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ABSTRACT

ABSTRACT Slaughterhouse wastes are interesting for the anaerobic digestion process
regarding its high biogas production potential and because the current legal scenario
promotes renewable energy production. The high lipid and protein content of those residues
limit its treatment due to inhibitory processes, in particular the inhibition caused by long
chain fatty acids (LCFA). The objective of the present disertation is to obtain a deeper insight
on the LCFA inhibition process, the microorganism adaptation ability and the
prevention/recovery of inhibitory phenomena.

In a preliminary approach, organic wastes generated in slaughterhouses are
characterized, by studying the anaerobic biodegradability of waste mixtures containing
diferents lipid/proteins concentrations. Anaerobic batch tests are performed at increasing
substrate concentrations by sequential pulse feeding. From those experiments, the fast
hydrolysis-acidogenesis of proteins is verified, being the lipids and LCFA degradation the
main limiting step of the overall anaerobic process. Despite this limitation, the system is able
to recover up to a higher methane production rate after each applied pulse.

In order to elucidate on the mechanisms of the recovery process, several strategies to
recover LCFA inhibited reactors are tested. The increase of the biomass/LCFA ratio and the
adition of bentonite to reduce the biodisponibility or the adsorption of LCFA over microbial
cell walls, are found to be effective approaches in the operation of fullscale biogas plants.
The obtained results reinforce the hypothesis of the adsorptive nature of the LCFA inhibition,
and that the recovery process can be followed as an increase in the microbial activity.

The nature of the reported microbial activity improvement after subsequent sytem
inhibition is characterized by three different techniques: 1) the study of specific microbial
activities on different model substrates, 2) the application of molecular biology tools to
monitor the microbial population structure and, 3) the development of kinetic expressions of
the LCFA inhibition phenomena, based on the adsorption process, within the framework of
ADM1 model of the International Water Association. The combined analysis of those
confirmed that inhibition and adaptation phenomena are explained by a specific microbial
growth, including adsorption in the metabolic LCFA inhibition process.

The adsorption-inhibition process is evaluated in detail by determining LCFA adsorption
isotherms on granular sludge, LCFA toxicity test, and fluorescence microscopy techniques.
This multidisciplinary approach results in the definition of an inhibition preventing strategy
based on the introduction of competitive adsorbents, and on stating the importance of
palmitate during R-oxidation of LCFA.

This study contributes to the understanding of slaughterhouse wastes anaerobic
treatment, the LCFA inhibition process, and the biomass adaptation phenomena. The
physical adsorption process has been directly related with the LCFA metabolic inhibition, and
a new mathematical kinetic expression is proposed. New strategies guiding the operation of
anaerobic reactors are suggested in order to obtain high renewable energy yields from
slaughterhouse wastes digestion.






RESUM

RESUM. Els residus carnis, o subproductes animals, son interessants per al procés de digestio
anaerobia i produccié de biogas, donat el seu elevat potencial energetic i I'actual marc
legislatiu que prima la produccié d’energia renovable. Tot i aixi, I'elevat contingut en lipids i
proteines d’aquests residus pot limitar el seu tractament en introduir fenomens d’inhibicio,
dels quals el més important és el produit pels acids grassos de cadena llarga (AGCL),
resultants de la hidrolisi dels lipids. L'objectiu de la present tesis és aprofundir en el
coneixement d’aquest procés d’inhibicio, en la capacitat d’adaptacié dels microorganismes i
en la recuperacié o prevencié dels fenomens d’inhibicio.

En una primera aproximacié a la problematica, es caracteritzen residus organics
d’escorxador, s’estudia la seva biodegradabilitat anaerobia amb diferents relacions
lipids/proteines i es realitzen assaigs discontinus seqiiencials incrementant la concentracid
de substrat mitjancant pulsos consecutius. Es comprova que la hidrolisi i acidogenesi de
proteines és molt rapida i que la degradacié dels lipids i AGCL limita la velocitat global del
procés. Malgrat aquesta limitacio, el sistema es recupera després dels pulsos aplicats, tot
augmentant la taxa maxima de produccié de meta.

Per tal d’estudiar el fenomen de recuperacié, s’estudien i desenvolupen diferents
estrategies en reactors sotmesos a processos d’inhibicid per AGCL. L'increment dels ratis
biomassa/AGCL o I'adicié d’additius com la bentonita, per tal de reduir la biodisponibilitat o
I'adsorcié dels AGCL sobre la biomassa activa, es mostren com estrategies funcionals
d’utilitat en I'operacid de plantes industrials. Els resultats obtinguts reforcen la hipotesi de
que la inhibicid és deguda a adsorcié d’AGCL sobre la membrana cel-lular i que la recuperacio
es pot mesurar mitjancant un augment de I'activitat dels microorganismes.

