systems the C/N ratio allows to control i€ tBystem is operated with carbon limited
where growth could occur from PHA stored (famin@g#) or under nutrient limited FF cycle
where growth only occur in feast phase. Albuquerefual. 2007 and Johnson et al. 2010a have
demonstrated that nitrogen limitation is not fawdeafor the enrichment and long-term
cultivation of PHA producing communities. In fait,the latter work, it was suggested that the
microorganisms with high PHA storage capacity haseadvantage over those with low PHA
storage capacity under the nitrogen limiting asstioeed PHA during the feast phase could only

be consumed for maintenance (usually negligibleinduthe famine phase.

In most studies pH is well controlled during cutuselection and PHA accumulation step.
Several authors have tested pH range from 6-9.:ugGH al. 2003; Serafim et al. 2008b;
Villano et al. 2010). Usually higher pH is assoethtvith higher PHA content in accumulation
steps. Villano et al. 2010 have reported that Pl gosition was strongly affected by the pH;

HV content in the PHA composition increased wittréasing pH.

Johnson et al. 2010b studied the temperature impad&HA-producing mixed cultures using

non-substrate limiting feeding strategy from 15€30Results showed that the mixed culture
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selected at 30°C presented a higher storage capdnitaddition, Jiang et al. 201la
demonstrated that the microbial community structofehe PHB-producing enrichments is
strongly dependent on temperature: different teatpee allowed to selected different dominant

PHA producing organism during the culture selecttap.

The OLR directly influence the biomass concentraince the higher the amount of carbon
substrate supplied, the higher the cellular coma@noh obtained. Dionisi et al. 2006 and
Albuguerque et al. 2010a tested different OLRBltA-accumulating culture enrichment SBRs
(8.5 - 31.25 gCOD/L.d and 60-120 Cmmol/L.day, retigely). Both works presented the same
findings; even though, as expected, the increasthénOLR caused an increase in biomass
concentration it also caused a relevant decreaseagimal polymer production rate probably
due to a substrate inhibition. The lowest OLRs aéa@ mixed cultures with the lowest PHA
storage capacity probably due to substrate coraté@ntr limitation. As such, the best
performance of the process was obtained at intdateeddLRs (20 gCOD/L.day and 90
Cmmol/L.day) where both biomass productivity and®$torage were high enough.

All the operation conditions have a direct or iedirimpact on the feast and famine length ratio
(F/F ratio) which is considered as a determinactofaon the selection of a culture with good
polymer accumulation capacities. Low F/F ratig8.28) have been reported to allow the PHA
accumulating organisms to outcompete with non-actatmg bacteria resulting in selected
culture with good storage response. F/F ratiosdri¢ean 0.55 increase the growth response and
the storage mechanisms start to be negligible. n{Bicet al. 2006; Johnson et al. 2009;
Albuguerque et al. 2010a; Jiang et al. 2011b)

2.4.5.3. PHA production

The common strategy used for the PHA accumulatiep & the nutrient-limiting conditions
during the entire step. Under this condition, tiptake of carbon is mainly driven for PHA
storage until it reaches a saturation level insiidecell. As for culture selection, the evaluation
of the maximum PHA storage capacity was performambtiy with pure substrates. Only

recently real complex wastes were used to evathatstorage capacity of the cultures selected.

The influence of the initial substrate concentration the PHA storage has been mostly
investigated to optimize the PHA accumulation steporder to be able to achieve a saturation
PHA content it is necessary to apply a high sutesti@ biomass ration. However, it has been
shown that high substrate concentration can bebitony and limit the kinetics of substrate

uptake and PHA storage (Serafim et al. 2004). Phelsding strategy has been widely used to

prevent inhibition by the substrate. Alternativedycontinuous feeding strategy has also been
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reported (Johnson et al. 2009; Albuquerque etdl1Pwhich can only be applied when either a
very high feed solution concentration can be used§ not to affect the reaction volume) or if
a membrane separation process can be attachedetdidineactor thereby continuously

recirculating the cells back to the reactor.

In general, the results obtain with waste-basedtsates are lower than those reports for mixed
cultures using synthetic feedstocks. The highestiega obtain with MMC and synthetic
substrates were reported by Johnson et al. 200% @9B cell dry weigh with acetate) and
Jiang et al. 2011b (92% PHB cell dry weigh withtdée). The majority of works that used
waste-based substrates and MMC to produce PHAtepoalues between 20-48% PHA (cell
dry weight). As an exception, Albuquerque et all@®reported a PHA content of 75% (cell
dry weight) using fermented molasses to fed MM@ ipulse feeding strategy. Later, using the
same substrate but with a continuous feeding giyat&lbuquerque et al. 2011 reported a PHA
of 77% (cell dry weight). Recently Jiang et al12thave reported a PHA content of 77% of
cell dry weight using MMC and paper mill wastewaser substrate. So far, these two works
have reported the highest PHA content using MMC wamadte-based substrates. The main
different among them are the strategy used tolffedMMC and the feedstock used, resulting in
different enriched microbial culture and differéyppe of PHA produced. In the case of Jiang et
al. only the homopolymer PHB was produced, on tmeeof Albuquerque et al. a copolymer

(PHB-co-HV) was formed providing a higher broadgauf application.

The gap existing between synthetic substrates aasledbased substrates can be justified, on
one hand, by the fact real substrate typically @onbrganic matter other than VFA, even after
acidogenic fermentation. This fraction is compobgdlifferent types of chemical species with
different degrees of biodegradability which may luge alcohols, unfermented sugars or
compounds not susceptible to fermentation. ThisViBA fraction of the total organic matter
present in this type of waste based feedstocks bwayconsumed by PHA-accumulating
organisms but not serve as PHA precursors or ealiytonay be used for PHA storage but at
different rates, or it might also be consumed by storing organisms, which can have a
negative impact on the maximum accumulation capatfithe selected culture. Furthermore,

the presence of inhibitory compounds may also ivgjgtaffect the process kinetics

The composition of the substrate alone cannot axtdou the full gap between PHA production
using MMC selected with synthetic feedstocks amd¢hselected using fermented waste-based
substrates. The impact of the type of feedstockhenenrichment reactor may condition the
degree of enrichment obtained from these feedstaciksequently limiting batch accumulation
performance in the final production step. Consitgthis, Dionisi et al. 2005 used a synthetic

medium (ace+prop+lact) to select a culture witthhiRHA storage capacity and subsequently
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fed with a complex feedstock (fermented olive oill reffluent (OME)) only in the final
accumulation stage achieving a PHA content of 5détl Iry weight) which is higher than the

most cultures selected using fermented feedstocks.

As mention before, VFAs are considered as the meagoursors to produce PHAs from MMC.
However, a few works have reported the direct usedon-VFA organic matter for PHA
storage Gurieff et al. 2007 obtain a PHA content of 20%I(dey weight) with primary sludge
and 39% with fruit cannery wastewater using a mizeitlire enriched with primary sludge. Liu
et al. 2008 reported a PHA content of 20% (cellwgight) using tomato cannery wastewater.
Moralejo-Garate et al. 2011 has able to reach a lebitent of 80% (cell dry weight) using

synthetic glycerol as substrate.

Mixed microbial cultures fed with synthetic feeddte have reported very high specific
productivity values (up to 1.97 g PHB/g X.h, Jiagtigl. 2011b). This value is about 5 times the
highest value reported for pure culture fermentetig0.38 g PHB/g X.h, Lee et al. 1999).
These results are one of the major advantagesng ¥WMC to produce PHA production. Since
less biomass is necessary to obtain the same ambbidpolymer smaller bioreactors can be
used reducing all the adjacent operation costs.gw¥ew one of the main drawbacks with using
MMC is the low volumetric productivities comparexdthe ones obtained with pure cultures due
to the lower biomass concentrations usually readhetthese processes. The maximum cell
concentration reported for ADF operated systems &vasg/l (Dionisi et al. 2006), which is
much lower than the obtained by pure cultures, liysabove 100 g/l (Lee et al., 1999).

2.5. BACTERIAL COMMUNITY DYNAMICS

A stable bioreactor performance is usually achievgd microbial communities that are stable
under normal operating conditions, but able to adapesponse to perturbations. As previous
discussed, one of the main challenges in the mixdtdire PHA production process is culture
selection process. Despite the efforts, the colsnstof microorganism used in these processes
are enriched in PHA-accumulating organisms but rave strictly composed by them. The
selection of a stable culture with a high PHA sheraapacity is of major importance for the

effectiveness of the process.

During the last two decades, extensive efforts Haeen made in different research area to
better understand all the important features réladethe selective pressure imposed on culture
enrichment. However, the microbial community resplole for these processes is often

considered as a black box. Jiang et al. 2011a shelympact of temperature and cycle length

on microbial competition between PHB-producing gdapans. Recently, two study
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investigated a microbial community with high PHArstge capacity selected with fermented
molasses; Albuquerque et al. 2013 investigatedtifbstrate preferences of microbial groups in
PHA production; and Carvalho et al. 2013 study redationship between MMC composition
and PHA production performance. The scare inforomagin the microbial community found in
the literature is not due to an underestimatiothefbiological component, but is caused by the

limitations of methods available for the microl@entification and activity measurements.

Culture-dependent methods are based on isolatiorpupé cultures and morphological,
metabolic, biochemical and genetic assays. Durawgral years they have provided extensive
information on the biodiversity of microbial comnities in natural and engineering systems.
However, these conventional methods provide incetepknowledge about the physiological
(nutritional and physical-chemical) needs and thmplex syntrophic and symbiotic relations
for most microorganisms in natural environmentsotiher problem is that most culture media
tend to favor the growth of certain groups of marganisms, whereas others that are important
in the original sample do not proliferate (Sanz &dathling 2007). Currently, it is generally
accepted that culture-dependent methods are liniitestudying natural microbial community
composition, because only a small part of bacterenvironmental samples (less than 1%) are

culturable under laboratory conditions (Amann el8B5; Head et al., 1998)

The possibility of identifying specific populatiorsf microorganisms in their native habitat
without the need to isolate them is revolutionizmigrobial ecology. Recently, methods based
on the 16S ribosomal RNA (rRNA) gene allowed torowene the problems associated with
culture-dependent methods. This gene is universdibtributed and isa functionally
indispensable part of the core gene set, suppoithgised in phylogenetic studies. The
presence of highly conserved regions enabled thegmleof suitable PCR primers or
hybridization probes for various taxa at differéakonomic levels ranging from individual
strains to whole phyla. However, some specifi¢aiegjare subjected to variation. The presence
of certain variable regions gives the 16S rRNA ggenough diversification to provide a tool
for classification (Baldrian 2013). Nowadays, severon-cultured based methods are being
used to study microbial communities. Among themadiering gradient gel electrophoresis
(DGGE), temperature gradient gel electrophoresiSQIE), fluorescent in situ hybridization
(FISH) and restriction fragment length polymorphi¢RFLP) are some of the most used.
Combining these molecular tools and PHA stainimiptegue (e.g. Nile blue or Sudan black
staining), can make the identification of PHA prouhg bacteria species precisely
determined.
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The correlation between the PHA storage capacity aiture identification would allow the
design of reactor operating conditions favoring thmst important PHA-accumulating

microorganisms.

2.5.1. DGGE

DDGE is a molecular biology technique that has beroa staple of environmental
microbiology for characterization of populationustture and dynamic. It allows separating
highly conserved domains within the 16S rRNA geoewith different nucleotide sequences.
Separation is based on the electrophoretic molfithe PCR fragments in polyacrylamide gels
containing a linear gradient of DNA denaturantsxfomie of urea and formamide). Once a
fragment reaches its melting point, migration vgthctically stop. Molecules with different
sequences will stop migrating at different posiidn the gel and correspond to different
microbial species (Muyzer et al., 1993). The ddfaral mobility of DNA molecules in the
denaturing gradient is generally consistent witargsine-citosine (G-C) content. In order to
prevent a complete denaturation of the PCR produdigch would result in a single-stranded
fragments migrating out of the gel, a long GC-rgdguence (GC-clamp), generally 40 bases
long, is incorporated at the 5’ end of the forwarimer, becoming incorporated into every

amplicon generated during the PCR..

DNA bands in DGGE can be visualized using a nudeid stain, such as ethidium bromide,
SYBR Green or GelGreen. For microbial species ifleation, the DGGE bands might be
extracted from the gel and sequenced. MoreoverGBGingerprinting can be coupled to
statistical analysis and calculation of biodiversitdices (e.g. principal component analysis
(PCA), Simpson’s and Shannon—Weaver indices, clastalysis, etc.) can be used to compare
bacterial communities over time or occurring iffedent environmental samples (Marzorati et
al. 2008).

2.5.2. FISH

FISH, a cultivation-independent method, allowed ithsitu analysis composition of microbial
communities and their dynamics. In the recent y¢dBH has became widely used for the
identification, quantification and characterizatioh phylogenetically (when combined with

other techniques) defined microbial populationsamplex environments.

This technique is based on the use of an oligootide probe (binds), labeled with a

fluorochrome (fluorescent dye) and whose sequenicemplementary to a region in the target
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microorganism. Under strictly controlled conditioqsobes are allowed to hybridize with the
complementary sequence of the target microorganisiybridized microorganisms will
fluoresce under a fluorescence microscope, whilstaorganisms without a probe will not.
Different probes, with different specificities, cha used together, resulting in the simultaneous
detection of all bacteria present and of specifictéria. Information on the identification,
morphology, spatial relationship and abundanceiféérént types of microorganisms can be
obtained (Amann and Fuchs 2008)
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CHAPTER 3

BIOPOLYMERS PRODUCTION FROM MIXED
CULTURES AND PYROLYSIS BY-PRODUCTS

ABSTRACT

Polyhydroxyalkanoates (PHAs) production from lowluea substrates and/or byproducts
represents an economical and environmental progialternative to established industrial
manufacture methods. Bio-oil resulting from thetfagolysis of chicken beds was used as
substrate to select a mixed microbial culture (MMiB)e to produce PHA under feast/famine
conditions. In this study a maximum PHA conten®@&% (g/g cell dry weight) was achieved in
a sequencing batch reactor (SBR) operated forreuffelection. The PHA obtained with bio-oil
as a carbon source was a copolymer composed byof@%droxybutyrate (HB) and 30% of
hydroxyvalerate (HV) monomers. Similar results h&aeen reported by other studies that use
real complex substrates for culture selection ialg that bio-oil can be a promising feedstock
to produce PHAs using MMC. To the best of our krexge this is the first study that
demonstrated the use of bio-oil resulting from fagblysis as a possibly feedstock to produce

short chain length polyhydroxyalkanoates.

The contents of this chapter were adapted from tidigation: Moita, R., & Lemos, P. C. (2012). Biopwlers
production from mixed cultures and pyrolysis byerots. Journal of biotechnology, 157(4), 578-83.
doi:10.1016/j.jbiotec.2011.09.021.

Reproduced with the authorization of the editor ansubjected to the copyrights imposed






Biopolymers production from mixed cultures and pys by-products

3.1. INTRODUCTION

Over the last years, production of energy usingwable resources has gained importance,
satisfying more efficiently the environmental comce than fossil fuel. One of the most
promising renewable energy sources able to fulid energy needs of the modern society is
considered to be biomass. Fast pyrolysis is a gdtedhative technique to produce energy from
biomass, being two-to-three times cheaper thanarsion technologies based on gasification
or fermentation processes (Vispute et al. 2010¢ dharacteristic features of fast pyrolysis are
the very high heating and heat transfer rates,refudly controlled pyrolysis temperature, a
rapid cooling of the products and a very shortdesce time at the pyrolysis temperature
(typically less than 1s). The main product of hiscess, bio-oil, can be obtained in yields of up
to 75 wt% on dry feed basis depending on the pgisliemperature. By-product char and gas
are used within the process so there are no wasi@s other than flue gas and ash. Bio-oil,
can be used as a substitute for fossil fuels teigea heat, power and/or chemicals. Boilers and
furnaces (including power stations) can be fuelldth bio-oil in the short term, whereas,
turbines and diesel engines may become availablehensomewhat longer term. Several
chemicals can also be extracted or derived from hleeoil including food flavorings,
specialties, resins, agro-chemicals, fertilizerd amissions control agents. Upgrading of the
bio-oil to a transportation fuel is technically $dale but needs further development (Bridgwater
2003). Bio-oil costs of production depend mainlyfeedstock (pre-treatment) costs, plant scale,
type of technology etc. However, because only eaigmall number and limited scale of
pyrolysis oil production units, the economics afammercial scale unit can only be estimated.
According to the European biomass industry assoaigtyrolysis oils can be produced from 75
to 300 EUR per ton oil, assuming feedstock costaéxn 0 and 100 euros/t (EUBIA).

Alternatively, fermentation of bio-oil as a posbpessing biological approach can be applied.
Bio-oil has a high carbon content that can be gssufistrate for microbial conversions giving
rise to high value products, such as bioplasticdyHydroxyalkanoates (PHA) are polyesters
with similar properties to polypropylene and L,Dhmthylene but completely biodegradable,
biocompatible and able to be produced from renesvedsources. These biopolymers are stored
inside the cells under stress conditions causetintitation of a nutrient, electron donor or
accepter, in the presence of carbon excess. Ddbpiteffort for the development of less costly
process with pure culture fermentation, commerzédibn of PHA is mainly limited to added
value applications being their price four to nimads higher than that of the synthetic plastics
(Serafim et al. 2008a). In order to develop morst &ffective processes for PHA production
several different strategies are being applied. @irnteem involves the use of microbial mixed
cultures (MMC) combined with the utilization of lovalue substrates, as agro-industrial waste

and by-products. This approach allows for a lowmeestment and operating costs for the global
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process (Albuquerque et al. 2007; Bengtsson @08i8a; Dionisi et al. 2005; Rhu et al., 2003).
One of the main problems with those strategieshes lbw PHA content achieved when
compared with the ones reported for pure cultuck ymthetic substrates. However, recently a
similar PHA content (74.6%) using MMC and fermeniadlasses was obtained (Albuquerque
et al., 2010a). Culture selection with a high PH&rage capacity is one of the challenges in the
mixed culture PHA production process. By operatimg system sequentially under a carbon
excess phase followed by substrate exhaustioneats& pressure is imposed to the system.
Organisms that were able to store polymers dutiegeast are selected due to their capacity to
use them as an energy and carbon source for osltigrand maintenance during the starvation
period. Almost all the studies performed PHA prdducin two separated steps, first culture
selection and then maximization of PHA content (i¥o et al., 2004; Lemos et al., 2006;
Serafim et al., 2004). Experimental conditions iarposed on the first step so that the selected
cultures are able to drift almost all carbon forAPstorage. Usually this is achieved by nutrient
restriction, being nitrogen limitation one posstgil Mixed cultures are referred as unable to
store PHA from sugar-based compounds when subniiitéehst and famine conditions (Carta
et al., 2001). To overcome this problem some woek®rted a three-step production process, in
which an anaerobic fermentation, with productiorsbbrt-chain volatile fatty acids, precedes
the culture selection and polymer accumulationssiggbuquerque et al., 2007; Bengtsson et
al., 2008; Dionisi et al., 2005).

Some studies report the used of pure cultures pyithlysis products of petrol-derived residues
to produce medium chain length PHA. As an exanfpben pyrolysis of polystyrene a styrene-
enriched oil (82%) was obtained. This oil was latsed byPseudomonas putid&€A-3 to
produce PHA, being the obtained polymer comprisechanomers with 6, 8, and 10 carbons
(Ward et al. 2006). Another work used the solidctien obtained after pyrolysis of
polyethylene terephthalate (PET) to generate teéhedte. This substrate was fed to
Pseudomonas spn order to produce a PHA comprised of monomeith \8, 10, and 12
carbons, up to a maximum of 27% PHA content (Keahwl. 2008). The main goal of this
study was to evaluate the possibility of using dilowithout any pre-treatment as carbon source

for selection of PHA-accumulating cultures in anolaé feast and famine system.

- 46 -



Biopolymers production from mixed cultures and pys by-products

3.2. MATERIAL AND METHODS

3.2.1. Culture medium

The bio-oil used in this study was obtained fromna flast pyrolysis of chicken beds. Fast
pyrolysis was performed by BTG biomass technologyug BV to BIO 73100 which supplied
us with the bio-oil. Fast pyrolysis process wasfqrened with reactor temperature around
550°C, pressure around 2kPa and short residenee 8imce bio-oil was obtained from an

industrial partner more detailed conditions aregmted for the moment.

Preliminary results revealed the presence of \eld#tty acids, different types of sugar and
phenolic compounds as the majority of the companehthis bio-oil. Phosphate and nitrogen
concentration were 0.96g P/L and 38 gN/L, respeftivChemical and Biochemical oxygen
demand of the bio-oil were 742 gO of COD and 176 g&L of BODs, respectively. Of the
total BOD present in the bio-oil, 37% (Cmmol/ Cmmol) wergas.

The value of BObwas used to plan the initial amount of carboneddd to the system. In this
work we considered as easy biodegradable carboantweint of BOI9 measured. In order to
achieve an organic loading rate (OLR) of 2 g COBdly. of biodegradable carbon, bio-oil was
initially diluted inside the reactor (1:176) with mineral solution. Mineral solution was
composed by (per liter of tap water): 600mg MgS®LO, 50mg NHCI, 100mg EDTA, 9mg
KoHPQW, 20mg KHPQ, 70mg CaCGl2H0 and 2ml of trace elements solution. The trace
solution consisted of (per liter of distilled watet500mg FeGl 6H0, 150mg HBOs;, 150mg
CoCh-6H0O, 120mg MnCGl4HO, 120mg ZnS®7HO, 60mg NaMoOs 2H0, 30mg
CuSQ-5H,0 and 30mg of KI. Thiourea (10 mg/l) was addedntahit nitrification. The pH of
the mineral solution was adjusted to 8. Ammonia phdsphate concentrations in the mineral
solution were calculated in order to keep the COB/tios (on a molar basis) at 100:5:1 in the

reactor.

3.2.2. Reactor operation

A Sequencing Batch Reactor (SBR) with a workingunaé of 1500 mL was inoculated with
activated sludge from Mutelas’s wastewater treatnpéant and acclimatized to the bio-oil as
feedstock. The SBR 12 h cycles consisted of fourogs: fill (10min); aerobiosis (feast and
famine) (11h25min); settling (15 min) and withdrg®Omin). The hydraulic retention time
(HRT) and the sludge retention time (SRT) were lagpt and 10 days respectively. The SBR
was fed with 1g COD/L per cycle of biodegradableboa contained in the bio-oil. Air was
sparged by a ceramic diffuser and stirring was k&pR50 rpm. pH was controlled to a

minimum of 7.2 with NaOH 1M and the reactor stad temperature-controlled room (23—

-47 -



Chapter 3

25C). At given times, samples were taken periodicéiyn the reactor, centrifuge and the
liquid and solid fractions were used for determiraiof Total organic carbon (TOC) removal,

sugar uptake, and PHA and glycogen storage, regplyct

3.2.3. Analytical methods

Biomass concentration was determined using thetilolauspended solid (VSS) procedure
described in Standard Methods (APHA, 1995). Totajanic carbon (TOC) from clarified

samples was analyzed in a Shimadzu TOC automadilyzer. Total sugars were determined
using the Morris method (1948) with modificatiol@&amples were digested with an anthrone
reagent (0.125 g anthrone in 100 ml sulphuric aatd)00-C for 14 min, and absorbance was

measured at 625 nm. Glucose standards (0—100 wey#) used to determine total sugars.