Per tal de dilucidar sobre la natura del augment de l'activitat en els processos de
recuperacié es caracteritza la inhibicié-recuperacié mitjancgant tres técniques: 1) estudi de les
activitats dels microorganismes a diferents substrats 2) utilitzacié de técniques de biologia
molecular per caracteritzar les poblacions, i 3) desenvolupant expressions cinétiques del
procés d’inhibicio, basades en I'adsorcio, en el marc del model matematic ADM1 de la
International Water Association. Mitjangant aquestes metodologies es comprova que els
fenomens d’inhibicié i adaptacié es poden explicar mitjangant un creixement poblacional
especific i la inclusié dels fenomens fisic d’adsorcié en el procés d’inhibicié metabolica.

Finalment, s’avalua de forma més detallada el procés d’adsorcié-inhibicié mitjancant la
determinacié de les isotermes d’adsorcié i monitoritzant mitjangant assaigs amb biomassa
granular i técniques de microscopia de fluorescencia. Aquesta caracteritzacid ha permes
obtenir estratégies de prevencid de la inhibici6 per AGCL, mitjangcant competéncia amb
adsorbents sintétics, i concloure que I'acid palmitic és el limitant en el procés de S-oxidacid
dels AGCL.

Els resultats obtinguts constitueixen una base per al millor coneixement de les
possibilitats de tractament anaerobi del residus carnis i dels processos d’inhibicié per AGCL i
adaptacio de la biomassa. El procés fisic d’adsorcié ha estat directament relacionat amb el
fenomen d’inhibici6 metabolica, obtenint-se una descripcié matematica del mateix. Els
resultats han permes plantejar estrategies operacionals, sent una eina a disposicid
d’operadors de plantes de biogas per optimitzar la produccié d’energia d’aquests residus
mitjancant la seva digestid anaerobia.






RESUMEN

RESUMEN. Los residuos carnicos, o subproductos animales, son interesantes para el
proceso de digestion anaerobia y produccion de biogds, dado su elevado potencial
energético y el actual marco legal que prima la produccién de energia renovable. A pesar de
esto, el elevado contenido en lipidos y proteinas puede limitar su tratamiento, al introducir
fendmenos de inhibicién, de los cuales el mas importante es el producido por acidos grasos
de cadena larga (AGCL), resultado de la hidrdlisis de los lipidos. El objetivo de la presente
tesis es profundizar en el conocimiento de este proceso de inhibicidn, en la capacidad de
adaptacion de los microorganismos t en la recuperacion de sistemas inhibidos.

En una primera aproximacion a la problematica, se caracterizan los residuos organicos
de matadero, se estudia su biodegradabilidad anaerobia con diferentes relaciones
lipido/proteina y se realizan ensayos discontinuos secuenciales incrementando la
concentracion de substrato mediante pulsos consecutivos. Se comprueba que la hidrdlisis y
acidogénesis de las proteinas es muy rapido y que la degradacidon de lipidos y AGCL limita la
velocidad global del proceso. A pesar de esta limitacion, el sistema se recupera después de
los pulsos aplicados aumentando la tasa maxima de produccién de metano.

A fin de estudiar el fendmeno de recuperacion, se estudian y desarrollan diferentes
estrategias en reactores inhibidos por AGCL. El incremento de los ratios biomasa/AGCL o la
adicién de aditivos como la bentonita, a fin de reducir la biodisponibilidad o la adsorcion de
los AGCL sobre la biomasa activa, se muestran estrategias funcionales de utilidad en la
operacion de plantas industriales. Los resultados obtenidos refuerzan la hipétesis de que la
inhibicion es debida a adsorcion de AGCL sobre la membrana celular y que la recuperacion se
puede medir mediante un aumento de la actividad de los microorganismos.

A fin de dilucidar sobre la naturaleza del aumento de la actividad en los procesos de
recuperacién se caracteriza la inhibicion mediante tres técnicas: 1) estudio de las actividades
de los microorganismos a diferentes substratos, 2) utilizacion de técnicas de biologia
molecular para caracterizar las poblaciones, y 3) desarrollando expresiones cinéticas del
proceso de inhibicién, basado en la adsorbié, en el marco del modelo ADM1 de la
International Water Association. Mediante estas metodologias se comprueba que los
fendmenos de inhibicion y adaptacién se pueden explicar mediante un crecimiento
poblacional especifico y la inclusion de la adsorcidn en el proceso de inhibicién metabdlica.

Finalmente, se evalla de forma detallada el proceso de adsorcidn-inhibicién mediante la
determinacidn de las isotermas de adsorcidn y monitorizando estos procesos mediante
ensayos discontinuos con biomasa granular y técnicas de microscopia de fluorescencia. Esta
caracterizacion ha permitido obtener estrategias de prevencién de la inhibicién por AGCL,
mediante competencia con adsorbentes sintéticos, y concluir que el acido palmitico es el
limitante en el proceso de mutante -oxidacién de los AGCL.

Los resultados obtenidos constituyen una base para el mejor conocimiento de las
posibilidades de tratamiento anaerobio de residuos carnicos y de los procesos de inhibicion
por AGCL y adaptacion de la biomasa. El proceso fisico de adsorcién se ha relacionado
directamente con el fendmeno de inhibicidon metabdlica, obteniéndose una descripcidon
matematica del mismo. Los resultados han permitido plantear estrategias operacionales,
siendo una herramienta a disposicion de operadores de plantas de biogas para optimizar la
produccion de energia de estos residuos mediante su digestién anaerobia.






Background, introduction and objectives of this thesis

A brief introduction of the anaerobic
digestion process and the treatment of
slaughterhouse waste are presented in
relation to the context and research
objectives of this disertation.

A special focus was given to the
implications of long chain fatty acids
(LCFA) in relation to its inhibition
potential towards the anaerobic biomass
activity.

The results of this thesis were obtained
from different bioreactor experiments
(batch and continuous reactors,
mesophilic and thermophilic operational
regimes, suspended and granular sludge,
adapted and un-adapted biomass).
Consequently potential effects of those
aspects are also introduced.

The adopted multidisciplinary
methodological approach for the
analysis of the experimental data is also
described. This was based on the
characterization of the microbial
community dynamics by means of
molecular biology techniques, and on
the application of mathematical
modelling tools to test hypothesis.
Finally, research objectives of this
disertation are listed.
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1.1. RESEARCH CHRONOLOGY AND SCOPE

The interest in biomass, as renewable energy source, has grown significantly due
to the increasing concerns about the global warming issue and to the more stringent
environmental legislation. In this scenario, anaerobic biogas production from organic
waste plays an important role in contributing to the control of anthropogenic
impacts by reducing the emissions of carbon dioxide (CO,), via the substitution of
fossil fuels, and by reducing methane (CH,) emissions from organic waste storage
and land application. Therefore, in the last decade, the research in this field has seen
a renewed interest and the use of biogas has rapidly developed in many sectors.

The antecedents of the present dissertation coincided with my studies in
Agricultural Engineering (1999-2002), time in which | started a collaboration with the
LEA-UdL-IRTA (Laboratory of Environmental Engineering), funded by the University
of Lleida and the Institute of Agrofood Research and Technology (IRTA, Catalonia).
That research group was coordinated by Prof. Xavier Flotats, and with the
partnership of Elena Campos, which has a significant experience on piggery and
cattle manure treatment. My first tasks aimed with the monitoring of pig slurry
anaerobic digesters. The economic viability of those anaerobic digestion plants
depends, among other factors, on the specific production of methane per unit of
treated residue. The high water content in pig slurry and the high ammonia
concentration are the main causes of low methane yields. On the other hand,
wastes from food industry, in particular lipid containing waste like effluents from
slaughterhouses, are attractive for anaerobic digestion due to their high energetic
potential, in terms of specific biogas production potential.

Solid slaughterhouse wastes, or animal by-products, were usually treated by
rendering process (EC-IPPC2005). In previous decades, these by-products were
commercialized as row materials for animal feedstuff, providing a valuable source of
slaughterhouse income. In recent years, because of BSE (Bovine Spongiform
Encephalopathy), the value of these materials has been reduced substantially, and in
many cases, they have to be disposed as a waste (EC no 1771/2002). Further
regulation by the European Parliament (EC no 92/2005) on the disposal and uses of
animal by-products, allows biogas transformation if certain approved pre-
treatments are applied, depending on its biohazard category.