Polyhydroxyalkanoate concentrations were determibgdgas chromatography using the
method adapted from Lemos et al (2006). Lyophilibeimass was incubated for 3h at 100°C
with 1:1 solutions of chloroform with heptadecar® iaternal standard and a 20% acidic
methanol solution. After the digestion step, thgamic phase of each sample was extracted and
injected into a gas chromatograph coupled to a &léonization Detector (GC-FID, Konik
instruments HRGC-3000C). A ZBWax-Plus column wasdugith hydrogen as the carrier gas
(50KPa). Split injection at 28C with a split ratio of 1:6 was used. The oven terafure
program was as follows: 60; then 20C/min until 100C; then 3C/min until 175C; and
finally 20-C/min until 220C. The detector temperature was set at@568lydroxybutyrate and
hydroxyvalerate concentrations were calculated gusitandards of a commercial P(HB-HV)
(88%/12%, Aldrich) and corrected using a heptadedaternal standard.

Glycogen was extracted from lyophilized cells (apgmately 2—3 mg) trough an acidic
digestion (1 mL HCI 0.6 M, 2 hours, 100°C). Samplese analyzed by High Pressure Liquid
chromatography (HPLC) using an Aminex HPX- 87 Huomh (Bio-Rad Laboratories, CA,
USA) and a Refractive Index detector (Merck, Gerypansing HSQw 0.01 N as eluent (0.5
mL/min, 60°C). Phosphate was analyzed by HPLCguamlonPac AS9-HC column (Dionex,
CA, USA) (NaCOs; 0.9 mM, 30°C, 1mL/min) coupled with an electrockeah detector
(Dionex, CA, USA). Chemical and Biochemical oxygdemand of the bio-oil were analyzed
by an external certificated laboratory accordinghe methods SMEWW 5220-B and SMEWW
5210-B, respectively. Total Nitrogen (Kjedahl) arsié was performed using SMEWW 4500
Norg- A and B method by the same laboratory (APH295).
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3.2.4. Microbial characterization

Biomass samples were fixed in 4% paraformaldehyde ased for fluorescencm situ
hybridization according to Amman (1995). An estiimatof the microbial composition was
obtained by observing the cell biovolume of a Speg@robe in Cy3 against a broad probe
covering all bacteria in FITC. The generic probedusvas EUBmix containing a mixture of
EUB338, EUB338Il and EUB338IIl (Amann et al. 199Daims et al. 1999). The specific
probes used with Cy3 were: ALF1b, BET42a, GAM42atfe identification ofa-, -andy-
Proteobacteria (Manz et al., 1992) and THAU832 (kbwl. 2005) AZ0O644 (Hess et al. 1997),
ZRA23a (Rossell6-Mora et al., 1995), AMAR839 (Masae et al. 2000) for the identification
of Thauera spp., Azoarcus cluster beta,Zooglea ramigeraand Amaricoccus (except A.

tamworthensisrespectively, for four known PHA accumulating angsm.

With the goal of evaluating the PHA accumulatingagity of the culture, Nile blue staining
(Ostle and Holt 1982) was applied to fresh samialksn from the SBR near the end of the feast
phase. Both FISH and Nile Blue samples were vieugsdg an Olympus BX51 epifluorescence

microscope coupled to a CCD camera.

3.2.5. Calculations

The sludge PHA content was calculated as a pementd VSS on a mass basis (%
PHA=PHA/VSS*100, in g PHA/g VSS). Glycogen conterds calculated as g Glucose/g VSS
(%). VSS include active biomass (X), PHA and glysmogFor calculation purposes the value of
active biomass was considered constant duringpaltycle and was obtained by subtracting the
amount of PHA and glycogen produced from the valu¥SS. Active biomass was converted
into COD according to a conversion factor of 1.4¢@ @0D/mg biomass (Henze et al 1995).
PHA, glycogen and sugar were converted as mg/L ©DQusing the respective chemical
oxidation equation. TOC was converted to COD byeamratio value of 2.65 gCOD/gTOC
achieved by the analysis of several bio-oil samplé& maximum specific substrate uptake (-
gS in g COD/g COD X.h) and PHA storage rates (qRyi€OD HA/g COD X.h) were
determined by adjusting a function to the experitmemata of carbon uptake and PHA
concentrations plotted divided by the biomass cotmadon at that point over time, calculating

the first derivative at time zero.

PHA corresponds to the sum of HB and HV monomehe Viields of PHA on substrate (YP/S
in g COD HA/g COD) were calculated by dividing taemount of PHA formed by the total

amount of carbon consumed during PHA production.
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3.3. RESULTS AND DISCUSSION

3.3.1. Reactor performance

According to daily cycles profiles after 167 day ageration a pseudo steady state condition
was achieve. Fig. 3.1 shows the results of the 8&R cycle in this day. At the first hour and
half the carbon was consume, at a rate of 0.093#n&ns/Cmmol X.h , along with PHA
production. For the rest of the cycle, carbon walsconsumed, along with PHA consumption,
but with a much lower rate. The feast/famine bebragf the system was establish by the more
easily biodegradable fraction of carbon presenthi bio-oil since only this fraction was
responsible for the PHA production. Although aecgberiod of the cycle last about 11h, after
6.5h the carbon uptake can be considered negli¢ilalia not show). Considering the situation,
at day 167 the fraction of carbon consumed durmegfeast phase corresponds to 53% of the
carbon consumed during all the cycle. Other cafbaxtions were consumed by organisms that
didn’t have the ability to produce PHA but coexisie the system. The maximum specific PHA
accumulation rate (0.046 Cmmol HA/Cmmol X.h) and ttighest storage yield (0.19 Cmmol
HA/Cmmol S) obtained with bio-oil fall were on th@nge of those reported by other works that
used MMC and complex substrates (0.00705 to 0.36@rmA/Cmmol X.h and 0.069 to 0.92
Cmmol HA/Cnnol S), respectively; Serafim et al.080) Comparison with literature values was
made using parameters reported for batch accumglassays used for optimization of the
PHA storage capacity of the culture, rather thanttie selection reactor as in this work since
these values are scarcely available. A possihianation for the specific PHA accumulation
rate being in the lower range can be the complefitthe bio-oil matrix. Two effects can be
considered: on one hand some of the compoundsnpriasine matrix could inhibit the polymer
accumulation and on the other hand a fraction ef darbon present could not be used for
polymers synthesis by the selected culture. Angplssible limitation is related to the fact that
bio-oil contains a considerable amount of slowlgdeigradable carbon, making it difficult to
accomplish an ideal feast/famine conditions. Tlitisaton allows the presence of organisms
that don’t have the ability to produce PHA as vesldecreases the selective pressure imposed
to the system. Nevertheless, during culture seled¢tie maximum PHA content observed (9.2%
o/g cell dry weight) was is the same range as tles @bserved for the selection step of other
reported works (Albuquerque et al., 2007; Diomisal., 2004). PHA monomers composition
was consistent during all the cycles (HF0% and HV130%). HPLC and GC-MS analysis of
the bio-oil showed the presence of several volatiganic acids. Acetate was in majority but
propionate was also identified. These organic aafdsthe main precursors of acetyl-CoA and
propionyl-CoA and according to Lemos et al. 200&sthprecursors can produce 3HV and 3HB

units, one of the possible explanations for thedpetion of a co-polymer P(3HB/3HV) from
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bio-oil as a feedstock. Other constituents of tleedil that were consumed and used for PHA
production had also to be converted either to daetpropionyl-CoA since no medium chain
length PHAs were detected.

Along with PHA production, glycogen was also proeluturing the feast phase (Fig. 3.1). The
highest glycogen content achieved was 2.9% g Geigosell dry weight showing that the
system is more specialized in PHA production. @f thtal sugar consumed during the entire
cycle 43% (g/g) was consumed over the feast pl&iree 90% (g/g) of this sugar uptake was
converted into glycogen there isn’t a real comjmetitfor this substrate in PHA production.
Although 37% of the easily biodegradable carbosgmein bio-oil was sugar when considering
total carbon consumption of a daily cycle this eallecreased to 10%. About one fourth of
sugar remained in the systems without being utlizén order to more efficiently utilize the
available carbon sources the introduction of afpreentation step (three step process) would
optimize the system. Sugars in this initial stepulddoe converted to volatile fatty acids, one of
the preferred substrate for short chain length-R¥yAmixed cultures. This strategy would in
one end decrease the production of glycogen andhenother hand would increase the

availability of substrate for PHA production.
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Fig. 3.1Profiles at day 167 for carbon source, PHA, tatglas and glycogen of a daily SBR cycle

3.3.2. Culture acclimatization

Before reaching a pseudo steady state some chamgesperformed to the system in order to
improve PHA production and culture selection. B2 shows the evolution of the culture
performance during the acclimatization period. lay@ment of the sludge capacity to use the

complex matrix of bio-oil as carbon source to prEIPHA can be seen by the increase on

-51 -



Chapter 3

specific substrate uptake rate observed, from 0103@.087 Cmmol/Cmmol X.h. Also, the
increased ability of the sludge to accumulate pelsmusing bio-oil is denoted both on the
enhanced specific PHA storage rate, from 0.0010:G43 Cmmol HA/Cmmol X.h, and also on
the augmentation of storage yield, from 0.055 & @mmol HA/Cmmol S.

After 61 days of SBR operation the system reachgfl ®f biomass. However, no significant
improvement in the capacity of the culture to consuhe substrate and/or to accumulate PHA
was observed along the time. Therefore, from tlig dn sludge retention time (SRT) was
reduced to 5 days, keeping the hydraulic reterttioe always at 1 day. The expected decrease
on the volatile suspended solids (VSS) concentraticas observed, together with an
enhancement on the performance of the cultureddigsoil and to produce biopolymers. The
decrease on the SRT imposed a selective pressute @ystem, favoring organisms with high

PHA storage capacity that led to an improvemerdgubstrate uptake/PHA production capacity.

The initial feed was supplemented with nitrogen phdsphorus in a COD/N/P ratio of 100/5/1
molar basis. However, since bio-oil already corgdihand P in it composition, after 156 days
of operation, tap water started to be use do dihiteoil decreasing the COD/N/P ratio to
100/1.7/0.5. This modification can be of major iripi the decrease of production cost since
no other nutrients have to be provided. The adjestnled to an increase on the VSS
concentration along with an increased on the PHdage capacity of the culture. As can be
seen from the similar profiles obtained for expenms performed at day 167 and 227, five
months after the beginning of reactor operationciiieure achieved a pseudo steady state (Fig.

3.2)
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Fig. 3.2-Evolution of the culture performance during thelimeatization period showing volatile
suspended solids (VSS) content, specific substoadeand specific PHA (qPHA) rates and polymerdiel
on substrate (YPHA/S)
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3.3.3. Identification of microbial community

Microscopic observation of the sludge was freqyentbne. Morphologically the bacterial
community was mainly composed of cocobacilli togetvith some less significant cocci and
thin filamentous (Fig. 3.3A). Nile Blue stainingvealed the presence of PHA granules inside
the majority of the bacterial community excepttlan filaments.

To get some more information about the microbiahposition of the sludge the microbial
community was monitored by Fluorescerinesitu hybridization (FISH) analysis. From the
several FISH observation performed, two sampleghef SBR bacterial community were
characterized in more detail: one at day 117 tbatsponds to middle of the acclimatization
period and other at day 169 that represents thedpssteady state (Table 3.1). In both days
cells hybridized mainly with probe BET42a (80-90&tat Bacterig Fig. 3.3B, C) and with
probes ALF969 and GAM42a in small proportions, simgw the dominance of
Betaproteobacteriaover the Alpha and GamaproteobacteriaThe majority of the reported

organisms able to produce sort-chain length PHArgetoBetaproteobacterialass.

Fig. 3.3Microscope images of the microbial culture obtaimedhe end of the acclimatization period.
Phase contrast image (A); fluorescence images (BBriix probes; C, specific probe BET42a).
Magnification 1000x

Specify probes that hybridize with known PHA acclating organismsThauera Amaricocus
Azoarcusand Zoogleagenus) were also tested. At day 117 of the fourugetested only
Thauerawas detected in the system. At day M&®aricocusand Zoogleagenus were also
detected in the reactor; howevEnaueragenus was still in larger number. This shift oe th
microbial community composition indicates that tbperational condition imposed in the
reactor were allowing the selection of specific Peigumulating organisms able to use bio-oil
as feedstock For other mixed culture systé&mearcusgenus has been identify as a microbial
group able to store high amount of PHA (Serafimalet 2006) however this genus was not

identify in the current system.
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Table 3.1-Evolution of the microbial community during accétization

FISH Probes 117 day 169 day
ALF969 +2 +
BET42a +++ +++
GAM42a + +
THAUS832 + +
AZO644 - -
AMARS839 - +
ZRA23a - +

@+, positive hybridization; -, negative hybridizati

3.4. CONCLUSIONS

During culture selection, the system achieved aimam PHA content of 9.2% g/g cell dry
weigh of a co-polymer composed of 70%:30% HB/HVy@@®ben was also produced as a
carbon storage compound but in lower amount (2.9 gucose/g cell dry weight). Specific
carbon uptake rate of 0.0934 Cmmol S/Cmmol X.hcifigePHA accumulation rate of 0.046
Cmmol HA/Cmmol X.h and storage yield of 0.53 Cmraig/Cmmol S parameters were in the
same range as other studies that also use real@ompstes and MMC indicating that bio-oil

can be a promising feedstock to produce short deagth PHASs.

Despite the high carbon content of the bio-oil adyéeast/Famine ratio was accomplished in
the selective SBR, allowing a strong selective guress  During the acclimatization step an
enriched on PHA-storing organism was observed [SHFanalysisBetaproteobacteriavas

always the dominant class present in the systengféiaueraspp. an important representative.

In this work 53% of the biodegradable carbon in-@iloconsumed during a cycle study
contributes for the PHA production and 10% for glgen formation, by the selected mixed
culture. If an initial anaerobic step (three-stgptam) is introduced to the system the fraction
used for glycogen synthesis together with 27 %mafsed sugars content in bio-oil would be
converted into carboxylic acids. With this conversia higher content of carbon would be
available to introduce in the selection or produtisteps increasing the overall efficiency of the

system towards PHA production.

To the best of our knowledge this is the first gttltht demonstrated the use of bio-oil resulting
from fast pyrolysis as a possibly feedstock to pomd short chain length
polyhydroxyalkanoates, composed of monomers withnd 5 carbons (HB and HV), using

mixed microbial cultures.
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CHAPTER 4

BIO-OIL UPGRADING STRATAGIES TO IMPROVE
PHA PRODUCTION FROM SELECTED AEROBIC
MIXED CULTURES

ABSTRACT

Recent research on polyhydroxyalkanoates (PHA) fbessed on developing cost-effective
production processes using low-value or industwabkte/surplus as substrate. One of such
substrates is the liquid fraction resulting fromrglysis processes, bio-oil. In this study,
valorization of bio-oil through PHA production was/estigated. The impact of the complex
bio-oil matrix on PHA production by an enriched mmik culture was examined. The
performance of the direct utilization of pure bibwas compared with the utilization of three
defined substrates contained in this bio-oil: a@eetglucose and xylose. When compared with
acetate, bio-oil revealed lower capacity for polympeoduction as a result of a lower polymer
yield on substrate and a lower PHA cell content.oTsirategies for bio-oil upgrade were
performed, anaerobic fermentation and vacuum ksth, and the resulting liquid streams
were tested for polymer production. The first or@svenriched in volatile fatty acids and the
second one mainly on phenolic and long-chain fatigs. PHA accumulation assays using the
upgraded bio-oils attained polymer yields on swaitetsimilar or higher than the one achieved
with acetate, although with a lower PHA contente Tapacity to use the enriched fractions for
polymer production has yet to be optimized. Thesawlaic digestion of bio-oil could also open-
up the possibility to use the fermented bio-oikedtty in the enrichment process of the mixed
culture. This would increase the selective pressoveard an optimized PHA accumulating

culture selection.

The contents of this chapter were adapted from tidigation: Moita, R., Ortigueira, J., Freches, A, Pelica, J.,
Gongalves, M., Mendes, B., & Lemos, P. C. (2013). @iaipgrading strategies to improve PHA productimym
selected aerobic mixed cultures. New biotechnoRiti¢t), 297—307d0i:10.1016/j.nbt.2013.10.009

Reproduced with the authorization of the editor ansubjected to the copyrights imposed
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4.1. INTRODUCTION

Economic, environmental and political concerns @mivby the drastic reduction on available
petroleum resources and their heterogeneous gdogahpdistribution make it crucial to
develop new processes for the production of renkwalkels. Lignocellulosic biomass is
considered the most abundant and inexpensiveisaiska carbon source (Vispute et al. 2010;
Bridgwater 2003; Demirbas 2007). However, enzymaiid fermentative conversions of
lignocellulosic feedstock into fuels are, at thenmemt, not economically feasible procedures.
In the last decade biomass thermochemical converdsas been explored as an alternative
method for the production of useful forms of ener§yom the available thermochemical
procedures fast pyrolysis was shown to be two+teehtimes cheaper than conversion
technologies based on gasification or fermentgtimeesses. The main product of this process,

bio-oil, can be obtained in yields of up to 75 wt?odry feed basis.

Several chemicals, including food flavourings, mesand fertilisers can be extracted or derived
from bio-oil. Also it has been accomplished theediruse of bio-oil to substitute fuel oils in
many static applications such as boilers, furnaoggnes and turbines for electricity generation
(Bridgwater 2003). However, bio-oils are considelad-quality fuels that cannot be used in
conventional gasoline and diesel fuel engines dineg are immiscible with petroleum-derived
fuels, primarily on account of their high oxygemtent (up to 60 % (wt/wt)). Other challenges
with pyrolysis oils are related with their acidithigh water content (25-50 wt %) and the
occurrence of phase-separations chemical reactipos storage. Ideally, pyrolysis oils, in
particular those with high-polarity, could be degepated to yield a mixture of organic
molecules more stable and more compatible with therent fuels and the chemical
manufacturing infrastructure (Vispute et al. 2010he costs associated with this process
increase drastically the price of the final progdueducing potential use of those bio-oils as a

substitute for petroleum-based fuels.

Polar bio-oils usually have high concentrationglobhols, aldehydes, ketones, carboxylic acids
and other polar components (Oasmaa and Peacocke) wiakes them interesting substrates
for microbial fermentations due to their good watelubility. Hence, fermentation of bio-oil as

a post processing biological approach can be efdst. Bio-oils high content in low molecular
weight polar components has motivated the inteiregheir use as substrate for microbial
fermentations due to the good water solubilitylafse components. Several studies are focused
in the use of sugars present in the bio-oil, esgdevoglucosan, to produce ethanol (Chan and
Duff 2010; Lian et al. 2010; Wang et al. 2012) auine triglycerides (Lian et al. 2010).
However, in these studies, pure single strainstébat and yeast) were used and the bio-oil

required a detoxification step in order to be mekizbd by the organisms. More recently, Moita
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and Lemos 2012 demonstrated the use of bio-oihowit any detoxification, resulting from fast
pyrolysis of chicken beds as a possible feed todywe short chain length

polyhydroxyalkanoates (PHAs) by a microbial consont

PHAs are a group of bioplastics naturally synthesiby several microorganisms, mostly as
intracellular storage compounds for energy and ararheir thermoplastic and elastomeric
properties are similar to those of a number of eotienal commodity fossil based polymers
making them very promising bulk material for a $iigant number of industrial applications.
From the emerging bioplastics in the market, PHAs the only polyesters that are fully
biodegradable, biocompatible and able to be pratlidfoem renewable resources. With the
recent growth of applications, manufacturers andrftial investments in the production and
marketing of bioplastics, the PHAs prices have beensistently reduced. Nevertheless,
commercialization of bacterial PHA is still restéd to the use of pure cultures fermentations
and high cost synthetic substrates making theaepiin average, two times higher than that of
the synthetic plastics (Chanprateep 2010). In #sé decade, research has focused on several
cost-saving strategies to reduce the PHA produgtitce. Such strategies include the use of
microbial mixed cultures (MMC), which avoid stezdition costs and simplify the process
control. Also, low value substrates, such as agdustrial waste and by-products, can be used
as carbon sources for PHA production. This stratdlpyvs the reduction of substrate costs and
recycles end-of-life materials therefore avoiding torresponding waste disposal costs. Several
authors have already studied such joint strategjiéeb-scale showing the potential for lowering
PHA production costs (Albuquerque et al. 2007; Besgn et al. 2008a; Dionisi et al. 2005;
Rhu et al., 2003).

One of the more challenging aspects in mixed ocalRiHA production is the ability to select a
culture with high storage capacity. The most welbw strategy for enrichment of MMC with
PHA accumulation capacity is the sequential opematif the system under a short carbon
excess phase followed by a long substrate deplgede, known as “feast and famine” or
“aerobic dynamic feeding” (ADF). This procedureest$ organisms that have the capacity to
convert available carbon into storage polymersrdytine short feast phase and use them during
the starvation period as an energy and carbon edarccell growth and maintenance. The use
of MMC to produce PHA almost always implies a twegs process. First, a selection step
where experimental conditions imposed in the reaglow the selection of a culture with a
good and stable PHA storage capacity. Second, duption step where the maximization of
PHA storage efficiency is attempted, usually thioumitrient or electron donor restriction so
that the selected cultures are able to direct rmadion resources for PHA storage. Carta et al.
2001 reported that mixed cultures are unable tee $81A from sugar-based compounds when

submitted to feast and famine conditions. In tlasecan additional step precedes the culture
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selection and polymer accumulation steps, makirgythree-step process. This first step is an
acidogenic fermentation that allows the productbrolatile fatty acids (VFAS), the preferred
substrates for PHA production by MMC, from the sudaction present in the substrate
(Albuquerque et al. 2007; Bengtsson et al. 2008bniBi et al. 2005).

In this study several strategies were investigatetmprove the previously reported bio-oil
valorisation through PHA production (Moita and Lesy012). Since bio-oil is a very complex
carbon source the effect of the bio-oil matrix be bacterial capacity to accumulate PHA was
studied. The performance of bio-oil as substrate HoIA production was compared with
production attained with defined substrates, nansslgtate as representative of carboxylic
acids, and glucose and xylose, representativessan@d C5 sugars, all of them present in the
selection reactor. Two different process of bio-opgrading were performed: anaerobic
fermentation and vacuum distillation. Fermented distllled bio-oils were used as substrate in

accumulation assays with the goal to maximize carhiization towards PHA production.

4.2. MATERIAL AND METHODS

4.2.1. Bio-oil composition

The bio-oil used in this study was obtained fromna flast pyrolysis of chicken beds. Fast
pyrolysis details were described in Moita and Ler28%2. Chemical and Biochemical oxygen
demand of the bio-oil were 742 @/O of COD and 176 g &L of BODs, respectively. The

majority of the components detected in this biowafe organic acids (acetic, formic, propionic
and butyric acid), different types of sugars (rip@mose, ribofuranose, levoglucosans) as well
as phenolic and other aliphatic compounds (unpgtisresults). Of the total BQpresent in

the bio-oil, sugar accounts for 37% (Cmmol/ Cmmé&hosphate and nitrogen concentration

were 0.96 g P/L and 38 g N/L, respectively.

4.2.2. Experimental Setup

The set-up consisted of two bench-scale reactdf®\-&cumulating culture selection was
carried out in an aerobic sequencing batch reg@8R). PHA accumulation assays were

performed in a batch reactor under specific cooili
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4.2.3. PHA- accumulating culture selection

A SBR with a working volume of 1500mL was inocuthteith activated sludge from the
Mutelas’s wastewater treatment plant and accliredtito the bio-oil as feed-stock (Moita &
Lemos 2012). Briefly, the daily 12h cycles congistd: fill (10 min), aeration (11h 25min),
settling (15min) and withdraw (10 min). Sludge ndilen time (SRT) and hydraulic retention
time (HRT) were kept at 5 and 1 day, respectivalthe end of the aeration period, a purge of
mixed liquor (150 ml) was performed using a peltgtagump in order to keep the SRT at 5
days. The SBR was fed with 1g COD/L.cycle of biadgigble carbon (based on B€D
contained in the bio-oil. Air was sparged by a ngcadiffuser and stirring was kept at 250 rpm.
pH was controlled to a minimum of 7.2 with NaOH Hvid the reactor stood in a temperature-
controlled room (20-2&).

Bio-oil was initially diluted inside the reactor thitap water to a COD/N/P ratio of 100:1.7:0.5
(on a molar basis). The COD contribution was onsdil on the biodegradable fraction
(BOD5). Nitrogen contribution was based on ammamiailability rather than total nitrogen.
After 300 days of acclimatization, tap water waplaeed by a supplemented tap water
composed by (per litre of tap water): 50 mg48H 9 mg KHPQ,, 20 mg KHPQ: and 10 mg
thioureawas used to dilute the bio-oil, modifying the COIPNatios to 100:5:1 in the reactor.
At given times, samples were taken periodicallyrfrime reactor in order to determine the total
organic carbon (TOC) removal, sugar uptake, nitnogetake, PHA and glycogen storage and

volatile suspended solids (VSS).

4.2.4. Matrix influence on the accumulation capacity

To study the influence of the bio-oil matrix in teorage capacity of the selected culture, four
different assays were performed. For each, the dssnwas removed from the main SBR
reactor immediately before the end of the dailyleycin three of the assays, the collected
biomass was separated from the liquid phase byntigttan (D). In one of these assays half of
the supernatant was removed and bio-oil was dilutéldl tap water (D1). In the second assay
(D2) the entire supernatant was removed and biovad diluted with tap water. In the third
assay (D3) thentire supernatant was also removed but minerahsadium was used to dilute
the bio-oil. In a fourth assay the entire supemmateas removed by centrifugation(C) and the
mineral salt medium was used to dilute the bio-8ihecific conditions of each assay are

summarized in Table 4.1.

The mineral salt medium used was composed of {perdf tap water): 600 mg MgSHO,
100 mg EDTA, 9 mg BHPQO,, 20 mg KHPQ,, 70 mg CaCl 2H0 and 2 ml of trace elements
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solution. The trace solution consisted of (peelf distilled water): 1500 mg Fe6H0, 150
mg HBOs;, 150 mg CoG6H.O, 120 mg MnG4HO, 120 mg ZnS®7HO, 60 mg
NaxMoOs- 2H,0, 30 mg CuS®5H,0 and 30 mg of KI.

Table 4.1-Experimental conditions used to study the influeotéhe bio-oil matrix in the PHA storage
capacity of the selected culture

Assay Supernatant removal Supernatant removal procs Bio-oil dilution
Di1(control)  Half volume Decantation Tap water

D2 Clear phase Decantation Tap water

D3 Clear phase Decantation Mineral Solution
C Totally Centrifugation Mineral Solution

4.2.5. Batch accumulation assays

PHA accumulation assays were carried out to deternthe maximum PHA accumulation

capacity, storage yield on substrate and productteof the cultures enriched in the SBR. All
the assays performed were carried out using slticge the SBR after the system reached
steady-state (stable at least after 3 SRTs). Tagsays were carried out in a 900 mL working
volume reactor. In each assay 400 ml of the SBRetdmwvere collected at the end of the famine

phase.

All the substrates used (pure bio-oil, acetatecage, xylose, distilled bio-oil and fermented
bio-oil) were added to the system in a pulse-wesling method (30C-mM per pulse) to avoid
potential substrate inhibition. In order to maximistorage, batch accumulation assays were
carried out under nutrient limitation. A ceramidfdser supplied air and magnetic stirring
provided mixing. pH and oxygen uptake rate (OUR)revenonitored over time. The
determination of OUR was achieved by recirculatbthe mixed liquor through a respirometer
(using a peristaltic pump), where mixing was preddoy magnetic stirring and an oxygen
probe was inserted. Recirculation was stoppedvangintervals and the decrease in dissolved
oxygen concentration in the respirometer was regest and used to determine the OUR. The

accumulation assays were conducted in a temperatateolled room (20-23 °C).

4.2.6. Bio-oil upgrading

4.2.6.1. Bio-oil distillation

Bio-oil was distilled at reduced pressure in a terafure range from 58°C to 80°C. The larger

distilled fraction (30% of the initial bio-oil massvas isolated between 65°C and 75 °C. The

distilled fractions were characterized by FT-IR dgaluate the functional groups present.
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Further characterization was performed by GC-MSeraflerivatisation with MSTFA (N-

methyl-N-(trimethylsilyl) trifluoroacetamide) in der to identify their main components.

4.2.6.2. Acidogenic fermentation

A continuous stirred tank reactor (CSTR; workindwwoe of 1500 ml) was inoculated with

sludge from an anaerobic digester from the Beiiwlagastewater treatment plant and
acclimatized to the bio-oil feed. The system wed With 1 g sugars/L present in the bio-oil,
diluted inside the reactor with tap water suppleeénwith ammonia and phosphate
concentrations in order to keep the COD/N/P rafid@0:5:1 (on a molar basis). The bio-oil
feed and the mineral nutrients solution flow ratesre adjusted to keep the reactor
hydraulic/sludge retention time at 2 days. pH wastolled to a minimum of 5.5 with NaOH

2M and the reactor stood at a controlled tempegadfiB0°C. Mixing was kept at 250 rpm. The
effluent was withdrawn by overflow and collectedfliient was clarified using a filtration set-

up composed of a peristaltic pump and an ultreafitin hollow fibber membrane module (CFP-
1-E-5A). The clarified effluent was kept at 4°Caprio its use in PHA batch accumulation

assays.

4.2.7. Analytical Methods

Total suspended solids (TSS) and volatile susperdid (VSS) were determined as described
in standard methods (APHA, 1995). Total organidoar(TOC) from clarified samples was
analyzed in a Shimadzu TOC automatic analyzer. |Taiigars were determined using the
Morris method (1948) with modifications. Samplesreveligested with the anthrone reagent
(0.125 g anthrone in 100 mL sulphuric acid) at ©0fi% 14 min and absorbance was measured

at 600 nm. Glucose standards (0-100 mg/L) were esddtermine total sugars.

Polyhydroxyalkanoate concentrations were determibgdgas chromatography using the
method adapted from. Lemos et al., 2006. Lyophdliz@mass was incubated for 3.5 h at 100°C
with 1:1 solutions of chloroform with heptadecanms, internal standard, and a 20% acidic
methanol solution. After the digestion step theaoig phase of each sample was extracted and
injected into a gas chromatograph coupled to a &léwnization Detector (GC-FID, Bruker
400-GC). A Bruker BR-SWAX column (60mx0.53mmx1umasvused with nitrogen as the
carrier gas (14.5 Psi). Split injection at 280°Ghwa split ratio of 1:10 was used. The oven
temperature program was as follows: 40°C; then /tCuntil 100°C; then 3°C/min until
155°C; and finally 20°C/min until 220°C. The detectemperature was set at 260
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Hydroxybutyrate and hydroxyvalerate concentratiomsre obtained using standards of a
commercial P(HB-HV) polymer (88/12 %, Aldrich).

Glycogen was extracted from lyophilized cells tiglowacidic digestion (1 mL HCI 0.6M, 2h,
100°C). Samples were analyzed by high-pressuredlighromatography (HPLC) using an
Aminex HPX-87 H column (Bio-Rad Laboratories, CASR) and a Refractive Index detector
(Merck, Germany), using43Q, 0.01 N as eluent (0.5 mL/min, 60°C).

Phosphate was analyzed by HPLC using an lonPacAS3blumn (Dionex, CA, USA)
(N&CO; 0.9 mM, 30°C, 1 mL/min) coupled with an electratieal detector (Dionex, CA,
USA). Chemical and biochemical oxygen demand offtioeoil were analyzed by an external
certificated laboratory according to the methodsES¥W 5220-B and SMEWW 5210-B,
respectively. Initial total nitrogen (Kjedahl) apsils of the crude bio-oil was performed using
SMEWW4500 Norg-A and B method by the same laboyafdPHA, 1995). The total nitrogen
of the daily samples was analysed using the LaitstCK 338 (Hang Lange).

Gases produced by the CSRT were determined by lgasnatography coupled to a thermal
conductivity detector, (GC-TCD, Trace GC ultra, fthe Electron Corporation). A Supelco
Carboxem 1010 plot column (30mx0.53mm) was used with heliasthe carrier gas (1
ml/min). Split injection at 200°C with a split i@abof 1:10 was used. The oven temperature was

35°C. The detector temperature was set at 220°C.

4.2.8. Calculations

The PHA content was calculated as a percentage 88 Ton a mass basis (%
PHA=PHA/TSS*100, in g PHA/g TSS). Glycogen conteats calculated as g glucose/g TSS
(%). Active biomass (X) was obtained by subtragtio the VSS (g/L) the amount of PHAs
(g/L) and glycogen (g/L). The complex matrix of thie-oil made it difficult to directly analyse
ammonium. To overcome this situation total nitrogegas determined instead and it was
assumed that all the nitrogen consumed was usedréowth since using thiurea inhibited
nitrification. Active biomass was assumed to baesented by the molecular formulgHzNO;
(Henze et al., 1995). Substrate (S) concentratwresponds to total organic carbon in Cmmol
S/L. PHA concentration (in Cmmol PHA /L) correspertd the sum of HB and HV monomers

concentrations (in Cmmol/L).

The maximum specific bio-oil uptake (s Cmmol S/Cmmol X.h), nitrogen uptaken(@
Cmmol N/Cmmol X.h), oxygen uptakedgin Cmmol Q/Cmmol X.h), PHA storage ratesp(q
in Cmmol PHA/Cmmol X.h) and glycogen storage raigsy,. in Cmmol Gluc/Cmmol X.h)

were determined by adjusting a function to the exrpental data for each variable
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concentration divided by the biomass concentradiotmat point along time, and calculating the

first derivative at time zero.

The yields of PHA (¥;sin Cmmol PHA/Cmmol S), Glycogen €¥csin Cmmol Gluc/Cmmol
S) and active biomass £¥in Cmmol X/Cmmol S) on substrate consumption wexlewated

by dividing the amount of each parameter by thal nount of substrate consumed.

The respiration yield on substratedst¥ in Cmmol/Cmmol S) was calculated by integrating th
curve of the experimental OUR (in mmo}/Oh) over time and dividing the value thus obtaine
by the total amount of substrate consumed (in CmBdb). Oxygen was expressed as carbon

assuming that 1 mol GOs formed for 1 mol @consumed.

4.3. RESULTS AND DISCUSSION

4.3.1. Culture selection

Moita and Lemos 2012 described the performancéettlture selection in the first 227 days
of operation. During this initial acclimatizatioreniod several changes were introduced in the
system in order to improve not only the bio-oil somption but also the PHA production. One
of the last changes described was the dilutionhef Wio-oil only with tap water instead of
supplemented mineral solution. With this change @OD/N/P ratio was decreased from
100:5:1 to 100:1.7:0.5 (molar basis) and an in@easthe VSS concentration (3.23 to 4.23 g/L)
along with an increased on the PHA storage capaditye culture was observed. However,
after 250 days of operation the system lost thditghido accumulate PHA and the specific
substrate uptake decreased from 0.063 to 0.036 @@mmol X.h. This decline led to an
increase on the Feast/Famine (F/F) ratio. Afterdihgion of the bio-oil with tap water the F/F
ratio was, on average, 0.2 but when tap water \gad this ratio increased gradually reaching
0.4.Beccari et al. 1998 suggested that in F/F gseE® cells physiologically adapt to long
starvation periods by decreasing their primary tmaltam. This physiological adaptation causes
an internal growth limitation in the subsequentstgahase, which leads to the enhanced PHA
storage response observed. If the F/F ratio ineseasnsiderably, physiological adaptation will
occur to a lesser extent causing the selectivespregor PHA storage to decrease (Dionisi et al.
2006). Hence, the increase of the F/F ratio obskeal@ng with the lower storage capacity of the
culture suggest that the storage response of 8termystarted to have a negligible role and that
the majority of the carbon was being consumed @ygrowth. For this reason, after 300 days
of operation, the bio-oil feed started to be diduteith tap water supplemented with nitrogen
and phosphorus in order to restore the COD/N/PO@5t1. After this change, the F/F ratio

returned to 0.2 in average and the PHA storagecitgpa the system was restored.
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According to the daily cycles, the culture achieegoseudo-steady state after less than 1 month
of altering the COD/N/P ratio, with an average bassvalue of 3.80 g VSS/L. Fig. shows
the typical behaviour of the selected culture dyarrepresentative daily cycle after 634 days of
operation. Since, no significant changes werdiedrafter 6.5 h of the cycle, only this fraction
of time was relevant for the daily monitoring. Asch, the end of a cycle corresponds to the
beginning of the next one. The more easily biodégjoée fraction of carbon present in the bio-
oil was consumed during the first 2 hours of theleyalong with the PHA production and
nitrogen uptake for growth. The remaining carbi@etion, despite being consumed during the
entire cycle, had an uptake rate significantly loawed was not involved in the PHA production.
The large variety of carbon present in the bioatlibwed diverse microbial populations to co-
exist in the system. Populations without the apili store polymers were able to grow and
persisted in the SBR throughout the consumptiorthef remaining nitrogen and the less
biodegradable carbon fraction. Due to the fact thatcarbon was not fully consumed, the F/F
ratio of the system was calculated considering dhly more easily biodegradable carbon
fraction presented in the bio-oil. The sugar fractexistent in the bio-oil was totally consumed
after 5 hours of the cycle and did not seem tordmurte for the PHA production. Instead, this
may be one of the possible substrates used by it@bial population unable to accumulate
polymers. After 330 days of operation, under stestdye conditions, the SBR presented, on
average, a specific substrate uptake rate and efispPHA accumulation rate of 0.102
Cmmol/Cmmol X.h and 0.045 Cmmol HA/Cmmol X.h, resppeely. The maximum PHA
content reached wa¥ % (g/g cell dry weight) and the highest storagddybbserved was 0.37
Cmmol HA/Cmmol S.

Substrate (Cmmol/CmmolX)
Total nitrogen (Nmmol/CmmolX)
o
&
(X loww)/joww)) sesng [eyor
uadodA|9 ‘SYHd

0 1 2 3 4 5 6 7
Time (h)
«g=Substrate =g=Nitrogen B PHAs A Glycogen @ Sugar

Fig. 4.1-Typical profile of a daily cycle of the reactor SBRerated under ADF conditions and fed with
pure bio-oil at 30 Cmmol/L and a COD/N/P ratio 6015:1 molar basis (Xi = 124.12 Cmmol/L).

- 65 -



Chapter 4

4.3.2. Effect of the bio-oil matrix in the PHA storage reponse of the enriched culture

Bio-oil is a very complex matrix with very differerorganic and inorganic substrates.
Compounds that were not consumed tended to accterduang the daily cycles and may have
interfered with the maximum PHA storage capacityhaf selected culture. Therefore, the effect
of the bio-oil matrix was tested in four differdPHHA accumulation assays using pure bio-oil as
substrate. Two different separation methods weeel tis remove the supernatant: decantation
and centrifugation. Tap water or mineral solutiovexre used to dilute the bio-oil. Table 4.1

summarizes the study conditions for each test.

Fig. 4.2 shows that biomass centrifugation alonthwiomplete removal of the supernatant
(assay C) increased significantly the specific tabs uptake rate and the specific PHA
production rate. However, the storage capacitythef culture was compromised since it
generated the lowest PHA production yields of thar fassays. The low concentration or even
absence of certain compounds, usually present énrésidual matrix, could explain that
behaviour but that same fact could have influertbedcapacity of the biomass to accumulate
PHA. Furthermore, centrifugation is a tough sepamnaiechnique that may have contributed for
the weak PHA accumulation capacity observed. Adam¢ation assays had a similar specific
substrate uptake rate and specific PHA productiate.rD2 assay revealed the highest
polymer/substrate yield and PHAs production. Dlagsgas considered as the control since the
conditions imposed in the batch test mimic the oingsosed in the SBR. The lower PHA
storage capacity observed in this assay, when caudpeith the D2, might result from the fact
that some compounds that still remained in the imnatray inhibit or interfere with the

production of PHA.

During the selection of the PHA accumulating c@tuhe use of the tap water supplemented
with ammonium and phosphorus to dilute the biosgiemed to be absolutely necessary to
maintain, as previous discussed, the storage dspafcthe microbial populations. When the

same condition was applied in D3, it did not achieemparable results. Hence, the removal of
the residual supernatant by decantation and thiéation of nutrients provided by the dilution

of the bio-oil only with tap water favoured the rstge capacity of the selected culture in batch
tests. Further on, in order to achieve maximumasgercapacity of the selected culture when
bio-oil was used as substrate, the supernatantalmasst completely removed by decantation

and only tap water was used to dilute the bioroflirther accumulation assays (D2 conditions).
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Fig. 4.2-Study of the influence of the bio-oil matrix in tR&lA storage. Assays D: Supernatant removal
by decantation D1: half of the supernatant remamtibio-oil diluted with tap water; D2: total
supernatant removed and bio-oil diluted with tapenaD3: total supernatant removed and bio-oilteitl
with mineral solution. Assay C: Total supernatarhoved by centrifugation and bio-oil diluted with
mineral solution

4.3.3. PHA storage capacity of the selected culture

Several batch production tests under nutrient iligitcondition were performed in order to
assess PHA accumulating capacity of the SBR enttichéture. Due to the carbon complexity
of the bio-oil and to better understand the contrims of different carbon sources present in
this substrate, several model compounds were teBtedeffect in the PHA storage capacity of
the culture was monitored through several kinetilies comparing pure bio-oil with model

substrates as acetate, glucose and xylose.

4.3.3.1. PHA accumulating assay using pure bio-oil as stetr

To determine the maximal PHA storage capacity efgélected culture when pure bio-oil was
used as substrate, 3 consecutive pulses were gdd&d®5 Cmmol/L) in a total period of 6
hours. In this accumulation assay the pure-bioaais diluted only with tap water. Although
ammonia was not added, complete nitrogen absenakl cmt be achieved since bio-oll
contains nitrogen in its composition. In each higpalse=18 Nmmol of total nitrogen per litre

was added to the system, preventing a completethrioibition.

Fig. 4.3shows the result of a typical batch study usingepbio-oil as substrate for PHA

production. PHAs were mainly produced during ih& fwo pulses, reaching a maximum PHA
content of 9.8 % (g/g cell dry weight). A final PHAonomer composition of 75 % of HB and
25% of HV was achieved. Despite the drastic deerefishe specific PHAs accumulation rate

in the second pulse (Table 4.2), the storage yweld maintained almost constant (0.31-0.32
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Cmmol HA/Cmmol S). The PHA accumulation rate ane #torage yield obtained with pure
bio-oil (1° pulse) as a substrate were betweewndhees reported by other studies that use MMC
and real complex substrates, such as fermented ollvmill effluents, fermented paper mill
effluent and fermented molasses (Albuquerque eP@llOa; Bengtsson et al. 2008a; Liu et al.
2008; Beccari et al. 2009). The maximum PHA contmsitieved with pure bio-oil was much
lower than the ones reported in the previously meet studies. Unlike the other real complex
substrates tested to produce PHA, pure bio-oil ainata lower VFAs content, the main

precursors to produce PHA from MMC, which could lekpthe low PHA content obtained.

(X loww)/joww)) uadodA|o pue ‘syHd

: : : : T { 0.00
0 1 2 3 4 5 6
Time (h)

Substrate 10X, Total Sugar ( Cmmol/Cmmol X)
Total nitrogen (Nmmol/CmmolX)
OUR (Cmmol/Cmmol X.h)
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Fig. 4.3-PHA accumulation assay using the selected cultutike SBR and pure bio-oil as a substrate
(three consecutive pulses of 30 Cmmol/

During the third pulse of pure bio-oil PHA storag@s considered negligible. However, the
substrate was consumed with a higher rate thanribeobserved in the preceding pulse (Table
4.2). Specific nitrogen uptake rate along with negon yield also increased drastically in this
last pulse. Actually, the amount of nitrogen conednm this last pulse was at least ten-fold
higher than the nitrogen consumed in the remaipulges. These results suggest that all the

carbon consumed was drifted towards growth andreggm.
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Table 4.2-Stoichiometric and kinetic parameters of the acdatian assays

Substrate -G Op -ON PHA Xi YepHars  Yozs  Yxis PHA comp.
(%HB :%HV)
max
Pure Bio-oil
1° Pulse 025  0.058  0.0143 g g, 031 035 016

(0.035) (0.012)  (0.0002) 72.06
0.10 0.027 0.0041

(o] .
20 Pulse (0.015) (0.006) (<0.0001) 9.79 0.32 0.48 0.10 75:25
0 0.18 i 0.0395 )
3° Pulse (0.041) (0.0007) 7.64 0.65 nd
Acetate
0 021  0.073 ) )
1° Pulse (0.017)  (0.016) 15.74 87 38 0.42 0.24
0 027  0.068 ) ) :
2° Pulse (0.073)  (0.025) 25.85 0.43 0.16 100:0
0.20 0.070
(o] - -
3° Pulse (0.033)  (0.033) 32.47 0.31 0.27
Distilled Bio-oil
0.14 0.051 0.0059
[o]
1° Pulse (0.027) (0.007) (<0.0001) 9.35 81.21 0.47 0.41 0.21
0.19 0.065 0.0229
(o] .
2° Pulse (0.039) (0.012) (0.0007) 15.23 0.46 0.45 0.41 83:17
30 Pulse 027 ~ 0.047  0.0350 44 016 049 052

(0.056) (0.027)  (0.0001)

Fermented Bio-oil

1° Pulse 023 0137 00286 ,,pq 063 012 027

(0.019)  (0.025)  (0.0005) 144.67

0.17 0.052 0.0323
(0.026) (0.012)  (0.0007) 16.83 0.53 0.21 0.48

73:23
2° Pulse

(st desviation); nd: not determined,;

-gs (C-mmol S/C-mmol X.h); g(C-mmol HA/C-mmol X.h); -g (N-mmol /C-mmol X.h); PHAxx (% g/g cell dry weight);

X active biomass at the beginning of the assay (CnoY puas (Cmmol HA/Cmmol S); ¥%zs (Cmmol/Cmmol S) and ¥s
(Cmmol X/Cmmol S)

PHA composition (%HB:%HV): Overall monomer produliging the entire assay

The presence of nitrogen in the bio-oil may hawe tle growth stimulation during the entire
accumulation assays. In fact, the drastic increfdlee specific nitrogen uptake rate on the third
pulse supports this hypothesis, allowing the celtanough time to drift their metabolism,
preferably, to growth in detriment of PHA storagience, it is unclear if, after the consumption
of 50 Cmmol/L of biodegradable carbon present i@ tio-oil, the maximum PHA storage

capacity has been reached.

Carta et al. 2001 demonstrated that mixed cultteeded to accumulate glycogen from sugar-
based compounds instead of PHAs when submittegist fand famine conditions. In this study
we verified that the sugar fraction present in ti@oil was consumed along with glycogen
uptake and PHA production. The glycogen fracticgspnt in the culture was slowly consumed,
essentially in the first hours of the assay,£.007 Cmmol/Cmmol X.h). It was unclear if

glycogen consumption contributed to the PHA produnct Still, as discussed previously,
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populations unable to accumulate PHAs can co-@xidte system and may be responsible for

the consumption of the sugar-based compounds eegistiuring the entire assay.