Due to this new scenario and to the possibility of introducing high organic
content waste into the anaerobic digestion process, the LEA-UdL-IRTA was involved
in a project funded by the Spanish Ministry of Science and Education, which dealt
with the mathematical modelling of the anaerobic digestion of complex waste
(CAD/CRAI Ref. ENE2004-00724/ALT 2004-2007). In 2005, the research group was
integrated into a new institution, the GIRO Technological Centre (Barcelona, Spain),
and was involved into a specific project on the anaerobic digestion of animal by
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products (OPA-LAP Ref. ENE2007-65850 2007-2010). Those two projects had a wide
scope on process control, mathematical modelling, waste pre-treatment, reactor
configuration, and complementary technologies for ammonia removal. In the
framework of the cited projects, the present dissertation is focussed in one of the
main difficulties in treating organic wastes with high lipid content, the inhibition
caused by the accumulation of long chain fatty acids (LCFA).

During the development of the present PhD thesis (2004-2009), | had’ the
privilege to collaborate with some scientists and institutions of praised reputation
within this field of knowledge. Prof. Vasily Vavilin, from the Water Problems
Institute of the Russian Academy of Sciences (Moscow, Russian Federation)
introduced me to the mathematical modelling of biological processes. Within the
framework of the CAD/CRAI project, | had the possibility to be a guest researcher
(09/07-12/07) in the Department of Environmental Engineering of the Technical
University of Denmark (Lyngby, Denmark), one of the reference research groups on
anaerobic digestion, with the supervision of Prof. Irini Angelidaki. Also, within the
context of the OPA-LAP project and thanks to funding provided by the Department
of Universities, Research and Media Society of Catalonia Government (Grand BE-
DGR 2008 BE1 00261) | had the possibility to collaborate (09/08-12/08) with Prof.
Madalena Alves and the Laboratory of Environmental Biotechnology of University of
Minho (Braga, Portugal), group that for the past 10 years has made important
advances in the anaerobic digestion of lipid rich effluents.

1.2. INTRODUCTION TO THE ANAEROBIC DIGESTION OF SLAUGHTERHOUSE WASTE

1.2.1 The anaerobic digestion process

The anaerobic digestion process can be defined as a biological treatment in
which the organic matter is decomposed by the action of microorganisms, in the
absence of oxygen, producing a gas (biogas) composed mainly by methane and
carbon dioxide, with a high energetic value. The process is performed trough a series
of sequential biological reactions, involving different groups of microorganisms. In
Figure 1.1, it is presented a schematic representation of the anaerobic digestion
process and its main degradation steps. First, particulate organic matter is
disintegrated into macro molecules. Proteins, carbohydrates and lipids are then
degraded (hydrolysis) into sugars, amino acids and long chain fatty acids (LCFA).
Sugars, amino acids and LCFA are further fermented (acidogenesis) into volatile fatty
acids (VFA) and alcohols. Fermentation products are further oxidized (acetogenesis),
with the production of acetate (Ac) and hydrogen (H,). Finally, Ac and H, are
converted into methane (CH,) and carbon dioxide (CO,) via acetoclastic and
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hydrogenotrophic archaeae (methanogenesis), respectively (Jeyaseelan, 1997,
Angelidaki et al.,, 1999; Batstone et al., 2002). The main four process steps,
disintegration/hydrolysis, acidogenesis, acetogenesis and methanogenesis are
briefly described as follows.

Desintegration and Hydrolysis. Complex organic matter compounds are
disintegrated into carbohydrates, proteins and lipids. Those macromolecules need to
be hydrolyzed by extracellular enzymes (cellulases, proteases and lipases,
respectively), excreted by fermentative bacteria, before being transported through
the cell membrane.

This process is performed by facultative bacteria and, in the case of complex
substrates, disintegration and hydrolysis can be the rate-limiting step in the whole
anaerobic digestion process (Christ et al., 2000; Vavilin et al., 2008).

Acidogenesis. Sugars, amino acids, LCFA and glycerol formed during hydrolysis
are converted into VFA and alcohols in the acidogenic step, without an external
electron acceptor. Acetic acid is the main by-product formed during acidogenesis,
but other intermediates like propionic, butyric and valeric acid are also reported to
accumulated (Yu and Fang, 2002) and cause inhibition if the acetogenic and
methanogenic populations do not efficiently degrade those intermediates (Batstone
et al., 2003; Pind et al., 2003; Nielsen et al., 2007). The levels of accumulated VFA
are reported to be indicators of a possible process unbalance.