During the accumulation assay all the biodegradeatbon present in the bio-olllR3%) was
consumed. However, an important carbon fractionaiemin the effluent along with nitrogen
and other organic and inorganic compounds. Chengsadaction from this effluent (ex.
phenolic compounds) could be a strategy to addevialuhe overall PHA production process by

extending the overall degree of substrate valdoisat

4.3.3.2. PHA accumulating assay using acetate as substrate

Volatile fatty acids (VFAs) are considered to be thest substrates for PHA accumulation by
mixed cultures. Serafim et al. 2004 showed thateghimicrobial cultures subjected to dynamic
feeding conditions using acetate as the carborceauay accumulate PHB up to 65% cell dry
weight. From all the organic acids already ideedfiin the bio-oil, acetate was the most
abundant. Fig. 4 shows the accumulation capacitthefselected culture using acetate as the
only substrate. Three pulses of 30 Cmmol/L wereedddiuring 8 hours of assay, where a
maximum PHA content of 32% was achieved. Only th& rHonomer was produced in this

assay.

The three pulses of acetate achieved very sinlaciic acetate uptake rates and specific PHA
production rates, on average 0.23 Cmmol S/ Cmmbl aad 0.071 C mmol HA/C mmol.h,
respectively. The overall yield of PHB on acetats\d.40 Cmmol HB/Cmmol. (Johnson et al.
2009; Jiang et al. 2011c) reported higher kinetid stoichiometric parameters using acetate to
produce PHA with mixed cultures. In both studiesauerall storage yield of 0.60 Cmmol
HB/Cmmol S and PHA contents higher than 87% wepmonted. The culture used in the
referred studies was acclimatized in the seleatgattor with acetate as carbon source, which
may have contributed to the higher rates and yield®rved in their accumulating assays. Fig.
4.4 shows that, despite the slight decrease on Btdiage yield verified on the third pulse
(Table 4.2), the maximal PHA storage capacity efdhlture was not reached in this assay after

the consumption of 90 Cmmol/L of acetate.

The specific substrate uptake rates of the firtdgoin both acetate and pure bio-oil assays were
similar. However, in the bio-oil assay, a signifita@ecrease of those rates was observed in the
following pulses. This observation supports theaidhat some of the bio-oil components may
negatively influence the substrate uptake. The amnad carbon used in the pure bio-oil
experiment to produce both biomass and polymerimvdee same range of the total carbon used

for PHA production when acetate was used as subgiable 4.2).
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Fig. 4.4-PHA accumulation assay using the selected cultuthé SBR and acetate as a substrate (three
consecutive pulses of 30 Cmmol/L, each).

4.3.3.3. PHA accumulating assay using C5 and C6 sugars lbstiate

Thirty seven percent of the biodegradable carbeset in bio-oil corresponded to sugar-based
compounds. During the daily cycles this sugar foactwas totally consumed. Bio-oil
characterization showed the existence of gluco$es(@ar) and xylose (C5 sugar) as part of the
sugar-based compounds detected (unpublished nedaltsrder to understand their individual
contribution to the overall system performance ¢h®g substrates were independently tested.
In each assay 30 Cmmol/L of sugar was used asratdbit, in both cases, the selected culture
did not reveal the ability to uptake either glucasexylose as substrates. To confirm that the
microbial population was active a pulse-fed of atetwas given after several hours without
sugar consumption and the culture responded imnedyglidt seems that the two sugars, glucose
and xylose, which are consumed in the daily cyeli#h pure bio-oil, could probably only be
used as carbon sources when other co-substrates pvesent. This interpretation of the

observation requires further investigation.

4.3.4. Bio-oil upgrade: Effect on the PHA accumulation capcity of the culture selected

Accumulation assays with pure bio-oil only reacteedhaximum PHA content of 10% and a
production yield of 0.32 Cmmol HA/Cmmol S. The I®#A production capacity of the system
may be associated to the high complexity of thes finio-oil as a substrate. The presence of the

sugar-based compounds that were usually involvelerglycogen production instead of PHA
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in mixed cultures under ADF condition (Carta et 2001) may contribute for an inefficient
selection of organisms with high PHA accumulatiagacity. Also, the high amount of nitrogen
present in the bio-oil may also have contributedtfie low production yields observed during
the accumulation assays, since more than 10% ofubstrate consumed was used for biomass
growth. To overcome these problems two bio-oil apigrg strategies were performed: bio-oil
distillation and acidogenic fermentation. The ukéhese two upgraded bio-oils as substrate for

PHA production with the selected mixed culture whglied in accumulation assays.

4.3.4.1. PHA accumulating capacity of the selected cultugieg distilled bio-oil

Bio-oil was distilled under reduced pressure, atgeratures between 58°C and 80°C, with a
global yield of 43,8%. The resulting liquid frami, from now on referred to as distillate, was
characterized using the techniques FT-IR, GC-MS3demtify its main components and to
compare it with the crude bio-oil (unpublished tegu The main products obtained after
distillation were aromatic compounds (phenols, g pyrazines and pyrimidines) and long
chain fatty-acids (C20-C23). The sugar fractiortiatly present in the bio-oil was no longer
detected in the distillate, as expected given the Volatility of those functional groups. The
distillation process concentrated volatile aromatenpounds with oxygen functional groups,
mainly phenol derivatives and oxygen heterocyclashsas 2,4-dimethylfuran or 2-metoxy-
cresol. Nitrogen containing compounds were alsocentrated in the distilled bio-oil with
predominance of pyrazine derivatives such as 2reldylpyrazine or trimethylpyrazine. The
TOC of the distillate was 68 g C/L. During the diation process only 30% of the carbon was
recovered on the liquid fraction. B@Df the distilled was not measured, however previous
analysis of this bio-oil revealed that 25% of th&at carbon was biodegradable and sustainable
for fermentation uses (Moita and Lemos 2012). Ashstior this experiment, it was assumed
that the majority of the non-biodegradable carbemained in the thick residue obtained after

the distillation.

An accumulation assay was performed to test thedigpof the mixed culture to use the
distillate as substrate to produce PHA. The sutestmas added in 3 pulses with an average of
30 Cmmol/L each, over the duration of the experinfdrd h) (Fig. 4.5). In the first 15 min of
the assay a lag phase on the substrate uptakebsassed. Since pure bio-oil was used to select
the culture, this lag phase may represent an ditaptaf the system to the distillate as substrate.
A shorter lag phase was also verified in the seqarise. The initial specific substrate uptake
rate observed with the distillate was significamtiywer than the ones observed with pure bio-oil
(Table 4.2) but, as opposed to the bio-oil accutioratest, this rate increased in the
consecutive pulses reaching, by the third puls@lae of -0.27 Cmmol S/Cmmol X.h. This rate
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was slightly higher than the one obtained in thst foulse with pure bio-oil and those attained
when synthetic acetate was used as substrate.ujithine culture had the necessity to adapt to
the bio-oil distillate, the increase on the sulistigptake rate indicated a good adaptation of the
culture to this substrate. In each pulse aboutta tf about 14 Cmmol/L were consumed,
showing that at least 50% of the carbon that resiaithis distillate fraction was biodegradable

or able to be used by the mixed culture.
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Fig. 4.5-PHA accumulation assay using the selected cultutee SBR and distilled bio-oil as a substrate
(three consecutive pulses of 30 Cmmol/L, each).

The specific PHA production rate ranged from 0.620.065 Cmmol HA/Cmmol X.h, with an
average value of 0.054 Cmmol HA/C mmol X.h for theee pulses. Even though the culture
needed a period of adaptation to the bio-oil dégélas substrate, the ability to produce PHA did
not seem to be very affected. The PHA producti@hdgi for the first two pulses was identical,
decreasing significantly in the third one, 0.16 GohrRlA/ Cmmol S. This decrease was
accompanied by an increased in the biomass praaugield. The profile for PHA production
seems to indicate that the maximum accumulatiomaaigpof the culture has not been reached
after the consumption of 45 Cmmol/L of this sultstradowever, in this last pulse, the culture
appeared to start favouring growth over PHA proiductThe co-polymer produced with the

bio-oil distillate had a monomer composition of 88%1B/ 17% of HV.

As it has been observed with the accumulation asséh pure bio-oil, the presence of nitrogen
allowed the biomass to grow, despite the fact thatdistilled bio-oil only contains one-fourth
of the nitrogen present in the pure bio-oil. In@rdo achieve the maximum storage capacity
with the selected culture, an attempt to remove rtieogen or inhibit growth has to be

promoted. The PHA/S yield reported for the firsbtpulses with distilled bio-oil were in the
-73-



Chapter 4

same range as those observed when synthetic acetateised as substrate. Therefore, the
replacement of the pure bio-oil by this distilleddtion in the selection reactor could possibly
allow an increase on the F/F pressure behavioareasing the selection of populations with

higher PHA storage capacity.

4.3.4.2. PHA accumulating capacity of the selected cultsi@ag fermented bio-oil

VFAs are considered the preferred substrate for REumulation by mixed cultures. Several
studies that use real wastes with high sugar conrally apply anaerobic fermentation as pre-
treatment to convert several organic compoundsRas/and by so doing increase the potential
to produce PHA by mixed cultures. This same apgroaas applied to bio-oil, as a pre-
fermentation step. A CSTR was fed with 1 g sugap#sent in the bio-oil, diluted inside the
reactor with supplemented tap water in order tgoke COD/N/P ratio of 100:5:1 (on a molar
basis). The effluent was clarified with an ultreiition membrane and kept at 4°C prior to its

use in PHA batch accumulation assays.

After the CSTR reached a steady-state the resuléngented bio-oil was collected and the
TOC, sugar content and organic acids present waalysed. Under the condition imposed to
the CSRT, the selected culture had the capacitgotsume 40% of the total sugar content,
being this sugar-fraction responsible for the padidu of only 12% of the total VFAS produced

(in C molar basis). The remaining sugar fractiorsgiloly corresponded to molecules with
higher complexity, unable to be metabolized by sbkected culture. Future work will involve

optimization of the conditions imposed to the CShRorder to study the possible increase of
the sugar fraction conversion by the selected mulflable 4.3 summarizes the different organic
acids quantified in the pure and the fermenteddilioThe residual formic acid present in the
pure bio-oil was undetected in the CSRT. Threénefrhajor relevant organic acids involved in
the PHA production were produced in the anaeraliméntation. Those were acetic, propionic
and butyric acids, presenting a five-fold increaseVFAs concentration, and showing the

feasibility of the pre-fermentation step towardsester PHA production.
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Table 4.3-VFAs identified and quantified in the pure and ferted bio-oil

Formic acid Acetic acid Propionic acid Butyric acid

(Cmmol/L) (Cmmol/L) (Cmmol/L) (Cmmol/L)
Bio-oil (feed) 0.75 19.89 5.83 8.12
Fermented bio-oil nd 62.84 32.15 73.50

nd: Not detected

Again, an accumulation assay was performed tatiesability of the enriched culture to use the
fermented bio-oil as substrate for PHA productidhe substrate was added in 2 pulses, on
average 30 Cmmol/L each, over the duration of tieement (3.5h) (Fig. 4.6). Due to the
higher content in VFAs, the fermented bio-oil wasmediately consumed by the selected
culture without any lag phase, as it was obserwedtlie other experiments except for the
distilled bio-oil. The maximum specific substratptake rate was achieved in the first pulse
(Table 4.2) being of the same order of magnitudhe@®nes verified for the assays where pure
bio-oil (12 pulse) or acetate were used as substraill the organic acids identified and
produced during the anaerobic fermentation werswmoed in the accumulation assay. Butyric
acid showed the highest maximum specific uptake (& 100 Cmmol But/Cmmol X.h) while
for acetic acid and propionic acid the values w&@75 Cmmol Ac/CmmolX.h and -0.040
Cmmol Prop/CmmolX.h, respectively.

Although the fermented bio-oil was consumed withikir rates as the ones verified for the
other tested substrates, the maximum specific PHAdyzction rate (0.134 Cmmol
HA/CmmolX.h) and the PHA production/substrate yi€ddb3 Cmmol HA/Cmmol S) were the
highest. The storage yield obtained with the fetm@rbio-oil was very similar to the one
reported by Albuquerque et al. 2010a (0.66 CmmolCtAmol S) which, to the best of our
knowledge, has reported the highest storage yiaithgu MMC and fermented streams
(molasses) to produce PHAs. Despite the complexixnahe increase of VFAs on the
fermented bio-oil allowed the microbial populatiom have more available carbon for PHA
accumulation. The maximum PHA content achieved withfermented bio-oil(L7%) was in
the lower range of the ones reported by other stu@d0% - 75% PHA content) (Liu et al. 2008;
Bengtsson et al. 2008a; Albuquerque et al., 20Regults in Fig. 4.6 suggest that even though
the specific production rate decreased in the sepoise, the maximum accumulation capacity

of the culture has not been reached with this satestafter the consumption of 60 Cmmol/L.
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Fig. 4.6-PHA accumulation assay using the selected cultutiee SBR and fermented bio-oil as a
substrate (two consecutive pulses of 30 Cmmol/thea

In order to keep the COD/N/P ratio of 100:5:1 (ormalar basis) during the acidogenic
fermentation, ammonium was added to the suppleméeagewater used to dilute the bio-oil. As
a result, the nitrogen content of the fermenteddiiovhen added to the assay was higher than
when pure bio-oil was used. Consequently, théalnspecific nitrogen uptake with fermented
bio-oil achieved the highest values. Two differaittogen uptake rates could be observed for
each fermented bio-oil pulse. The more availabiegen source, ammonium, remaining from
the pre-fermentation step, could be responsibletiier faster initial nitrogen uptake rate
observed, being the more complex fraction of nerogonsumed afterwards at a lower rate. An
attempt to overcome this problem may be possibledntrolling the ammonium fed to the
CSTR. If a residual level of ammonia in the ferneehbio-oil is maintained, biomass growth in
accumulation assays can be kept to minimum levelglaus increase the PHA storage capacity.
Further comparison between the two upgraded bgte#ted showed that the fermented bio-oil
is the most promising substitute for the pure Lldrothe selection reactor. The higher amount
on VFAs of this substrate will possibly allow anproved selection of organisms with high
PHA storage capacity. Even though some sugar sowas still detected in the fermented bio-
oil, no significant consumption was observed indbeumulation assay and the initial glycogen
present in the biomass remained constant duringetiiee assay. Consequentially, in further
future work, the use of the fermented bio-oil ie tBBR will be investigated to assess how this
pre-treatment could help to improve the performaoicthe enrichment biomass step for PHA

accumulation.
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4.4. CONCLUSION

In this study, it was demonstrated that even thahghbio-oil contains some compounds that
may inhibit or interfere with the production of PHthere was no necessity to detoxify the bio-
oil in order for it to be metabolized by the sedetbrganisms. To the best of our knowledge this

IS the first study that used the entire bio-oisuling from a fast pyrolysis process, as feedstock

Specific PHA accumulation rate and storage yieldhyure bio-oil (1° pulse) as substrate were
similar to the values reported in other studied thee MMC and real complex substrates,
indicating that bio-oil can be used as a feedstclroduce short chain length PHA. The
presence of nitrogen in the bio-oil led to growthmsilation during the entire accumulation
assays, allowing the culture enough time to dhftit metabolism preferably to growth in
detriment of PHA storage. In order to be able talgtthe maximum PHA storage capacity of

the selected culture, nitrogen removal or growttibition would be necessary.

Since VFAs are considered as the best substraies PHA accumulation by mixed cultures
and acetate is the most abundant organic acidifiéehin the bio-oil, the higher PHA content
(32%) achieved with synthetic acetate as subsimatee accumulation assay was expected. The
higher PHA production yield observed with acetadesus bio-oil seems to reflect the easier
conversion of this substrate into PHA and the bmsngrowth inhibition accomplished by

imposing a nitrogen limitation.

Distillation of the bio-oil reduced the nitrogenntent by 75%. However, biomass growth was
still observed and, in the last pulse, the cultappeared to start favouring growth instead of
PHA production. The distilled bio-oil revealed siani production yield to acetate, although at
least 50% of the carbon that remained in this ibacivas biodegradable or able to be used by
the mixed culture. As such, only a small fractajrthe total carbon present in the bio-oil was

metabolized and converted to PHA.

From all the real complex substrates tested, thadited bio-oil appears to be the best choice
to produce PHA from the selected culture. The highmount of VFAs in this substrate
suggests that this fermented stream is a promgibgtitute for the pure bio-oil in the selection

reactor, allowing for a more effective selectioroafanisms with high PHA storage capacity.
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CHAPTERS

CRUDE GLYCEROL AS FEEDSTOCK FOR
POLYHYDROXYALKANOATES PRODUCTION
BY MIXED MICROBIAL CULTURES

ABSTRACT

The increase in global biodiesel production makegerative the development of sustainable
processes for the use of its main by-product, cmlgleerol. In this study the feasibility of

polyhydroxyalkanoates (PHA) production by a mixedcnsbial community using crude

glycerol as feedstock was investigated. The salectdture had the ability to consume both
glycerol and methanol fraction present in the cridiewever, glycerol seemed to be the only
carbon source contributing for the two biopolymsigred: poly-3-hydroxybutyrate (PHB) and
glucose biopolymer (GB). In this work the cultusached a maximum PHB content of 47%
(cdw) and a productivity of 0.27 g X/L.d, with arrabic mixed cultures and a real waste
substrate with non-volatile fatty acids (VFA) orgamatter. The overall PHA yield on total

substrate obtained was in the middle range of theperted in literature. The fact that crude
glycerol can be used to produce PHA without any-tpratment step, makes the overall

production process economically more competitieducing polymer final cost.

The contents of this chapter were adapted from thmdigation: Moita, R. Freches, A, Lemos, P. C. “Crude glycerol
as feedstock for polyhydroxyalkanoates productipmiixed microbial cultures”. Water Research, 5820-doi:
10.1016/j.watres.2014.03.066.

1Reproduced with the authorization of the editor anbjected to the copyrights imposed
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5.1. INTRODUCTION

Due to the prospects of replacing fossil fuelsdi@eel production has continuously grown in
the last decade. As a consequence, biodiesel mehkisire facing a surplus of its main

byproduct, glycerol, which represents 10% (v/vjha final ester. Supported by governments to
increase energy independence and meet the risiaggyerdemand, the biodiesel market is
expected to reach 37 billion gallons by 2016, aerage growth of 42% per year. This will

result in a production of 4 billion gallons of ceuglycerol that year, saturating the glycerol
market (Quispe et al. 2013).

Industrial application of crude glycerol in foodhgymaceutical and cosmetics industries, its
main markets, requires a costly refining processrder to achieve a necessary high purity. In
the last years many research projects have beetductmd with the aim of finding a new

utilization for raw glycerol. In addition to new plcations in the food industry, polymer

industry, glycerol has also been considered asedsteck for new industrial fermentations

(Yang, et al.2012). Particularly attractive is therobial conversion of raw glycerol into 1,3-

propanediol (Hiremath et al. 2011),, Hand ethanol (lto et al. 2005) and citric acid
(Papanikolaou and Aggelis 2003). Equally interestould be the conversion of the glycerol
into polyhydroxyalkanoates (PHA).

PHA are biodegradable polyesters with market capaeireplace some of the more commonly
used elastomeric/thermo plastics. These biopoly@erhaturally synthesized and stored inside
the cells by several microbial species. With theing financial investments made into
production and marketing of bioplastics, PHA prides/e been reduced in the last years.
However, commercialization of bacterial PHA is Istéstricted to the use of pure cultures
fermentations and high cost synthetic substratdsngdheir price, in average, two times higher
than conventional plastics (i.e PVC) (Chanprate@p02. In recent years, research has focused
on the development of alternative PHA productioacgsses, including the use waste/surplus
based feedstocks and mixed microbial cultures (MMI)is approach permits for a lower
investment and operating costs for the global mpe¢Albuquerque et al. 2007; Bengtsson et al.
2008b). The main problems associated with thostegfies are the lower PHA content and the
lower volumetric productivities achieved when comggha with the ones reported for pure
culture and synthetic substrates. A critical $tethis strategy is the selection of a stable caltu
with a high PHA storage capacity. This can be aaudeby subjecting microbial cultures to
alternate periods of short carbon availability daled by a long unavailability, designated as
aerobic dynamic feeding (ADF, also known as feastifie). Using this approach Jiang et al.
(2012) obtained a PHA content of 77% (cdw) with MMAd fermented paper mill wastewater.
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These results make the gap between the PHA praduaising pure cultures/synthetic
substrates (88% of cdw) (Lee et al. 1999) and MM@Jalex feedstock considerably narrowed.

Most of the study that reported the use glyceroptoduce PHAs used pure cultures and
observed that only the PHA homopolymer, poly-3-loygbutyrate (PHB) was stored. Recent
studies (Moralejo-Gérate et al. 2011; Dobroth et2@ll1) have explored the use of MMC to
produce PHB from glycerol. This strategy represearisopportunity to further decrease the
process environmental footprint, primarily due ewuwced energy usage associated with the
absence of aseptic conditions. Moralejo-Géaratd.2811) proved the feasibility of glycerol-
based PHA production by a MMC where the enrichededhicommunity achieved a PHA
content up to 80 % of cdw (0.40 g PHB/g glycer8lpbroth et al. (2011) was the only study
until now that enriched a stable mixed culture gsimude glycerol. However, although the
authors reported the enrichment of a MMC with aninisic high PHB content (62% cdw) the
selected culture uses exclusively the methanotifnra®f the crude glycerol to produced PHB

with a low polymer yield on substrate (0.10g PHBYgthanol).

The aim of this work was to investigate and denmamstthe feasibility of PHB production by a
mixed microbial community using crude glycerol abstrate. A two-step process was used,
comprising (1) selection of a PHA-accumulating erdt under ADF conditions, and (2) batch
PHA accumulation using the selected culture. Thpaith of the synthetic substrates versus
crude glycerol on the PHB storage was study. Ateostorage capacity of the selected culture
using crude and synthetic glycerol under differfer@iding strategies was investigated. To the
best of our knowledge this was the first study 8taiws the valorisation of crude glycerol into

PHASs using an aerobic mixed microbial consortium.

5.2. MATERIAL AND METHODS

5.2.1. Crude glycerol composition

The crude glycerol used in this study was obtaiinech an industrial biodiesel manufacturing
plant (Sovena) in Portugal. Multiple vegetablesmlrces are used by this industry to produce
the biodiesel. The crude glycerol was removed dfterbio-diesel production and before any
purification step. This fraction was mainly compod®y glycerol (71.66%, g C/g TOC) and
methanol (25.69%, g C/g TOC). Crude glycerol alsotained a small fraction (2.58% w/w) of
free fatty acids and fatty acids methyl esters (FAME).
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5.2.2. PHA-accumulation culture enrichment

The PHA-accumulating culture enrichment on crudee@lol was conducted in a sequencing
batch reactor (SBR) with a working volume of 1500 irhe reactor was inoculated with a
PHA-accumulating mixed culture acclimatized to bibas feedstock (Moita el al., 2013)he
SBR was operated under ADF conditions. Each SBRedyth) consisted of four periods: fill
(15min); aerobiosis (23h); settling (20 min) andhdraw (15min). HRT was kept at 2 days. A
peristaltic pump was calibrated to purge mixeddig(B00 ml) at the end of the aeration period

in order to keep SRT at 5 days.

At the beginning of each cycle the reactor wasvi@td 30 CmM of crude glycerol. A mineral
nutrients solution was added separately to thetoedbat included nitrogen and phosphorus
source (NHCI and KHPO/NaHPQy) to keep the C/N/P ratio (on a molar basis) at:8:00
The solution was prepared in tap water and thio(t@amg/l) was added to inhibit nitrification.
Air was sparged (£ 1L/min) through a ceramic difusnd stirring was kept at 400 rpm. pH
was controlled between 7.2 and 8.2 with NaOH 1M k@ 1M and the reactor stood in a

temperature-controlled room (20 --£3.

5.2.3. Batch accumulation assays

Two different sets of batch accumulation assaysewerformed. In the first one the influence
of the single synthetic substrates composing cglgeerol (methanol and/or glycerol), on the
biopolymers production was investigated. In theoedoone, the storage capacity of the selected
culture was studied using different feeding strig®gAll the batch experiments were carried
out using sludge from the SBR (400 ml), collectéedh& end of the famine phase, after the
system reached steady-state. The collected biomasswashed twice with mineral solution
(without any carbon and nitrogen source) beforebgginning of the accumulation assays. The
accumulation assays were carried out in a 600 mikiwg volume reactor. Due to the long
duration of the assays where the storage capatitijeoculture was tested using crude and

synthetic glycerol a 900ml working volume react@swised instead.

With the exception of one batch assay where criyigempl continuous feeding was tested, all
substrates (crude glycerol, synthetic glycerol,tlsgtic methanol and a synthetic mixture of
glycerol and methanol) were added to the systera pulse-wise manner to avoid potential
substrate inhibition. The decision of adding a mpeuse was based on the DO profile. Once the
carbon was depleted the DO increased abruptly anewapulse of carbon was immediately
added. In order to maximize storage, the accunmiassays were carried out under ammonia

limitation. When crude glycerol was used as substthe mineral medium was prepared with
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tap water and included only a phosphorus sourdee¢p the C/P ratio equal to the condition
imposed in the SBR. When synthetic substrates wesed, 2 ml per litre of a trace
micronutrients solution (Moita et al. 2013) was edido the mineral medium. Thiourea (10
mg/l) was added in all the assays to inhibit ndafion. All the other condition used during

accumulation assays were as described in Moith 2043

5.2.3.1. Crude glycerol versus pure substrate: influenceéhmnbiopolymers production

In addition to glycerol and methanol, crude gly¢ezontains FFA/FAME, salts and other
impurities. To study the influence of synthetibstiates in the storage capacity of the selected
culture, four different assays were performed w#hpulses (3X30CmM) of each tested
substrate: Crude glycerol (GM1), synthetic glycgi®M2), synthetic methanol (GM3) and a
synthetic mixture of glycerol and methanol (GM4)la¢ same proportion existing in the crude

glycerol.

5.2.3.2. Maximizing storage capacity of the selected culture

To maximize the storage capacity of the selectdireucrude glycerol and synthetic glycerol
were used and compared. The effect of feeding mgifpulse-wise and continuous) was
assessed in assays GA1l and GA2 with crude glyasroarbon source. The accumulation assay
with synthetic glycerol (GA3) was performed in pulsise feeding mode and served as a
control. In the pulse regime accumulation assaysl(@nd GAS3) the substrate was added in
pulses of 30 CmM until the carbon consumption heaised. In the accumulation assay (GA2)
with continuous feeding a peristaltic pump addadierglycerol with the same rate to which it
was consumed (determined in previous assays). ¢twrailation assays were stopped when
the OUR achieved a similar value to the endoge@u& measured in the beginning of the

assay.

5.2.4. Analytical Methods

Biomass concentration was determined using thetilolauspended solid (VSS) procedure
described in Standard Methods (APHA, 1995). Glgcand methanol concentrations were
determined by high performance liquid chromatogyaHPLC) using a Refractive Index
detector (Merck, Germany) and Aminex HPX-87H colu{Bio-Rad Laboratories, CA, USA).

-84 -



Crude glycerol as feedstock for polyhydroxyalkaeegiroduction by mixed microbial cultures

Sulphuric acid 0.01M was used as the eluent avva fate of 0.6 ml/min and 50°C operating

temperature.

Polyhydroxyalkanoate was determined according tatdMet al. 2013. Glucose biopolymer
(GB) was determined as total glucose and it wasaetdd from lyophilized cells trough an
acidic digestion (1 mL HCI 0.6 M, 2 hours, 100°Samples were analyzed by HPLC at the

same condition of glycerol and methanol.

Ammonia concentrations were determined using an@magas sensing combination electrode
(ThermoOrion 9512). Calibration was conducted wWiH.Cl standards (0.01-10 Nmmol/L).
Total nitrogen was analyzed using a Vario TOC sdElementar) and a mixture of ammonium

chloride and sodium nitrate as standard for cdiifmaollowing the equipment instruction.

FFA/FAME fraction present in the crude glycerol @0was extracted three times with hexane
(50/100/150 ml). The hexane extracts (300 mL) veetkected together and dried in a rotavapor
at 40°C. The residues remaining corresponded ta-B®R/FAME extracted from the crude

glycerol.

5.2.5. Calculations

The sludge HB and GB content was calculated as@pgage of TSS on a mass basis (% HB=
g HB/g TSS*100, and % GB= g glucose/g TSS*100). tivkcbiomass (X) was obtained by
subtracting the storage products from VSS as: XSSV PHA - GB (in g/L). It was assumed
that all the ammonia consumed was used for growitest was the only possible source of
nitrogen. Active biomass elemental composition weresented by the molecular formula
CsH/NO; (Henze et al., 1995).

The maximum specific substrates uptakes rates ~qe&Meth, gN, qO2) and biopolymers
production rates (qP, qGB) were determined by aidigis linear function to the experimental
data for each variable concentration divided by lilenass concentration at that point along

time, and calculating the first derivative at timexo.

The vyields of HB (Yeis), GB (Yeeis), oxygen (Mg and active biomass () on substrate
were calculated by dividing the amount of each patar by the total amount of substrate

consumed (S). When only glycerol was consumeduhstsate contribution was defined as S
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5.3. RESULTS AND DISCUSSION

5.3.1. PHA-accumulating culture enrichment

A sequencing batch reactor (SBR) under ADF comtlitias started to select for a culture able
to accumulate PHA using crude glycerol as feedst8uice glycerol is not a preferred substrate
to produce PHA by MMC, the SBR was inoculated vétRHA-accumulating culture selected
with a complex substrate, a by-product (bio-oilyuling from the fast-pyrolysis of chicken
beds (Moita et al., 2014). Due to the vast carbotiure present in this bio-oil (organic acids,
sugars, phenolic and other aliphatic compounds)latved for the selection of a heterogeneous

microbial consortium able to store PHA, possibbnirdifferent carbon sources.

The adaptation of the inoculum to the crude glycess initially followed by the variation on
the feast/famine ratio duration. Following the D@ncentration along time inside the reactor
the feast phase can be monitored. At the beginmiirgcycle the DO decreases due to substrate
consumption and as the carbon source depletesidesuncrease on DO occurs, indicating the
transition between feast and famine phases. FigA Shows the variation of the feast and
famine ratio (F/F) during the first 60 days of SBReration. In the first 5 days no significant
changes in the DO were observed, as a result ofehelow substrate consumption. After this
initial period a clear feast and famine pattern vestablished. Analysis of daily cycles
demonstrated a clear tendency on the preferentistisate storage, as shown by the increase in
the biopolymers production yield during the cultwerichment, followed by a decrease in
biomass production yield (Fig. 5.1B). These restitsfirm that the conditions imposed to the
SBR developed a community specialized on PHB andsteBage through the consumption of
crude glycerol. The F/F ratio together with othergmeters such as pH profile, VSS,
consumption/storage rates and production yieldeamsed to assess the stability of a SBR. On
this basis, and considering that after 43 days igoifcant changes in the kinetic and
stoichiometric parameters were observed, it wasidered that the system reached a steady-
state (0 8.5 SRT). Moralejo-Gérate et al. (2013b) reporeldnger stabilization period of 19
SRT and 20 SRT for two identical SBRs, both fechvaeiynthetic glycerol and SRT of 48h but
operated with different cycle times (6 and 24hpeesively). The shorter stabilization period
verified in this study may be due to the fact that inoculum already enriched in PHA-
accumulating organism was used, being the systestimatized to the crude glycerol as

feedstock with some minor changes on operationaitions (cycle length 24h).
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Fig. 5.1- Evolution of the bacterial enrichmeAt F/F ratio during the first 60 dayB. Stoichiometric

parameters and biopolymers content for selected.day

Several authors demonstrated that the F/F ratio$en to the SBR is a determinant factor on
the selection of a culture with good polymer acclation capacities (Dionisi et al. 2006;
Johnson et al. 2009; Albuguerque et al. 2010agJaral. 2011b). All these studies reported
that low F/F ratios<{0.28) allow the PHA accumulating organisms to ontpete with non-
accumulating bacteria and that the selected cukboevs a good storage response. F/F ratios
higher than 0.55 increase the growth responseransgtorage mechanisms start to be negligible.
In this work, after the culture has been acclingtizo the crude glycerol the F/F ratio was
maintained in the range of 0.04-0.12 (Fig .5.1A}i¢ating that the SBR was operated under

appropriate condition to select organisms withefgrential storage capacity.

A typical daily cycle under steady operational dtnds is shown in Fig 5.2. Since no
significant changes were verified after 5 h of tlyele, only this fraction of time was relevant
for the daily monitoring. The end of a cycle copasds to the beginning of the next one being
both biopolymers produced during the feast phasswuoed during the long famine phase. The
SBR were characterized on a weekly basis by mong@ubstrate and ammonia uptake as well
as biopolymers and biomass production. Stoichiamatrd kinetics parameters were calculated
for the feast phase of each cycle monitored, aeeredues are presented in Table 5.1. The
crude glycerol used mainly contains two differestbon sources: glycerol and methanol. In the
first hour of the cycle, glycerol was totally consed at a specific rate of -0.27 Cmmol
S/Cmmol X.h and it was accompanied by the prodactib PHA (only PHB) and a glucose
biopolymer (referred to as GB). Comparing the dpegiroduction rates of both biopolymers,
GB synthesis was almost three times faster than RHBL Cmmol GB/Cmmol X.h and 0.04

-87-



Chapter 5

Cmmol HB/Cmmol.X.h, respectively). Also GB storageld (0.41 Cmmol GB/Cmmolgwas
higher than the PHB storage yield (0.20 Cmmol HBAMNS)). These results were consistent
with the findings by Dircks et al. (2001), whichosted that glycogen storage was faster than
PHB production. Dircks demonstrated that not orlijcaggen storage was more efficient in
terms of ATP than PHB but also that less oxygen wasessary to convert glucose into
glycogen than acetate into PHA. Also the mainteadoased on glycogen consumption was

10% to 15% smaller than maintenance based on PH8uaaption.

Moralejo-Garate et al. (2011) also reported thedpetion of PHB and GB using synthetic
glycerol and MMC. However, in this last case sfie@HB storage rate and PHB storage yield
were higher than the specific GB storage rate aBdBrage yield. In recent studies Moralejo-
Garate et al. (2013a and 2013b) investigated tfeeimce of oxygen concentration and cycle
length on the PHB and GB production by the badtenaichments. The presence of oxygen
limitation during the community enrichment step va&mwmw to favored GB storage over PHB
(Moralejo-Garate et al. 2013a). When comparing 88Rs operated under similar conditions
but with different cycle lengths, 24h and 6h, fbe tsecond one the selected culture preferred
GB over PHB storage (Moralejo-Garate et al. 2013hg authors suggested that the reduction
on the food to microorganism (F/M) ratio verifiedthe 6h cycle, from 1.94 Cmol S/Cmol X to
0.25 Cmol S/Cmol X, led the selective pressuretmf the fastest storage polymer, GB. In the
present study, the lowest oxygen concentrationrebdewas at the end of the feast phase (Fig.
5.2B) with an average value of +1.7 mg/lO Under those conditions the preference of GBrove
HB could not be driven by oxygen limitation. Coresithg the F/M ratio, although the OLR
(25 Cmmol/L.d) was very similar to the one repoliteMoralejo-Garate et al. (2011) their low
biomass concentration (0.57 g/L at the end of §yweg lead to a higher F/M comparing to
present results (0.26 Cmol S/Cmol X). Since the BBiderved in this work was the same as the
one reported for the 6h cycle reactor of Moraleprdde et al. (2013b) the observed favoured
GB storage over PHB verified in this study shoutddue to the low F/M ratio imposed to the
SBR.
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Fig. 5.2- Typical profile of a daily SBR cycle during steadyndition operated under ADF conditions
and fed with crude glycerol (30Cmmol/LA: Active biomass increasd3: Glycerol, methanol and
ammonia consumption and biopolymers (HB and GBjlpcton.

Methanol was also consumed in the SBR, but at ehnmwer rate compared to glycerol (Fig
5.2B). However, accurate determination of methaomoisumption rates was not possible. The
analysis of methanol present in crude glycerol sitbwome inconsistencies that were not
observed when using pure methanol, suggesting rémepce of interfering compounds in the
crude glycerol. Contrary to what happened with ghgt, after 1.33h methanol consumption
was considered negligible, being not totally exhedisat the end of the cycle. Once glycerol
was depleted both stored polymers began to be owmsuegardless of methanol being present.
This fact suggests that polymers production werinljmassociated to glycerol consumption

and the biopolymers yields were calculated onlyetdas glycerol consumption.

In order to understand methanol disappearancerpagéher being biological consumed or

being stripped by the aeration of the system, aayamimicking the SBR conditions but with

-89 -



Chapter 5

no biomass, was performed. Samples were takengltim first 4 hours of operation and no
methanol stripping was detected (data not showg. dibserved methanol consumption can be
tentatively attributed to a second microbial comityuthat, despite not having the ability to

accumulate polymers, was able to grow and persiig SBR.

Fig 5.2A shows the active biomass growth profileimty the represented daily cycle (TSS
2.58 g/L) where three different steps (I, Il and) Nvere clearly established. During the
biopolymers production (I) the specific biomassvgitorate was 0.02-hand 0.07 Cmmol X/L

of biomass was synthesized. However, once the hiomss began to be consumed (Il), the
specific growth rate increases to a maximum of Gid&nd 0.23 Cmmol X/L of biomass was
produced. Comparing the growth yieldx'=0.11 Cmmol X/Cmmol S) during the feast using
glycerol, with the growth yield (¥polymers =0.75 Cmmol X/Cmmol S), during the famine from
both polymers we can observe that the glycerolkgpteas essentially drift for polymers storage
and that their later consumption, in the faminesghallowed a good growth response. Also the
fact that 76% of the biomass synthesized occurtethg the famine phase indicates that the
biopolymers produced during the feast were the roafbhon source responsible for the biomass
production in the SBR. When ammonia reached ailigniconcentration (Ill) the growth rate
decreased being ammonia consumed slowly until estiwau Albuquerque et al. (2010) also
observed the difficulty of MMC to grow in the beging of the cycle suggesting that it was due

to the physiological adaptation of the cells a#testarvation period.

Johnson et al. (2010) investigated the influencéhefC/N ratio on the performance of PHB
producing SBR at short SRTs. It was reported th@nhass in strongly nitrogen-limited SBRs
(medium C/N ratios 15-24 Cmol/Nmol) had higher liasePHA contents in the SBR, but
carbon-limited SBRs (medium C/N ratios 6—-13.2 Cidpibl) usually resulted in biomass with
higher maximal PHA storage capacities. In this gtildvas chosen to start the system with a
C/N of 12.5, which was in the upper limited of camdimited SBRs considered by Johnson.
Although the ammonia was almost depleted afterbgling the system N-limited, the faster
glycerol uptake rate compared with the ammoniakgotiuring the feast phase indicates that the

system can be considered as a carbon-limited SBR.

5.3.2. Crude glycerol versuspure substrates

To study the influence of each substrate presentude glycerol in the biopolymers storage
capacity by the MMC four batch accumulation assagee performed: crude glycerol (GM1);
synthetic glycerol (GM2), synthetic methanol (GM8)d a synthetic mixture of glycerol and
methanol (GM4) in the same proportions to thoserude glycerol. Table 5.1 summarizes the
stoichiometric and kinetic parameter of these assay
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Table 5.1 Biopolymers storage performance of the microbaisortium during a daily cycle and in batch tesiformed with crude glycerol and synthetic sulistra

Assay  Substrate sq OHB OcB % HB max % GBmax AHB AGB Xi YHe/s Yeris Yo2rs Yxis
E;cill)é Crude Glycerol (8b2474) (%_832) (%.3351) (?)24713) (1(?.;;)1 (?)'.411%) (%'.:131) (?nggg) (g:gs?) (g'.g%) 0.15 (%ﬁ%)
1° Pulse (35’252) (%'_822?) (%'_(1)%82) 6.25 1182 625 7.24 029 034 020 0.10
GM1  Crude Glycerol 2° Pulse (85’23;) (%.ég) (%'_(1)2(?) 1126 1833 891  7.23 83.12 039 032 023 009
30 Pulse (85’5%) (%_éig) (%_8222) 17.46 1951 949 513 041 022 023  0.09
1° Pulse (85’22) (%_é%f) (%_8588) 1020 1153 840  7.22 037 022 020 nd
GM2 2{;‘;2?3;3 20 Pulse (85’223) (()69091%? nd 1591  12.84 974  3.07 83.12 035 013 022 nd
30 Pulse (8&)2122) (%_822) : 2053 1041 1013 - 0.36 : 036  0.10
1° Pulse (8'02116) (%_ggg) (%_gzél) 9.62 1297 1071 6.24 031 027 033 nd
GM4 Scﬁnéqsggrg}lgt#ée 20 Pulse (861177) (%_(1)8;‘) (%_gfé) 18.13 1400 914  3.36 79.05 039 012 044 005
Methanol
39 Pulse (8b1075) (%_8‘1371) : 2343 1478  9.41 - 0.37 - 045  0.16

*only measured in one daily cycle

(st desviation); (nd)- not determined

-gs (Cmmol S/Cmmol X.h); g5 (Cmmol HB/Cmmol X.h); gs (Cmmol Glu/Cmmol X.h);

%PHAmax (% g/g cell dry weight); %GR« (% g/g cell dry weight)AHB (Cmmol HB/L) andAGB (Cmmol Glu/L)

Xi (Cmmol/L); Yugis(Cmmol HB/Cmmol ); Yeeis(Cmmol Glu/Cmmol §, Yozs(mmol Q/Cmmol S) and ¥s(Cmmol X/Cmmol S)

-91 -



Chapter 5

Glycerol consumption rate in GM1 was somewhat simélong the three pulses and as it was
observed during the daily cycles, methanol was etssumed but at a lower rate than glycerol
in all pulses resulting in a buildup of methanalrej the assay’8 Cmmol/L at the end of the

assay, average pulse concentrationl 5fCmmol/L).

Concerning the biopolymers production, HB produttiate increased from the first pulse to the
second and them remained relatively constant irthiid pulse. However the GB production
rate decreased during the entire assay (Table AftEy. 90 CmM of crude glycerol the selected
culture was able to store 17.46% of HB (cdw) arel B storage yield significantly increased
from 0.29 to 0.41 Cmmol HB/ Cmmol & the third pulse. Even though a higher GB cointen
was achieved (19.51% of cell dry weight) with tH@C@M of substrate, the culture seems to
lose GB storage capacity in the third pulse silee@B storage yield decreased from 0.34 to
0.22 Cmmol GB/ Cmmol S Thus, although GB was store at a faster rate BidB in the

beginning of the assay the selected culture seetmavie a lower GB storage capacity.

In spite of biomass growth has been limited byl#o& of ammonia in the feed, it was observed
an increase of the active biomass considering iffierehce between VSS and both produced
biopolymers. The methodology used to determineaBecan include glycogen and other forms

of sugar as exopolymeric substances (EPS). Duhiegaccumulation assays no significant
viscosity was detected, which normally indicateSEynthesis. Ammonia determinations in the
soluble fraction confirmed that no residual concatiin was transiting from the SBR. A

concentration of 2.30 N-mmol/L of total nitrogensadetected in the sample before the addition

of the substrate and it remained constant duriagtitire assay.

In GM1 the first pulse of the assay mimics the feasdition of the SBR but in this experiment
no ammonia was added to the feed. When compar@gittetic and stoichiometric parameters
of both assays (Table 5.1) it can be verified et biopolymers production was slightly
affected. In GM1 a higher HB storage rate alonghwat higher HB production yield was
observed. Concerning the GB production althougimilas storage rate was verified in both
assays, GM1 presented a lower GB production yikthe. lack of ammonia in the feed (and by
so a lower nitrogen availability) seemed to favee HB production over the GB storage by the

selected culture.

In GM2 synthetic glycerol was used as single sabstThe specific glycerol uptake rates were
relatively constant({0.34 Cmmol S/CmmolX.h) during the first two pulsesl then decreased
significantly (0.22 Cmmol S/Cmmol X.h) along withetincrease on the respiration yield (Table
5.1). PHB storage yield was maintained constamtgatbe three pulses with an average value of
0.36 Cmmol HB/Cmmol & Comparing the GM2 with GM1 it can be observed similar

specific glycerol uptake rate were obtained with first two pulses of GM2 and the entire GM1
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assay [(10.34 Cmmol S/CmmolX.h and 0.33 Cmmol S/CmmolX.h, respectively on average).
Also, the PHB storage yield obtained with synthgticcerol was very similar to the ones in the
second and third pulses of crude glycerol (0.39-0Cmmol HB/Cmmol §. Having the
enriched culture being selected with crude glycéhneke results suggest that the culture was
fully adapted to this carbon source and that thederglycerol composition did not had a
negative influence on the biopolymers productiomiity PHB). In this assay, GB biopolymer
production had lower production rates and yieldmtthe HB biopolymer (Table 5.1). In fact
GB production ceased during the second pulse dhstio glycerol. The decrease on the GB
storage of the culture had already been observéld evude glycerol in GM1, being this
capacity more affected when synthetic glycerol wsed as carbon source, probably by the lack

of some compound present in the crude glycerol.

The response of the selected culture to the syatimet¢thanol as the only carbon source
available was study in GM3 assay. After the pulse8@ CmM of synthetic methanol the
accumulation batch was followed during 2h and nehian@ol consumption was observed (data
not show). High methanol concentration can neghtimepact many bacterial growth and such,
the 30 CmM of methanol used in this assay may Heac a toxic effect on the microbial

community selected in the SBR blocking its consuompt

A synthetic mixture of glycerol (25 Cmmol/L) and thanol (5 Cmmol/L) in the same
proportions to those in real substrate was usdahtd. As it was observed in GM3, synthetic
methanol was not consumed during the entire asksdg (ot show). Since in GM4 the synthetic
mixture of glycerol and methanol mimics the crudgcegrol it can be ensure that the initial
concentration of methanol used did not inhibit seéected culture, at least in the first pulse.
Available literature reported the consumption oftmamol to produce PHB from different
organisms (Khosravi-Darani et al. 2013). In mostesa a single strain was used to produce
PHB from synthetic methanol. Mockos et al. 2008 @wbroth et al. 2011 reported the
production of PHB using MMC and methanol presemeal wastes (pulp and paper mill wastes
and crude glycerol, respectively). Therefore, sgtithmethanol and methanol as an integral
part of complex waste can indeed be used to pro&tt. Although in this study methanol
consumption did not seemed to be involved in PH&Jpction, the fact that this culture was
only able to consume the substrate when it waseptéa the crude glycerol suggested that a
specific compound present in the crude composit@m acts as a co-factor for the methanol
consumption. In GM4 the specific glycerol consumptrate was higher in the first pulse (-0.21
Cmmol S/Cmmol X.h) and then decreases (-0.17 Cn®/Gmmol X.h) in the other pulses.
Comparing with the other assays GM4 presentedathiedt specific glycerol consumption rate,
which can be explained by a possible inhibitioneetffof cumulative synthetic methanol
concentration [L2Cmmol/L at the end of the assay, average pulseerration of(] 4
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Cmmol/L). The high respiration yield observed dgrihis assay also supports these findings,
mainly in the last two pulses where thez¥was [0.44 mmol G/Cmmol S. The synthetic

mixture allowed reaching a PHB content of 23% (cd®@r 3 pulses and a HB production yield
on the higher range during the entire assay (Taldlg Comparing the GM4 assay with the
others accumulation assays preformed (Fig 5.3t loe observed that although it shows the
lowest glycerol uptake rate also presents the BigREIB content and similar production yields.
Regarding the GB production the same effect aotieereported in GM2 was observed. The
maximum specific GB production rate was obtainedhia first pulse followed by a drastic

decrease on the production in the following pulseaching a step were no GB production was

observed.

5.3.3.  Study of the maximum storage capacity of the selesd culture

In order to overcome potential substrate inhibit{@fbuquerque et al. 2007) a multiple pulse

addition of crude glycerol was used to investighiemaximum storage capacity of the selected
culture (GA1). A second feeding strategy (contiraifeeding) was assessed with crude glycerol
(GA2) and compared with pulse feeding. Syntheticeftol was also used as substrate in a
pulse feeding strategy (GA3) to evaluate the marinstorage capacity of the selected culture

using a pure and defined carbon source.

Fig 5.3 shows the results from the crude glycettée feeding assay GALl. As it was reported
before, glycerol and methanol were simultaneouslysamed by the selected culture and PHB
was produced with a maximum storage rate of 0.03nGIMHB/Cmmol X.h and a production
yield of 0.46 Cmmol HB/Cmmol Sg from glycerol. Aftalmost 30h, the accumulation assay
was stopped due to the lack of available reactdurme and a maximum PHB content of
46.91% (cdw) was achievedRHB = 43%).
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Fig. 5.3 PHB accumulation assay (GA1) using crude glycerd ipulse-feed strategy (14X30C-mM).
The amount of glycerol, methanol, HB and GB wepg@sented in a cumulative mode.

In the accumulation assay with continuous feedihgrade glycerol (GA2) the maximum
glycerol uptake rate was 0.16 Cmmol S/Cmmol X.he Tate at which the substrate was added
to the system was previous determined by the gtyagstake rate measured in other assays
(GM1). However, the culture showed a much lowee rand the substrate accumulated over
time (data not show). After 9h of assay, PHB stoppeing produced (Fig. 5.4) and a maximum
PHB content of 32.08% (cdw) with a HB productioelgiof 0.28 Cmmol HB/Cmmol Sg were
achieved. Since higher PHB content and storage yiglre obtained in GAL (pulse feeding),

the low productivity observed in GA2 was associdited potential substrate inhibition.
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HB
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Fig. 5.4 : PHB accumulation assay (GA2) using crude glyceral continuous feeding strategy
(0.55 CmM/min). The amount of glycerol, methanolB kind GB were represented in a
cumulative mode
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In GA3 synthetic glycerol was feed in a pulse fegdstrategy and it was consumed at
maximum rate of 0.20 Cmmol S/Cmmol X.h (Fig 5.5heTselected culture was able to
accumulate PHB with a production yield of 0.51 Crid8/Cmmol Sg, reaching a maximum
PHB content of 53.31% (cdw). Moralejo-Gérate et (2011) reported that the maximum
theoretical yield that can be obtained in the cosioa of glycerol to PHB based on the PHB
production pathway via acetyl-CoA was 0.67 Cmmol /EiBmol glycerol and that the
simultaneous occurrence of a polyglucose polymedrgrowth, could explain the gap between
the theoretical and the observed yield of PHB @gcerol. Considering these assumptions, the
same findings were observed in this study since thking into account the simultaneous GB
storage (¥eis= 0.02 Cmmol GB/ CmmolS) and growth {¥= 0.13 Cmmol X/ CmmolS), the
gap between the theoretical and the observed gieRHB from glycerol was totally fulfilled.
As it has been observed in previous accumulatisayss GB biopolymer was initially produced
in the entire accumulation batch performed butdigpstarted to be consumed, remaining low
during the rest of the assays. The reason whgealexted microbial community stops the GB
storage while continuing accumulating PHB througrcgrol consumption is still unclear and

future work will be necessary to better understifwedPHB/GB metabolism of this culture.

300 80

Glycerol consumed

HB
GB
OUR

mqoo

Glycerol, PHB (Cmmol/L)
GB (Cmmol Glu/L), OUR (mmol O,/L.h)

Time (h)

Fig. 5.5- PHB accumulation assay (GA3) using synthetic glgkén a pulse-feed strategy
(12X30C-mM). The amount of glycerol, HB and GB wegpresented in a cumulative mode.

Comparing the GA1 with the GA3 it can be observet the crude glycerol matrix did not had
a major impact on PHA production, as already stibedhe GM1 and GM2 assays. Not only
the maximum glycerol uptake rate was equal in lastbays, as the PHB production yield and

PHB content were only slightly lower with crude ggyol (Table 5.2). The major difference
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between these two assays was the specific PHBgstoede which was two times higher with
synthetic glycerol (0.07 Cmmol HB/CmmolX.h). Thecamulated methanol verified in GA1

(L00 Cmmol/L at the end of the assay) can inducénhibitory effect resulting in a lower

specific PHB storage rate. However, most of biagieranufactures recover the methanol
present in the crude and recycle it, making in Wéy the biodiesel production more efficient
from both economical and environmental point ofawid herefore the potential toxic effect of
the methanol verified in this study can be devalsitce the majority of the industrial crude

glycerol can have low methanol concentration.

Since crude glycerol matrix does not seems to lgr@dtuence the PHA production, the higher
PHB storage yield (0.57 Cmmol HB/ Cmmol S) and Pttiitent (67% cdw after 6h and a
slowly increase to a maximum storage of 80% aftr)2eported by Moralejo-Garate et al.
2011 seems to reflect a better culture selectificiancy. In this study the culture enrichment
was performed with synthetic glycerol, an operatldemperature of 30°C and with a high F/M
ratio (1.94 Cmmol S/Cmmol X), which has alreadyrbeescussed as an important parameter
favouring PHB over GB simultaneous storage usingcegiol as a carbon source. These
operational conditions allowed achieving biomassdpctivity of 0.29 g X/L.d and to select a
microbial community with a high PHB storage capao#sulting in a PHB productivity of 1.15
g PHB/L.d. In the present study the same biomasdygtivity was achieved (0.27 g X/L.d),
however due to the selection of a population witbvéer PHB storages capacity a 4 time lower
PHB productivity was achieved (0.30 g PHB/L.d) wrssmthetic glycerol was tested (GAS3).
Culture selection efficiency using crude glycerollkd be further improved by increasing F/M
ratio, OLR and C/N ratio in the SBR system.

Although Moralejo-Géarate et al. (2011) achieved ighr PHB productivity the use of
temperature and synthetic substrates increaseticdilgsthe HB production costs. In addition
in this study the accumulation test stopped aftdn, Zhe maximum storage capacity of the
enriched culture had not been achieved and the f#iBeemed to be produced linearly (Fig.
5.5). As such, a higher PHB content could be gmdteid using the selected culture and
synthetic glycerol as carbon source increasingPtH8 productivity. Future work is necessary

to confirm this hypothesis.
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Table 5.2-Average performance of the PHB accumulation asgegfermed to assess the maximum storage capadiheafelected culture

_ _ % HB % GB
Batch Substrate Feeding Regime s-0 Ous Oce Xi AHB  AGB  Ymes Yees Yous  Yxis

max max

Crude Glycerol 0.20 0.034 0.131

GA1l (14X 30CmM) Pulse feeding (0.046) (0.008) (0.346) 46.91 16.69 67.64 137.27 1271 0.46 0.04 0.64 0.11
Crude Glycerol : . 0.16 0.056  0.047

GA2 (0.55CmM/min) Continuous feeding (0.025) (0.011) (0.014) 32.08 14.17 82.08 59.16 9.72 0.28 0.05 0.36 0.19

Gaz Synthetic Glycerol b0 teeding 020 0070 0059 5541 1583 6095 16034 7.68 051 002 042 0.3

(12X 30CmM) (0.035) (0.017) (0.021)

(st desviation)
(-gs (Cmmol S/Cmmol X.h); g5 (Cmmol HB/Cmmol X.h); gs (Cmmol Glu/Cmmol X.h);
%PHAmax (% g/g cell dry weight); %GR« (% g/g cell dry weight)AHB (Cmmol HB/L) andAGB (Cmmol Glu/L)

Xi (Cmmol/L); Yugis(Cmmol HB/Cmmol ); Yemis(Cmmol Glu/Cmmol §, Yozs(mmol Q/Cmmol S) and ¥s(Cmmol X/Cmmol S)
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According to the available literature Dobroth et @011) has the only study that used crude
glycerol to enrich MMCs able to produce PHB. Inststudy several optimal condition (SRT,
HRT and cycle length) were tested and it was shotketl PHB synthesis was driven by a
macronutrient deficiency, possibly phosphorus.llrihe assays performed, it was verified that
the glycerol fraction of the crude remained coristhmring the entire cycle and that only the
methanol was contributing for the PHB synthesisgémeral the authors have reported the
selection of a culture with an intrinsic high PH&ntent (20-62% of cell dry weight). However,
although it can be considered as a good exploratomnk no true PHA producing cycle was
observed and the maximum PHB production in a c¢sRHB) was never abovie 9% of cdw
(00.27 g PHBI/L), which was achieved in a 5 days cy8BR with a SRT of 20 days. In
addition to the low PHB production, the enriched KNhas a low production yield on the
substrate (0.10 g PHA/g methanol). Recently Chvadt al. (2013) also investigated
phosphorus limitation to induce PHB production dilein waste activated sludge by using fed-
batch mode. In this study a high PHB content waseaed (67% cdw) with acetate as substrate
in a 60 days assay. The authors stated that thefudimitation usually generates low PHA
yields (0.21 Cmol PHB/ Cmol S) due to the loss afbon required for new catalytic cell
growth.

Several other studies have reported the use btoegplex wastes to produce PHAs. Table 5.3
presents the most relevant of these studies cangeitre PHA productivity. With the exception
of the present work, all the other studies havedmmon the fact that the complex waste
undergoes a pre-fermentation step in order to &#s@¢he volatile fatty acids (VFAs) content of
the feedstock. VFAs are considered as the mairumers to produce PHAs from MMC and
hence, feedstocks with high VFA content are moitalsie to achieve high PHA content. Jiang
et al. (2012), Albuquergue et al. (2010), Bengtssoal. (2008) and Dionisi et al. (2005) have
reported not only PHA contents higher than thodaiohin this study with crude glycerol, but
also higher PHA production yield during the PHA glwotion step. However, for the industrial
scale-up of any process it is important to consitleroverall efficiency and determine the PHA
yield over the entire process accounting for al ¢arbon added, being consumed or not. Thus,
it can be verified that the PHA yield (0.32 g COB/M COD crude glycerol) was within the
overall PHA vyields reported in those works (0.0880g COD PHA/g COD real waste). In a
three-step process, the PHA production includesreatrpatment stage, usually anaerobic
fermentation applied to convert several organic poumds into VFAs. In such processes, not
only it has to be considered the conversion yield the overall acidogenic fermentor
performance since it will have a great impact omdhnality and quantity of the final produced
biopolymer (Bengtsson et al. 2008b). This initi@psdeals with several additional costs. They
involve not only an additional reactor (with aletbperation costs associated) but also a system
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(usually ultrafiltration) to separate biomass frime effluent. The fermented effluent can then
be used on the PHA production process (second lardl gtages). The separation procedure
usually allows the recovery of 90-95% of the effiug¢in optimized condition), having high

maintenance with significant cost. Although the rallePHA yield was not the highest reported
so far, the fact that crude glycerol can be usgaréduce PHA without any pre-treatment step,

makes the overall production process economicatigermteresting, reducing PHB final cost.

Table 5.3 Summary on the PHA production from MMC and reahplex wastes

Max YPHA/S PHA. . Overall productivity
Reference Complex waste PHA (g COD/g  productivity (gCOD HB/gCOD waste)
content COD) (gPHA/L.d) 9 9
Albuquerque et al. 2010 Sugar molasses 75% 0.84 1.57 0.58
Ben et al. 2011 Wood mill 29% 0.59 0.08 0.23
Bengtsson et al. 2008b Paper mill 48% 0.66 nd 0.49
Bengtsson et al. 2010  Sugar molasses 37% 073 0.15 nd
Dionisi et al. 2005 Olive oil mill 54% 1 nd nd
Jiang et al. 2012 Paper mill 77% 0.80 2 0.55
Mato et al. 2010 Wood mill 25% 0.24 nd 0.08
This study Crude Glycerol 47% 0.44 0.24 0.32

*Cmmol PHA/Cmmol VFA

Only few works reported PHA production using MMCdareal waste substrate with non-VFA
organic matter. Gurieff et al (2007) enriched a edixculture using primary sludge as the
feedstock and in the accumulation step obtain a Bétfient of 20% (cdw) with primary sludge
and 39% with fruit cannery wastewater. Liu et 2D{8) reported a PHA content of 20% (cdw)
using tomato cannery wastewater and recently Dbbebtal. (2011) which have been already
extensively discussed. With the exception of thieetastudy that, as mentioned, had a very low
PHB productivity the PHB content of 47% (cdw) ohtd with crude glycerol in this work was
the highest PHB content reported with aerobic migellures and a real waste substrate with

non-VFA organic matter.
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5.4. CONCLUSION

Crude glycerol can be efficiently used as a feastim produce PHB by aerobic mixed
cultures. The obtained results suggest that theireukelection can be further improved by
increasing F/M ratio, OLR and C/N ratio of the SBf@&tem. Nevertheless the selected culture
allowed achieving a high PHB content (47% cdw) gsieal waste substrate with non-VFA
fraction. The fact that crude glycerol does notchagre-fermentation step to be converted into
PHB makes the overall production process econolypioadre sustainable were compared with

the majority of the three-step process.
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CHAPTER 6

BIOREACTORS USING BIOFUELS BY-PRODUCTS
FOR POLYMER PRODUCTODN:
MICROBIAL COMMUNITY ANALYSIS

ABSTRACT

PHA production from industrial wastewater or sugphy mixed microbial cultures (MMC) has
been extensively studied in recent years. The tiaf@ommunity dynamics and composition
of two PHA producing systems, each one fed withinatustrial biofuel byproduct (bio-oil or
crude glycerol), was investigated through denatugradient gel electrophoresis (DGGE) and
fluorescencen situ hybridization (FISH) of 16S rRNA. Principal comport analysis (PCA)
and clustering analysis of the system fed with dloresulting from fast-pyrolysis of
lignocellulosic biomass showed that different opereal condition induce an adaptation of the
microbial community that was reflected in PHA stggacapacity of the system.. The bio-oil
enriched culture was composed mainly Bgtaproteobacteria(73.4% at the end of the
operation) and th@®seudomona®BrachymonasBurkholderiaandAlcaligeneswere identified
as the most relevant genera responsible for thertexp PHA storage capacity. This microbial
community was later adapted for the use of crugleegbl. The microbial community attained at
steady state after 60 days of operation had a 56fasty with the inoculum demonstrating
the microbial adaptation to the new feedstock. Bilee staining and FISH analysis identified
Amaricocus Azoarcusand Zoogloeagenera in this last enriched culture, all thesganisms

being well known PHA accumulators.






Bioreactors using biofuels by-products for polyrpepduction: Microbial community analysis

6.1. INTRODUCTION

A wide variety of petroleum-based synthetic polysnetere produced worldwide, to an extent

of 280 million tons in 2011(www.plasticseurope.orghd remarkable amounts of them were

introduced in the ecosystem as industrial wasteymis. Polyhydroxyalkanoates (PHAS) are
polyesters intracellularly stored by several micgamisms that have gained increasing attention
as an alternative to the conventional petroleunetbgdastics. These bioplastics display a wide
range of elastomeric/thermoplastic properties arel leoth bio-based and biodegradable,
allowing for a closed loop carbon cycle. CommerBiHIA production is based on the utilization
of pure cultures and synthetic substrate, whichlieaphigh production costs due to high
substrate prices and the need for sterile operakwen thought their market price has been
reduced in recent year's (Chanprateep 2010), stilisnot competitive for the replacement of
traditional petroleum-based plastics. Several rekeatudies have been directed towards the
reduction of PHA production costs. The main strig®docus on the use of mixed microbial
cultures (MMC) and real complex wastes as feedst@ikmbining these two approaches
fermented olive oil mill effluents (D Dionisi et.&2005; Beccari et al. 2009); fermented paper
mill effluents (Bengtsson et al. 2008a; Jiang et 2012); fermented molasses (M G E
Albuquerque et al. 2007); pyrolysis by-products {fdand Lemos 2012) and crude glycerol
(Dobroth et al. 2011) among others have been cereidor PHA production.

One of the most important steps in optimizatioPbfA production process using MMC is the
maximization of the selective pressure imposed lan culture for enrichment. Extensive
research has been carried out on the impact aérdiit SBR-operating conditions (Dias et al.
2006; Serafim et al. 2008a), but scarce informattan be found in the literature on the
microbial community composition. Culture-dependem@thods are restrictive to study natural
microbial community composition since only a smélaction of bacteria present in
environmental samples (less than 1%) are cultunatdier laboratory conditions (Amann et al.,
1995a; Head et al.,, 1998; Moyer et al.,, 1994). @a tontrary, DNA-based molecular
techniques, such as denaturing gradient gel efgutresis (DGGE) and fluorescenice situ
hybridisation (FISH), provide a more comprehensrepid and concise characterization of the

bacterial population diversity in biological system

Lemos et al. 2008 identified the genémmaricoccusAzoarcus ThaueraandParaccoccusn a

sequencing batch reactor fed with propionate (SBRIPPHA accumulating organisms using
reverse transcriptase—polymerase chain reactionR@X) on micromanipulated cells. Using
gquantitative FISH the amount of each genus wasrméted in the SBR P and in two other
SBRs fed with acetate (SBR A and Al). SBR A anbal the same sludge retention time
(SRT, 10 days) while A1 was operated with lower SRTay) and the double organic loading
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rate (OLR, 120 C mmol tday?). The systems fed with acetate became enrich&hauera
while only present in minor amount of the systerthyprropionateAzoarcuscells were found in
all the analyzed systems with the same trendTlaguera Both SBR A and P present
Amaricoccusbeing this organism favored in the latter, whil@racoccuswvas scarcely present

in any system.

Beccari et al. 2009 enriched two different micrblwammunities, both with high PHA storage
response, using fermented olive mill effluent (OM&)d a synthetic VFA mixture. Using
DGGE technique two different bacterial strains weédentified: Lampropedia hyalinaand
Candidatus Meganema perideroededth synthetic feed or fermented OMES, respetfive
Lampropediaspp was described as a polyphosphate and polykyllntyrate (PHB) storing
bacterial strain in activated sludge a@dndidatus Meganema perideroeds#®own to have a
remarkably high storage capacity, forming PHA franwide variety of substrates. Jiang et al.
2011a studied the impact of temperature and cyelggth on microbial competition in
polyhydroxybutyrate (PHB)-producing populations iehed in feast-famine SBRs. DGGE
analysis revealed that the microbial community citme was strongly dependent on
temperature, but not on cycle length. FISH wasqueréd to estimate the relative abundance of
the Plasticicumulans acidivorang the reactors and it was observed tHabgloeaand P.
acidivoransdominated the SBRs operated at 20°C and 30°Gzctaply.

Recently, two studies investigated microbial comities with high PHA storage capacity
selected with fermented molasses. Albuquerque let2@13 investigated the substrate
preferences of microbial groups in PHA productiBiA-storing populations were identified
and quantified through a 16S rRNA gene clone lyrand FISH. The community was
composed by the generzoarcus Thaueraand Paracoccus Microautoradiography-FISH
showed thatAzoarcusand Thauera primarily consumed acetate and butyrate, respagtiv
Paracoccusconsumed a broader range of substrates, havimgharhspecific substrate uptake.
Carvalho et al. 2013 study the relationship betwé&am MMC composition reported in
Albuguerque et al. 2013 and PHA production perfaroea FISH quantification combined with
DGGE analysis showed that the dominance of eiffleasuera or Azoarcusseemed to be
determined by the organic loading rate imposedhe EBR.Azoarcus and Paracoccus
abundance were related with higher and lower PHAIpction capacity, respectivelyhauera
was strongly linked to higher hydroxyvalerate (Hvgctions andParacoccuswith lower HV

fractions.
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The purpose of this study was to characterize #etepial diversity of two different PHA-
accumulating communities and monitor changes irsg¢hpopulations during the reactors
operation. This was achieve using a 16S PCR-DGGfroaph that allowed identify the
phylogenetic affiliation of community members by GA analysis. DNA sequencing of
bands excised from DGGE gels identified predomitaaterial phylotypes and the results were
confirmed by FISH.

6.2. MATERIAL AND METHODS

6.2.1. PHA-accumulating organisms enrichment: Experimentaketup

Two sequencing batch reactors (SBRs) were usedlégtsPHA accumulating organisms from
two different industrial biofuels by-product: bads resulting from the fast pyrolysis of chicken

beds; and crude glycerol from biodiesel production.

In order to select a stable PHA accumulation caltfed with bio-oil (SBR-B) several
operational modifications were performed to thaeys(Moita and Lemos 2012 and Moita et
al. 2013). The experimental setup and operatioth®fSBR fed with bio-oil was described in
Chapters 3 and 4. Briefly, in the initial conditigphase I) sludge retention time (SRT) and
hydraulic retention time (HRT) were kept at 10 dndlay, respectively in a 12h cycle. Tap
water supplemented with phosphorus (P) and nitrogénwas used to dilute the bio-olil
maintaining the COD/N/P ratios to 100:5:1 inside tbactor. After 61 days of the start up of
the system (phase Il) the SRT was reduced to 5 dayge bio-oil already contains N and P in
it composition, after 156 days of operation (phdgetap water with no supplements started to
be use do dilute bio-oil, decreasing the COD/Ntivre 100:1.7:0.5 Due to a decrease on the
PHA storage capacity of the selected culture, 8@ days (phase V), the COD/N/P ratios
were restored to 100:5:1 using the supplemented/édgr to dilute the bio-oil.

The experimental setup of the SBR fed with crugegiol (SBR-G) was described in Chapter
5. Briefly, an SBR was inoculated with a PHA-acclating mixed culture acclimatized to bio-
oil (SBR-B) and fed with 30 CmM of crude glyceralaerobic dynamic feeding condition. Tap
water supplemented with phosphorus and nitrogenused to dilute the crude glycerol inside
the SBR maintaining the C/N/P ratios to 100:8:1e BBR was operated with a 24h cycle and
the HRT and SRT were kept at 2 and 5 days respdgtiv
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6.2.2. PCR-DGGE of the microbial community

The genomic DNA extraction of the samples was peréal using the UltraClean Microbial
DNA Isolation Kit (MO BIO Laboratories, Inc., USAaccording to the manufacturer's

instructions. The extracted DNA was kept at -2Qufdl use.

Primers 968F-GC and 1401R were used for the amgliéin of the hypervariable region V6 to
V8 region of bacterial 16S rRNA gene fragments (&uét al. 1996). Each 50 pl reaction
mixture contained 10 pl of 5X PCR buffer, 0.5 pleafch primer (100uM), 1 ul of RANGER
DNA polymrase (BioLine) and 2 pul DNA template. Timer cycling consisted of an initial
denaturation at 95°C for 1 minutes followed by $6les of 95°C for 30 s, 58°C for 30 s, and
68°C for 1min. The final extension was at 68°C7#aninutes. After PCR amplification, the size

of the PCR products was verified on a 1% agaroke ge

DGGE was performed with Dcot¥é Universal Mutation Detection System (Bio-Rad, USA)
Aliquots of PCR samples (40 pl) were loaded on%o@lyacrylamide gel in 0.5X TAE buffer
(40 mM Tris base, 20 mM acetic acid, and 1 mM disodEDTA, pH 8.3). The polyacrylamide
gel was made with a denaturing gradient ranginghfdb% to 55% (where 100% denaturant
contains 7M urea and 40% formamide). The gel waseou 16 hours at 60 V and 60 °C. After
electrophoresis, the gel was stained with SYBERE&RfEOO0O0 dilution, Invitrogen, USA) for
30min. The DGGE images were acquired using a Saégérm Blue-Light Transilluminator
(Invitroger™, USA).

DGGE profiles were analyzed using Totallab sofev@BE Helthcare). Every gel contained 2
or 3 lanes with a standard DNA ladder for normaigraand as an indication of the quality of

the analysis.
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6.2.2.1. Analysis of DGGE profiles

The structural and functional diversity of the roioial community was assessed using the
Shannon diversity index,, H' (Shannon and Weav@63) and the evenness index, E’ (Pielou,
1966):

i = z (ni>l ni
=2 ) los()
E'=H/log$S

where “ni” is the relative surface intensity of BAdGGE band, “S” is the number of DGGE
bands (used to indicate the number of species)‘ldhds the sum of all the surfaces for all

bands in a given sample (used as estimates ofespaisuindance) (Formin et al 2002).

DGGE bands identified in the fingerprinting of ea8BR were classified in different band

types. A binary data matrix was created, considetire presence (1) or absence (0) of the
individual bands. A dissimilarity matrix based ohetJaccard coefficient (Sj) was then

calculated, and a dendrogram built using the UPGNthod (unweighted pair group average
linkage method). The dissimilarity matrix was alsgedto perform a principal components

analysis (PCA). All of the statistical analyses evetone using the MVSP 3.1 software

(http://lwww.kovcomp.co.uk/Mvsp/)

6.2.2.2. DNA Sequencing of selected DGGE bands

Selected bands from the DGGE gel of the SBR-B systere excised with a sterile scalpel and
eluted in 10Qul of sterile Tris-HCI buffer (10 mM Tris-HCI, pH 80). After 5 days at 4 °C, d

of the supernatant was used for re-amplificatiotinwhie original primer set, but without the GC
clamp attached to the forward primer (968F). Thactien mixture for this PCR was the same
used in the first PCR reaction. Thermo cyclingsisted of an initial denaturation at 95°C for 1
minutes followed by 30 cycles of 95°C for 10 s,@88r 30 s and 68°C for 30s. The final
extension was at 68°C for 7 minutes. After PCR drogtion, the size of the PCR producis (

430bp) was confirmed on a 1% agarose gel.

For sequencing analysis, PCR products were puriiigidg GeneJET PCR Purification Kit
(ThermoScientific, USA), according to the manufaets’ instructions. DNA sequencing was
performed by Eurofins MWG Operon (Germany). Bandusaces were compared using the
BLAST software at the National Centre of Bioteclogy Information website

(http://www.ncbi.nim.nih.gov/) for identificationna phylogenetic classification.

-109 -



Chapter 6

6.2.3.FISH

Biomass samples were fixed in 4% paraformaldehyde ased for fluorescencm situ

hybridization according to Amann et al. 1995. Th8HF probes used in this study are listened
in Table 6.1. EUBmix probes were labeled with 6-FAMile every other probe was labeled
with CY3. Visualization was carried out using ary@pus BX51 epifluorescence microscope

coupled to a CCD camera.

FISH quantification (Q-FISH) of specific samples swegpreformed to quantify the
Betaproteobacteriaclass in the SBR-B system. A LEICA TCS SPE confdaser scanning
microscope (CLSM) was used for observation of tylaridized samples and image acquisition.
FISH quantification of Cy3-labeleBetaproteobacterialass with respect to dlacteria(Cy5-
labeled) was done by image analysis (30 imagesach esample) using the Daime software
(Holger Daims, Licker, and Wagner 2006). The deiteation of the biovolume fraction of the

specifically labeled target population was donatietly to the biovolume of tot&8acteria

6.2.4. Nile Blue Staining

With the goal of evaluating the PHA accumulatingagity of the culture, Nile blue staining
(Ostle and Holt 1982) was applied to fresh samfalksn from the SBR near the end of the feast
phase. Visualization was carried out using an OlygnBX51 epifluorescence microscope

coupled to a CCD camera.
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Table 6.1-Information relevant to the FISH oligonucleotide®d in this study

Probe Target organisms Reference
Actino-221¢ Actinobacteri—potential PAO Kong et al (200¢
Actino-658¢ Actinobactera—potential PAOs Kong et al (2005)
ALF969 Alphaproteobacteriaexcept oRickettsiales Neef A. (1997)
AMARS839 AmaricoccugexceptA. tamworthens)s Maszenan et al., 2000
ARCO91E Archeadomain Stahl and Amman, 1991
AZA483 Azoarcugcluster Hess et al(1997) and Loy et al (2005)
Bet42:¢ Betaproteobacteria Manz et al (1992)
Cf319a Flavobacteria, Bacteroidetes, Manz et al. (1996)
Sphingobacteri
DELTA495a  MostDeltaproteobacterisand most Loy et al (2002) and Liickeret al (2007)
Gemmatimonadet
DELTA495k SomeDeltaproteobacteria Loy et al (2002) and Lickeret al (2007)
DELTA495c¢ SomeDeltaproteobactea Loy et al (2002) and Liickeret al (2007)
EPSY54! Epsilonproteobacteria Lin X et al (2006)
EUB33¢ Most Bacteria Amann et al (1995)
EUB33¢&-II Planctomycetales Daims et al (1999)
EUB33¢&-III Verrucomicrobiales Daims et al (1999)
EUB338- 1V  Bacterial lineages not covered by probes Shimit et al (2005)
EUB338,EUB33-Il e llI
EUB338- V Bacterial lineages not covered by probes Vannini et al (2010)
EUB338,EUB33-II Il and IV
GAMA42s Gammaproteobacteria Manz et al (1992)
GB742 Candidatus Competibacter phosphatis Kim et al (2011)
(Competibacter) subaroups 1t
Gnsbh94. Chloroflexi(green nonsulfur bacteria) Gich et al. (2001)
G_REL Rhodobacter, Roseobacter Eilers et al (2000) and Giuliano et al (1999)
Lgc354a Firmicutes (Gram+ bacteria with low GC Meier et al. (1999)
content
Lgc354b Firmicutes (Gram+ bacteria with low GC Meier et al. (1999)
content
Lgc354c Firmicutes (Gram+ bacteria with low GC Meier et al. (1999)
content
Pla4¢ Planctomycetales Neef et al. (1998)
THAUS832 Thauera spp. Loy et al 2005
TM790¢ candidate division TM7 Hugenholz et al. 2000)
UCB-82¢ Plasticicumulans acidivorans Johnson et al. (2009)
ZRA23a Most members of the Zooglea lineage, not Rossell6-Mora et al., 1995

Z.resiniphila

Actino-221a and Actino-658a used together as Aatimo

DELTA495a, DELTA495b, DELTA495c¢ used together asLIDBE mix
EUB338, EUB338-1I, EUB338-IIl, EUB338-1V, EUB338-\Msed together as EUB mix

Lgc354a, Lgc354b and Lgc354c used together as ligc m
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6.3. RESULTS

6.3.1. PHA accumulating organism selected using fast pyrgsis by-product as

feedstock

6.3.1.1. Reactor performance

The evolution of the microbial consortium in the-il SBR reactor was followed for almost 2
years (Fig. 6.1) and it was described in detaMita and Lemos 2012 and Moita et al. 2013.
Briefly, during the initial condition (phase 1) tlsgstem showed a good response of the bacterial
community to the bio-oil. Substrate (S) was conslimiean average rate (gs) of 0.074 Cmmol
S/Cmmol X.h (X, active biomass), the polymer prdéurcyield on substrate @Y%) increased to

an average value of 0.19 Cmmol HA/Cmmol S and thasEto Famine ratio (F/F) decreased
below 0.2. F/F ratios lower than 0.28 are considéo allow PHA accumulating organisms to
outcompete non-accumulating bacteria improving gdbed storage response by the selected
culture (Dionisi et al. 2006; Johnson et al. 208@&uquerque et al. 2010a; Jiang et al. 2011b).
During this phase, biomass increased drasticatichiag a maximum of 6 g/L of volatile
suspended solids (VSS). With this increase thd foamicroorganism ratio (F/M) would have
the tendency to decrease to values where the cadamee could became limiting. In order to
maintain a good F/M, two strategies could be appliacrease of the organic loading rate
(OLR) or decrease of the SRT. Since bio-oil is syvamplex feedstock with compounds that
may inhibit or interfere with the production of PHAe strategy to decrease the SRT to 5 days
was preferred and applied after 68 days of operafiter altering the SRT from 10 to 5 days
(phase 1) the VSS decreased as expected to aagevealue of 4 g/L and the selective pressure

imposed to the system led to an improvement ontsatbauptake rate.

Bio-oil contains nitrogen and phosphorus in its position. With the intent to decrease the
production cost of PHA production process, tap watarted to be use do dilute bio-oil after
156 days of operation. The COD/N/P ratio decredssd 100:5:1 to 100:1.7:0.5 molar basis
(phase 1lI). Initially an apparent increased on BeA storage capacity of the culture was
observed (Fig. 6.1). However, after 250 days ofrafpen the specific substrate uptake rate
decreased significantly resulting in an increas¢éhefF/F ratio (0.4). As a consequence of the
increased F/F ratio the storage mechanisms of tbebmal community began to be neglected
and the storage yield of the system decreasedsitrer famine phase lead to the inability of
the PHA-accumulating organisms to fully consumepbklymer previously accumulated, during
the feast phase. As such while the maximum PHAesdrghowed a tendency to increase during
this period of time the volumetric PHA productioecdeased from 5.34 to 2.36 Cmmol HA/L

(Fig. 6.1). The N limitation imposed to the systeeemed to be responsible for the selection of
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a population with a lower substrate uptake rate t@glefore endangering the F/F pressure

imposed to the system.

After 300 days of operation, the COD/N/P of 100:Wés restored with tap water for the
dilution of the bio-oil, supplemented with nitrogeamd phosphorus (phase V). After this
change, the F/F ratio returned to 0.2 in averagea/Aonsequence of the increased substrate
uptake rate (0.0420 to 0.1410 Cmmol S/Cmmol X.le) BftHA storage capacity of the system
was restored, with a PHA production yield reachin.40 Cmmol HA/Cmmol S and a PHA

content ofl] 7% cell dry weight, on average.
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Fig. 6.1-Evolution of the SBR-B performance.

6.3.1.2. DGGE analysis of bacterial community

DGGE analysis of 16S rRNA gene was performed testigate bacterial community changes
in the SBR fed with bio-oil (SBR-B). Representatsaamples of each phase of acclimatization
period were selected and the DGGE profiles obtafoe@ach sampling day are shown in Fig.
6.2. Phase | was represented by day 17 and 68e phass represented by day 124; phase llI
was represented by days 182 and 212 and finallggoha was represented by days 309, 339,
416, 458, 569, 634. The number of DGGE bands per laried between 8 and 17. DGGE

fingerprints revealed the microbial changes duthg SBR operation period with some shared
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bands in all samples (i.e bands 9 and 13), whierstwere only present in some sampling days
(i.e bands 4 and 8).

Fig. 6.2-DGGE community fingerprints of the bio-oil enrichbiomass along time (“L” corresponds to
ladder; top numbers indicate the acclimatizatioysd# the sample; arrows and numbers relative to
excised bands for sequencing identification)

Cluster analysis was performed using the Jaccacdefficient aiming to investigate the
similarity between the samples (Fig. 6.3). The dgndm showed significant variations in
bacterial communities during operation of the SBRFBe largest shift in bacterial assemblage
was identified between samples from phase | (1768)do the rest of the samples (39.9% of
similarity). The similarity of the bacterial commtnduring phase I, Il and start of phase IV
varies between 63.4% and 91.7%, demonstratinge kiift of population occurring during the
parameters adjustments imposed to the SBR-B. grbisp of samples has only a similarity of
49.2% with the days 458, 569 and 634. These lasettays represent a period where a new
pseudo-steady state of the system was achievedewova significant shift of population was
still observed between day 458 and the last twe @éY.2% of similarity) and the two month
period that separates day 569 and day 634 havealdseed a considerable shift of population
(81.3% of similarity).

Despite the high shift in populations observed myithe last period of the SBR-B system no

significant differences on stoichiometric and kiogparameters of the referred days were
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observed. Moita et al. 2013 reported that the dityerof carbon present in bio-oil allowed

diverse microbial populations to co-exist in theteyn. The more easily biodegradable fraction
of carbon present in the bio-oil was show to besoamed at a higher rate by PHA accumulating
organisms. Populations without the ability to stpoéymers were able to grow and persisted in
the system throughout the consumption of the lesdelgradable carbon fraction that was
consumed during the entire SBR cycle. Hence, siheePHA storage capacity of the system
was maintained constant during the pseudo-steatky, she high shift of population verified in

this period of time could be explained by shiftstibe@ non-PHA storing organism present in the

microbial consortium.

634
—1 e
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339
212
416
182
124
| 68
‘ 17

T T T T T T 1
0.28 0.4 0.52 0.64 0.76 0.88 1

Fig. 6.3-Cluster analysis of the microbial community prasaerthe SBR-B based upon DGGE profiles.
Similarities were calculated using Jaccard’s cogfit.

To better visualize the relationships among samalbf;ary matrix was constructed based on
the presence or absence of bands. The resultingxmeds used to conduct a PCA analysis
allowing identifying different clusters. In PCA aysis, PC1 captured 31.7% of variance and
PC2 captured 28.3%, totalizing 60% of variance. $tbsequent PCs captured progressively
lower variance percentages, thus only the loadofgthe first 2 principal components were
analyzed. The loadings of PC1 and PC2 (Fig. 6RYwed three main clusters which
corresponded to the three main operation period§eg in the system. Clusterl represented
the initial operational conditions (phase I). Da34las the only representative sample from
phase Il was not inserted into any of the threénddfclusters. Cluster 2 corresponded to the
operation period were the PHA production yield bE tsystem was lowJ 0.2 Cmmol
HA/Cmmol S) and the system performance was notestdihis cluster could be divided in two

clusters that were positively correlated, 2A and aBd represented phase Il and the start of
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phase IV of the SBR-B, respectively. Cluster 3 dtafor the pseudo-steady state period of the
SBR, which included the final phase of operatidf (le samples 458, 569, 634).

In agreement with results obtained during clustedysis of the DGGE fingerprinting, the PCA
analysis clearly showed that all samples were grdugccording with the selective pressure
imposed. This demonstrated the effect that chamgeperation condition had on the microbial

community and how it affected the selection of aigans with a good PHA storage capacity.

01+

-02+

03+

ul

PC1

Fig. 6.4- PCA analysis using the presence/absence matrtkeoDGGE profiles of the operation of
MMC with bio-oil as carbon source (SBR-B). PC1 dMd2 captured 60% of variance (31.7 and 28.3
respectively).

The use of indexes based on relative band inteasjifovides information about community
composition other than the number of species (Mairal. 2009). Densiometric curves of
DGGE patterns were used to calculate the relativiase intensity of each DGGE band present.
A numerical analysis of the DGGE patterns was paréal using two indexes (H' and E’), each
one describing a different aspect of community diitg. No significant differences could be
observed for all the operations periods when thenBbn diversity index was considered, being
all the values on the low range. The microbial diitg (H’, Table 6.2) was higher at the end of
phase IV reaching a maximum of 1.14 + 0.03 (day)6B#ase Il and Phase IV presented the
same operational conditions, however the H’ waédrign the latter (H'= 0.89+ 0.01, day 124
and H'=1.14+ 0.03, day 634). The difference omtime of operation that separates these days
(510 days) seems to have allowed an acclimatizatidhe culture to different carbon sources
present in the bio-oil. In fact, the higher andré@ased microbial diversity observed during

Phase IV together with a higher substrate uptake raises the hypothesis that along the
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operation time the selection of organisms able @tieb utilize the available carbon sources

occurred.

The community evenness index (E) of all sampleswérse to one and no significant different
were again obtain between samples. These resdlisated that the distribution of microbial
groups at different operational phases was unguabably due to the high diversity of carbon
sources present in the bio-oil which could be maiabd by different microbial populations

(PHA storing and non-PHA storing organisms).

Table 6.2-Shannon diversity index (H) and evenness indexo{Epch sample analyzed trough DGGE

Acc.
b 17 68 124 182 212 309 339 416 458 569 634
ays

H 094 086 089 087 093 100 095 092 101 31.01.14

E 090 09 099 091 08 090 091 092 0.90 30.90.93

6.3.1.3. Sequencing of DGGE bands

The identification of the microorganisms represénby bands in the DGGE profiles was
determined by excision and sequencing. It was plessd obtain 15 sequences (corresponding
bands are indicated in Fig. 6.2). Each partial tBSA gene sequence was submitted to a
BLAST search and the results of their closest iradaaire shown in Table 6.3. Many of the
sequences were similar to 16S rDNA sequences mgpdor uncultured organisms obtained
from environmental samples, such as activated sludgstewater and soil, reinforcing the

importance of culture-independent methods for thdysof microbial communities

Sequencing results show tHatand y-proteobacteriawere the predominant classes present in
the microbial consortium. For theproteobacteriasix different bands (2, 3, 7, 8, 11 and 12)
were identified with the genuBseudomonasThis genus contains several species with the
ability to accumulate PHA (C. S. K. Reddy et al02pand it was present in all the samples
analysed. Other genera known to have PHA-accumglatrganism were also identified.
Considering the [Proteobacteria, generaComamonas(band 5), Brachymonas(band 6),
Burkholderia(band 14) andlcaligenes(band 15) were identified. The three latter genezee
only present after phase Il of the acclimatizatpmriod. Comamonagenus was identified in

most samples (exception days 458, 569 and 634)pieethe fact thalComamonads an
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important genus among the PHA accumulators, itndidcontributed for the high PHA storage

capacity observed in the system during that pesfddne, the end of Phase IV.

GeneraBordetella AchromobactelandHerminiimonascan be found in several environmental
samples (wastewater, soil etc). They were deteatenhly a few days without any perceived
correlation between their presence and the opesdticonditions.Arthrobacter genus is
commonly found in the soil, being present in ak ttamples. All species of this genus are
obligate aerobes and some strains have been shgrnewoon a variety of aromatic compounds
(O’Loughlin, Sims, and Traina 1999), in which biibis rich.

The bands excised did not allow identifying a sfiegienus (or genera) responsible for the high
storage capacity of system represented by clusiartBe PCA analysis. The most relevant
genera in the microbial community selected with-diloresulting from the fast pyrolysis of
chicken bed werePseudomonas, Brachymonas, Burkholdedad Alcaligenes, possibly
responsible for the reported PHA storage capaditth® system. Since these organism were
present during all the operation period the coaditiimposed to the SBR-B in phase IV did not
allowed for the selection of new PHA accumulatimgamism, but rather to increase the amount

of pre-existing ones.

DGGE technique is considered has a qualitativeerathan a quantitative technique having
some general and specific limitations that neebdet@onsidered. Some general potential biases
are linked to sample type, handling and storagevels as biases in the PCR technique and
inefficiencies in DNA extraction methods. Also DGGtas limited detection sensitivity for
some rare community members (only predominant speiti a community are displayed).
Moreover, the choice of bands to excise can behhigiibjective and due to the possible co-
migration of DNA fragments with different sequencescising and sequencing bands can miss
hidden diversity (Muyzer 1999).

-118 -



Bioreactors using biofuels by-products for polyrpepduction: Microbial community analysis

Table 6.3-Phylogenetic sequence affiliation and similarithe closest relative of amplified 16S rRNA
gene sequences excised from DGGE gels band

Phylogenetic affiliation

Band Similarity Accession

Number Class Genus (%) number
1 a-proteobacteria unknown 87 JN679095
2 yproteobacteria Pseudomonas 76 C255076
3 [-proteobacteria Bordetella 92 JQ965641
4 yproteobacteria Pseudomonas 87 KC255152
3) [S-proteobacteria Comamonas 100 JQ912536
6 [-proteobacteria Brachymonas 99 EU434401
7 yproteobacteria Pseudomonas 94 JF94771
8 yproteobacteria Pseudomonas 95 KC255152
9 [-proteobacteria Achromobacter 91 JX512462
10 [-proteobacteria Herminiimonas 100 KF556700
11 yproteobacteria Pseudomonas 100 KC963965
12 yproteobacteria Pseudomonas 99 HG416957
13 Actinobacteridae Arthrobacter 99 KC683723
14 [-proteobacteria Burkholderia 100 JQ023738
15 [S-proteobacteria Alcaligenes 96 DQ152012

6.3.1.4. Microbial community analysis by FISH

During the acclimatization period microscopic olvs¢ion of the sludge was frequently
preformed and no significant changes in the orgawismorphology were observed. The
microbial community had the tendency to aggregate dense flocs which difficult
morphological observation. Regardless this sitmatorphologically the bacterial community

was mainly composed of cocobacilli. Nile Blue siagnrevealed the presence of PHA granules.

Initially, several generic FISH probes (Table 6vigre tested in order to identify relevant
bacterial phylum/classes and also specific gendsnofvn PHA accumulating organisms like
Thauera, Zooglea, Azoarcasmd Amaricocus From all the tested probes only probes ALF969,
ARC915, BET42a, EUB338mix, GAM42a, G_Rb, GB-742 andAU832 hybridized. Table
6.4 summarizes the semi-quantitative hybridizattbthese probes for samples characterizing
phase I, II, lll and IV of SBR-B.
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Table 6.4 Hybridization of FISH probes during the operatafithe SBR feed with bio-oil

Operation days

FISH probes Phase | Phase Il Phase IlI Phase IV
0 17 92 127 182 267 458 569 639
ARCO1E 42 + + . ]
ALF969 + + - - +
G_REt + + + + - - + + +
BET42: + + ++ ++ ++ ++ 4+ 44t
THAUS32 - - + + - - - - -
GAM42¢ + + + - + + + + +
GB-742 + - - - + - - - -

2+ positive hybridization; —, negative hybridizatio

The majority of organisms present during all theragion time belong to thBacteriadomain
beingArcheaedomain also present (except sample on day 63%thwace amounts. The three
classes of Proteobacteridpha, Beteand Gama were present in almost all samples. Except for
Phase 1l of the SBR-B (days 182 and 267), allsamples belonging to the other operation
periods hybridized with the G-Rb probAlghaproteobacterip This probe hybridizes with
Rhodobacteigenus which contains several known species abéetamulate PHAs (Philip et
al., 2007). Probe GB-742 reacted with samplesra © and 182Gammaproteobacterial GAO
(GB) known asCandidatus Competibacter phosphatisive been intensively studied and are
widely present in lab- and full-scale enhanced dgmal phosphorus removal (EBPR)
processeBetaproteobacteri@lass reveled to be the most dominant class. eokibwn PHA
accumulating organism tested ofilijauerawas detected in Phase Il (days 92 and 127) of the

system

Fig. 6.5 shows the positive hybridization of prel#¥dF969, BET42a, G_Rb and GAM42a at
the end of phase IV (day 639), demonstrating ndt tive high diversity microbial population

present but also that the dominance ofBetaproteobacterialass at this period (Fig 5C).
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cy3

Fig. 6.5FISH images at day 639. Combined hybridization (&) EUBmMix probes (6-FAM) with
Alpha969 probe (CY3)(B) EUBmIx probes (6-FAM) with G-Rb probe (CYJ)C) EUBmix probes (6-
FAM) with Bet42_a probes (CY3JP) EUBmix probes (6-FAM) with Gama42_a probe (CY3)0Qx

Q-FISH using confocal laser microscopy was perfatiimone representative sample of each
acclimatization phase: day 17 (phase I), day 12age Il), day 182 (phase Ill) and day 639
(phase V). An increase of tigetaproteobacterialass along the operational period from 4.7%
at Phase | to 73.4% at Phase IV was observigd 6.6A). Fig. 6.8 shows a Q-FISH image
clearly demonstrating the dominance of this geniiubeaend of the phase IM hree of the four
genera identified during the DGGE band sequencsmdgPHA accumulators belong to the
Betaproteobacteriaclass Brachymona, Burkholderiand Alcaligene$. The increase on the
Betaproteobacteriaclass along with the higher PHA storage capacityhef SBR-B system

reported during Phase IV may be explain by an aszef these three genera.
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Fig. 6.6-(A) Evolution of theBetaproteobacteri@lass during the SBR-B operation (Biovolume rekativ

to totalBacterig. (B) Q-FISH image at day 639 (Phase 1V). Combined Hidation of EUBmix probes
(Cy5) with BET42a (Cy3); 400X

6.3.2. PHA accumulating organism selected using crude glgcol as a feedstock

6.3.2.1. Reactor performance

The SBR-G was inoculated with a PHA-accumulatinuce selected with bio-oil from the
final Phase IV of SBR-B. The operation period of thicrobial consortium adapted to crude
glycerol utilization was described in detail in @texr 5 and lasted for 2 months. Briefly, both
main crude glycerol carbon sources, glycerol andhar®l, were consumed by the selected
culture having the latter a significant lower raBdycerol was totally consumed during the first
hour of the cycle (-0.32 Cmmol S/ICmmol X.h) whiletimanol stop being consumed after 1.33h
and it was not totally exhausted at the end ofcywde. Glycerol was the only carbon source
contributing for both biopolymers production: PHBdaglucose biopolymer (GB). GB had a
specific production rate almost two times fastemtiPHB (0.11 Cmmol GB/Cmmol X.h and
0.06 Cmmol HB/Cmmol.X.h, respectively). Also GBrstge yield (0.42 Cmmol GB/Cmmol S)
was higher than the PHB storage yield (0.22 CmmBIGinmol S). Although the system
seemed to be more specialized for glycogen proalucaccumulation assays performed with
crude glycerol (Chapter 5) demonstrated that atbegluration of the assay the selected culture
rapidly losses the ability to accumulate glycogemd anaintains the PHB production. A

maximum PHB content of 47% cell dry weight and@age yield of 0.46 Cmmol HB/Cmmol
S was obtained.
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6.3.2.2. DGGE analysis of bacterial community

The operation time of the SBR-G was short and thetdrial community changes were only
investigated between day O (inoculation time) antha end of the second month of operation
(day 61). DGGE fingerprinting (Fig. 6.7) revealéluat the majority of the bands were
maintained and some of them present a higher iityeassthe end of the analyzed period (i.e
bands 11 and 13). Band excision and sequencingpedsermed in the same way as for the
SBR-B system: However some unidentified problenmspgbly in the DNA quality made it

impossible to obtain quality sequences for a gdedtification.

Cluster analysis performed using the Jaccard'sicdeat establish a similarity of 55% between
samples. This significant verified shift in the pégtion clearly demonstrates the adaptation of

the selected culture to the crude glycerol as dve fieedstock.

Although the microbial culture was totally accliizad to the crude glycerol as the new
feedstock no significant changes in the microbiakidity were observed. Densiometric curves
of the DGGE patterns reported that the Shannorrgityeéndex (H") between the beginning and
the end of the acclimatization period of the SBRx¥@s very similar (H'= 1.09 and 1.02,
respectively). The community evenness indexesw@Y close to one in both samples and again

no significant different were observed between das(E'=0.90 and 0.87, respectively).

Fig. 6.7-DGGE community fingerprints of the crude glyceeariched biomass at the beginning and end
of the acclimatization period (“L” corresponds &mltler; top numbers indicate the operation daykeof t
sample; arrows and numbers relative to excisedbfmidsequencing identification)
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6.3.2.3. Microbial community analysis by FISH

The bacterial community selected with crude glycélay 61) was mainly composed by three
distinguish morphotypyes: tetrad-forming organisifr@), cocci and coccobacilli. Nile Blue
staining revealed the presence of PHA granuleslentie TFO and cocci bacteria (Fig. 6.8).
Both populations appeared in an aggregated fornepposite, the cocobacilli population was
wide dispersed and did not present any PHA granules

Fig. 6.8-PHA staining by Nile Blue A of the mixed commun{§BR-G); 1000X

FISH analysis of the microbial community from day 6f SBR-G was performed using the
probes identified in Table 6.1. The gend?ioteobacteriaFISH probes showed the presence of
Alpha Beta and Deltaproteobacteria The coccobacilli population that hybridized witihe
DELTAmix probes (Fig. 6.9A) did not present theaeity to accumulate PHA.

The TFO morphotype hybridized with ALF969, G-Rb aldARS839 probes (Fig. 6.9 B and
C) and it was identified admaricocus Falvo et al. 2001 reported thamaricoccus kaplicensis

a Gram-negative with a distinctive morphology o€@aarranged in clusters or tetrads found in
samples of biomass from activated sludge plantsvali the world, had a high storage capacity
of accumulate PHB from acetate at high rafemarcusandZoogloeagenus were also detected

(Betaproteobacteria All the other probes tested did not show a pasiignal.
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Fig. 6.9- FISH image at day 61. Combined hybridization &f).(EUBmIix probes (6-FAM) with
DELTAmIx (Cy3); B) EUBmIx probes (6-FAM) with G-Rb (Cy3)C) EUBmix probes (6-FAM) with
AMAR839 (Cy3); 1000X

6.4. CONCLUSIONS

This study investigated the dynamics and compaositd two established PHA-producing
bioreactors fed with biofuels by-products. The etioh of the microbial community present in
the system fed with bio-oil was accompanied duthmgy entire operation period were different
operational condition were imposed. The statistinathods used to interpret the PCR-DGGE
fingerprinting, (PCA and clustering analysis), derstoated that different operational conditions
induced in the SBR a strong selective pressuréhemticrobial community. Although it was
observed a significant change in the microbial camity during the reactor operation period,
the diversity indexes (H’ and E’) were very simikldong time. These observations could be a
consequence of the high variety of carbon sourcesept in the bio-oil which allowed the
selection of PHA-producing and non-PHA producingamisms. Sequencing of excised bands
from the DGGE gel and FISH analysis identifiedeudomonasBrachymonasBurkholderia
andAlcaligenesas some of the genera responsible for the rep@&ttl storage capacity of the
SBR-B system. FISH quantification confirmed tBstaproteobacteridnas the most dominant

class in this system reaching 73.4% of the badtpdpulation at the end of the operation time.
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The observed increase in tBetaproteobacteriaclass was directly related with the reported

growth of the PHA storage capacity of the SBR-Be&ys

The microbial analysis of the system fed with crgtiecerol demonstrated the versatility of an
enriched culture to adapt to a new substrate. &lingt analysis establish a similarity of 55%
between the beginning and two months later of ogaoperation, clearly indicating the
adaptation of the selected culture to the crudeegbl as the new feedstock. Two morphotypyes
(TFO and cocci) identified in the bacterial comntyrsielected with crude glycerol revealed the
presence of PHA granules inside the cells. A thmmdphotype (coccobacilli) without the ability
to accumulate PHA appears in lightly higher numteard FISH analysis identified them as
belonging to thdeltaproteobacter class. The TFO population was identified Aasaricocus
sp, which has been reported has a PHA accumulatousgehe high amount of the TFO
observed at the end of the acclimatization timggsests that thémaricocuswas one of the
most relevant genus responsible for the high PHAumwlation reported during an

accumulation assay with crude glycerol (47% cdw).

The results of this study demonstrate that thdstital analyses combined with molecular
techniques are good strategies to follow the miatolsommunity evolution during the

enrichment period in SBR PHA-producing systems.
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7.1. GENERAL CONCLUSIONS AND FINAL OVERVIEW

Investigating new and improved ways to valorizeofuels waste and by-products will allow
reducing the total production cost, making the alldriofuels production a more sustainable
process. In this thesis two different by-produesuiting from distinguish biofuels production

processes were successfully used as feedstockdage PHA using aerobic mixed cultures.

Biological conversion processes have been widelgdufor biotechnology research, but
relatively unexplored for the conversion of pyratyproducts to biomaterials. The main
drawback in using bio-oil resulting from the fastqlysis of lignocellulosic material as
feedstock to produce transportation fuels is itarabteristic as corrosive, thermally unstable
and the fact that it contains large amounts of bmalgenated species (and water) with little
economic value. The high water content in additidtih the high concentrations of alcohols,
aldehydes, ketones, carboxylic acids and otherr mmmponents present in some bio-oils has
recently motivated the interest in their use assale for microbial fermentations. To the data
only ethanol and some triglycerides were producgdixe single strains using the sugars

fraction present in the bio-oil, after a detoxifioa step.

One of the main contributions of this work was nbnstrate the possible valorization of a
waste lignocellulosic material (chicken beds), withother valorisation rather than combustion,

through the direct used of the resulting fast-pyst bio-oil to produce PHA.

A two-step process for PHA production by mixed grés using bio-oil resulting from the fast-
pyrolysis of chicken beds was successfully estabtis Although bio-oil was directly used
without any pre-detoxification step results sugdhkat bio-oil contained some compounds that
may have inhibited or interfered with the polymeoguction. To the best of our knowledge this
was the first study that used the entire bio-aélsulting from a fast pyrolysis process, as

feedstock.

Despite the high carbon content of bio-oil it wasgible to achieve a good feast/famine ratio
(0.2) on the selection reactor, considering only ttensumption of the more easily
biodegradable fraction of bio-oil. The imposed stle pressure allowed selecting a microbial
culture able to produce a co-polymer composed 66:30% HB/HV with an average PHA
content of . 7% (g HA/g cell dry weight) at the end of feast phaf the SBR and a storage yield
of 0.37 Cmmol HA/Cmmol S.

Bio-oil contains a high number of carbon sourcds &b be metabolized by microbial cultures.

From all available substrates, sugar-based compowede determined to be important (37% of
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CBGs) and their consumption by the selected culture wasstigated. Bio-oil characterization
revealed the presence of glucose and xylose. Howeween these two sugars were tested
independently as carbon source no consumption Wwasreed. As such, these results suggest
that both sugars could only be used as carbon sdwyahe selected culture when other co-
substrates were present. Sugar consumption seefs tesponsible for the accumulation of
another storage material by the selected cultuyengen. Although two different biopolymers
were stored by the culture, the system seems be smecialized in PHA production since

glycogen was store to a lower exteit % g glucose/g cell dry weight).

The high amount of nitrogen naturally present is tio-oil revealed to be an obstacle to study
the maximum PHA storage capacity of the selectdiireu For the accumulation assays results
showed that growth was present along the entiregs) allowing the culture to drift their
metabolism preferably to growth in detriment of Pldisrage overtime. However, the specific
PHA accumulation rate and storage yield with pucedil for the F'pulse in a multi pulse-feed
strategy were between the values reported in athaties that use MMC and real complex

substrates suggesting that bio-oil can be usedeasfock to produce short chain length PHA.

With regard to the maximum PHA content obtainechwito-oil (9.8% cell dry weight), this
was below the vast majority of studies using reahplex substrates and MMC. Several bio-oll
features could explain these results. First theobimitrogen content that drift the metabolism
preferably to growth in detriment of PHA storageidg accumulation assays. Secondly, unlike
the other real complex substrates tested to pro8tb%, pure bio-oil contains a lower VFAs
content, the main precursors to produce PHAs frolQViFinally, the large variety of carbon
present in the bio-oil allowed diverse microbialpptations to co-exist in the system.
Populations without the ability to store polymersrev able to grow and persisted in the SBR
throughout the consumption of the remaining nitrogend the less biodegradable carbon

fraction.

When synthetic acetate was used as the only catnanrce to produce PHA from the enriched
culture with bio-oil, a significantly higher PHA ntent (132 % cell dry weight) along with a
higher storage yield were obtained. Acetate wastified as one the most relevant VFAs
present in the bio-oil. As such, these results ssgghat the lower PHA storage capacity
reported with pure bio-oil does not result fronow Istorage capacity of the selected culture but

from the complexity of the bio-oil as substrate.

The two strategies used to upgrade bio-oil in ortbermaximize the PHA accumulation,
exhibited completely different results. The mainducts of the distillate bio-oil were aromatic

compounds (phenols, xylenes, pyrazines and pynreg)i and long chain fatty acids. Results
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suggested that at least 50% of the carbon thatinechan distillate was not biodegradable or
not able to be used by the mixed culture. Ovetalhsidering the total carbon present in the bio-
oil only a small fraction was metabolized and caoted to PHA. Bio-oil distillation allowed to
reduce the nitrogen content of the distillate byo79However, despite the lower content of
nitrogen in the distillate bio-oil when it was usasl a carbon source in an accumulation assay,
biomass growth was still observed and, in thepatge, the culture appeared to favor growth in
detriment of PHA production. This situation higlhitg the importance of nitrogen removal in
order to study the maximum PHA storage capacitythaf selected culture. Acidogenic
fermentation of the bio-oil was responsible for tt@nversion of 42% of the sugar-based
compounds into VFAs. The amount of acetic, promioand butyric acid present in the
fermented bio-oil increased three, five and nimee8 respectively. Results demonstrated that
other carbon sources rather than sugar were ceuvénto VFAs since only 12% of the
produced VFAs came from the sugar fraction consunidtk increased of VFAs in the
fermented bio-oil resulted in a significant increasn PHA production yield (0.63 Cmmol
HA/Cmmol S, T pulse). Also, due to the lower sugar content & férmented bio-oil, no

glycogen production was reported using this feedisto

In summary, microbial cultures could use the biovdthout any detoxification process. The
direct used of the bio-oil to produce scl-PHA usMiIC showed to be a feasibly process.
However, results using the fermented bio-oil suggeshat by using a three-step process for
PHA production by mixed cultures from bio-oil woupdobably allow for a more effective
selection of organisms with high PHA storage capam the selection reactor step. The
selection of a culture with a higher PHA storagpagaty would eventually result in higher PHA

content and storage yield in the accumulation step.

With the biodiesel industry booming all over therldp an excess of crude glycerol is being
created. Because it is prohibitively expensive toifp this glycerol into material that can be

used in the pharmaceutical, food, or cosmeticsstiahs, new value-added uses for this glycerol
need to be investigated. Several pure cultures stidhe ability to produce PHA using crude

glycerol.

A two-step process for PHA production using crudgceyol resulting from the biodiesel
production and aerobic MMC was successfully esthblil. The selected culture had the ability
to consume both glycerol and methanol fractiongmes crude. However, glycerol seemed to
be the only carbon source contributing for the twopolymers stored: PHB and glycogen.
Glycogen storage yield (0.42 Cmmol GB/Cmmg) §howed to be higher than the PHB storage
yield (0.22 Cmmol HB/Cmmol & which is consisted with Dircks et al. (2001) fimgls that
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demonstrated that glycogen storage is faster tharPHB production. Studies using synthetic
glycerol to produce PHA from MMC (Moralejo-Garate &., 2011, 2013) also reported the
production of this two biopolymers. The resultsanbed in these last works compared with the
ones reported in this thesis suggest that the nemde of glycogen storage over PHB was
influenced by the low F/M ratio imposed to the seétn SBR .

In all the accumlation assays preformed, the ssdectilture consumed the crude glycerol at the
same rate as the synthetic glycerol indicantingttieother compounds present in crude did not
interfere with the crude glycerol consumption. Thain difference on using synthetic and crude
glycerol relie on the biopolymers production. Whansynthetic mixture of glycerol and
methanol in the same proportions to those in nélastsate was used as a substrate, the synthetic
methanol was not consumed but the results suduatsthte cumulative methanol may exhibit an
inhibition effect. As such, although the methamatfion in the crude does not interfere with the

glycerol consumption it seems to have an advefsetain the PHB production.

In accumulation assays the selected culture wass tabachieve a maximum PHB content of
47% cell dry weight with a production yield of 0.4Bmmol HB/Cmmol Sg using crude
glycerol. The overall PHA vyield on substrate waghe same range as the ones reported for
others studies with MMC and real wastes. Since VBAs the preferred substrates for PHA
production by MMC many complex waste substratesd regre-fermentation step for their
production. The fact that crude glycerol did nogah¢his step to be converted into PHB makes
the overall production process economically moreaetive. This PHA content with crude
glycerol was the highest polymer content using keaste substrate with non-VFA fraction
reported to data. In addition, to the best of aupvdedge this is the first study that shows the

valorisation of crude glycerol into PHAs using anabic mixed microbial consortium.

Molecular techniques (DGGE, FISH and sequencingpaftific DGGE bands associate with
statistic analysis (PCA) showed to be promisindnégues to investigate the composition and
dynamic of the microbial culture during the accliipation of PHA production systems. Results
from PCA analysis and cluster analyses resultioghfthe DGGE fingerprinting of the bio-oll

system showed that all samples are clearly growmmbrding with the selective pressure
imposed. Furthermore, sequencing of excised bamus the DGGE gel and FISH analysis
identified several genera responsible for the rgbPHA production of the SBR-B system at
the end of the operation tim@&seudomonasBrachymonas, Burkholderia and Alcaligenes
FISH quantification confirmed that at this periofl tome Betaproteobacterishas the most

dominant class in this system reaching 73.4% ob#xerial population. DGGE fingerprinting

of the stable glycerol system shows the adaptatiadhe microbial culture to the crude glycerol
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as the new feedstock. Three morphotypyes, TFO,i @ud coccobacilli, were identified in
bacterial community selected with crude glycerdieTatter was the only morphotype that did
not revealed the ability to accumulate PHA and FiBtalysis identified as belonging to the
Deltaproteobacteda class The TFO population was identified Awaricocusand the high
number of this population indicates as one of tf@nngenus responsible for the high PHA

accumulation reported during an accumulation asstiycrude glycerol (47% cdw).

Two different aspects can be considered as the mairtributions of this thesis for the
optimization of polyhydroxyalkanoates productiom @ne hand it showed the valorisation of
two waste streams (bio-oil and glycerol) resultfram different ways for biomass conversion
into biofuels (thermochemical and biochemical, eetpely). On the other hand the results
presented in this thesis, especially concerning dtweversion of crude glycerol into PHA,
illustrate the potential in using low cost subssatvith non-VFA fraction to produce PHA using
MMC.

7.2. FUTURE WORK
The outlined future work considers four distinatas:

Three-step process for PHA production using bio-oil

Acidogenic fermentation of the bio-oil is currentlyngoing. Further work will involve
investigating strategies to improve the produdtiat this stage, not only as a way to improve
the overall process productivity but also as a medrproducing a clarified fermented bio-oil
effluent with a high VFA concentration. One possiblay is to test different pH and COD/N/P
ratio during the fermentation step and evaluateeftect on the organic acids profile and
productivity. Under consideration is also to stubg maximum organic loading rate that the
microbial community can metabolized. These studiesy additionally be coupled to the
investigation of the use of a membrane bioreaaotHe acidogenic fermentation stage in order
to reach higher cell concentrations, thus improyimgductivity and allowing higher organic

loadings.

Use the fermented bio-oil effluent to select, inaamobic SBR system, a microbial population
with a higher PHA storage capacity. Strategiesptintze the culture selection stage will be
evaluated. Different parameters may be tested, aaclOLR, SRT, temperature, pH and
CODI/IN/P and their impact on the selective pres$ord’HA storage and/or impact on cell's

growth capacity determined by monitoring reactafgrenance.
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Concerning the toxicity of the bio-oil, if necessaome solvent extraction can be tested in
order to remove inhibitors compounds (mainly fuafuand phenolic compounds) as a strategy

to enable the increase of the organic loadingiratiee fermentation step.

Regarding the accumulation step using the fermehtesil, concerns about the amount of
nitrogen (especially ammonia) present in the ferkswill be investigated. The COD/N/P ratio
used during the fermentation step should allowsidual level of ammonia in the fermented
bio-oil in order to maintained the biomass growthaccumulation assays to minimum levels
and thus increase the PHA storage capacity. Iniaddanalytical determination of the nitrogen
fraction naturally present in the bio-oil will beviestigated in order to better understand it
consumption. If necessary, strategies to removenttregen or inhibit the biomass growth
during the PHA accumulation step must be appliate Bypothesis to control bacterial growth

is to induce phosphorus limitation during the acolation step

Moreover, studies on a possible chemical extracteny. phenolic compounds) from the
effluent resulting after the culture enrichment afdA accumulation step will be evaluated.
This approach could be a strategy to add valueh¢oaverall PHA production process by

extending the overall degree of substrate valooisat

Improving the PHA productivity using crude glycerol

Concerning the optimization of the culture selettreactor using crude glycerol, different
operational conditions can be tested in order taimize the selection of PHA accumulating
organism with a high storage capacity, such as C&RT, temperature, pH. Studies on the
influence of the F/M ratio on the scale productdrglycogen and PHA will be preformed. One
hypothesis is to increase the organic loading watieout compromised the F/F ratio necessary

to maintain a good selective pressure.

Moreover, 13C-NMR studies will be performed usirg@Clabelled glycerol. This study will
give inside information about the metabolic pathsvaged by the selected culture aiming to
better understand the contribution of the glycemlthe production of both biopolymers: PHA

and glycogen.

Regarding the batch production stage, strategi@®poove productivity will be tested. On one
hand by studying the maximum crude glycerol uptdke to potential substrate inhibition,
specially induced by cumulative methanol. Secondigtimization of continuous feeding
strategy during the production stage will be perfed in order to evaluate this feeding strategy

on the PHA production.
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PHA characterization

Characterization of the PHA produced in both aerslgstems is currently ongoing. Techniques
like thermogravimetric analysis (TGA), differentstanning calorimetry (DSC), size exclusion
chromatography (SEC), and nuclear magnetic resendhMR), will allowed to better
understand the biopolymer produced by the bacteaaimunities in terms of quality, polymer
properties. Correlation between polymers producetiagperational conditions imposed will be

explored as a way for producing of tailor-made pudys.

Microbial community analysis

Microbial characterization of both SBR systems wdintinue, pondering any operational
change performed and allow linking the PHA-storicgmmunity with several operational
conditions. Moreover, specific FISH probes will heed to quantify specific genus and
potential other organism in both microbial consgrtiespecially the ones identified by
sequencing of DGGE bands, aiming at relating thmulte of the microbial analysis to the

performance assessed already.
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