Acidogenic population represents about 90% of the total microbial population
present in anaerobic digesters. They have a short doubling time and therefore
acidogenesis is not normally considered a limiting step in the global anaerobic
digestion process (Zeikus, 1980; Mosey, 1983)

Acetogenesis. The previously described reduced intermediates (VFA) are
converted to Ac and H, in this step. Under standard conditions, these oxidative
reactions are not energetically feasible, and they proceed only when the reaction
products are removed from the system (by methanogens in syntrophic association).
At low H, partial pressure, the reactions are thermodynamically favourable, and the
energy variation is enough for the ATP synthesis and bacteria growth (Schink, 1997;
Schink and Stams, 2002).

Acetate can also be synthesized by carbon dioxide reducing bacteria, usually
referred as homoacetogenic bacteria but, thermodynamically, methane production
from H,/CO, is a more favourable pathway. Therefore, homoacetogenesis usually
represents only a small percentage of the total Ac production during the anaerobic
digestion (Batstone et al., 2002).

12
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Methanogenesis. Methanogenesis is the last step of the complete
mineralization of organic matter and represents, in many cases, the rate-limiting
conversion. The end products of the previous reactions, mainly H,, CO, and Ac, are
further converted into CH,/CO, by methanogenic archaea. This process mainly
occurs through two different metabolic pathways: hydrogenotrophic
methanogenesis with the reduction of CO, and H,, and acetoclastic methanogenesis
with the degradation of Ac. Acetoclastic methanogens are responsible of about 70%
of the total CH, production in anaerobic bioreactors (Batstone et al., 2002).

Methanogens occupy a crucial position in the whole degradation process, since
the conversion of Ac and H,/CO, to CH, affects the overall anaerobic degradation.
Doubling time of these microorganisms is comparatively long, and it is reported to
be the rate-limiting process in the whole anaerobic digestion of not complex wastes
(Fang et al., 1995; Huang et al., 2003).

1.2.2 Slaughterhouse waste

The importance of the slaughterhouse waste, and animal by-products into our
territorial context, is the consequence of the intensive livestock production and of
the importance of the agro-food sector in Catalonia, in parallel with the
development of a more stringent environmental legislation. The meat industry in
Catalonia represents the main sector in the Spanish food industry (20.3%), and it is
one of the most important in the European Union (EU). Every year, more than 10
million tons of meat derived from healthy animals and not destined to direct human
consumption, are produced in the EU. It is estimated that the total produced
amount in Spain is over 2 Mtones/year (EC 2005). Some of those materials are then
transformed into a variety of products used in animal feed, cosmetic,
pharmaceutical and in other industrial processes, but in some cases the unique
alternative is their destruction, often by incineration.

Animal by-products are characterized by a high organic content, mainly
composed by proteins and fats, but few references are available on the quantitative
characterization and anaerobic potential of these products (Tritt and Schuchardt,
1992; Edstrom et al., 2003; Hejnfelt and Angelidaki, 2009). More experiences have
been reported in the literature about the anaerobic treatment of slaughterhouse
wastewaters, normally subjected to a primary treatment and, in some cases, to a
secondary anaerobic digestion, usually based on upflow anaerobic sludge blanket
(UASB) or expanded granular sludge bed (EGSB) reactors, due to the high organic
loading rates (Torkian et al., 2003; Mittal, 2006; Del Neri et al., 2007).

The regulations adopted by the European Parliament and the Council introduces
stringent conditions throughout the food and feed chains, requiring safe collection,
transport, storage, handling, processing, uses and disposal of animal by-products (EC
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no 1771/2002). Animal by-products are classified into three categories based on
their potential BSE risk to animals, the public or to the environment, and sets out
how each category must be disposed:

e Category 1 materials (i.e. animal by-products presenting the highest
biohazard such as BSE or scrapie, and residues with prohibited substances or
environmental contaminants, e.g. hormones used for growth, dioxins, PCB)
which must be completely disposed of as waste by incineration or landfilling
after appropriate heat treatment.

e Category 2 materials include animal by-products presenting a risk of
contamination with other animal diseases (e.g. corpses of sick animals which
died in the farm, or that are sacrificed in the context of farm disease control
measures, or that present or at risk of containing residues of veterinary
drugs). These residues may be recycled for uses other than feeding purposes
after an appropriate treatment (e.g. biogas, composting, oleo-chemical
products, etc).

e C(Category 3 materials are by-products derived from healthy animals
slaughtered for human consumption. These are the only materials that can
be used in the production of feedstuff following an appropriate treatment in
approved processing plants, and also for the anaerobic digestion and
composting processes.

According to the risk category of the material, the new regulation (EC no
92/2005) has approved several pre-treatments, prior to the anaerobic digestion
process, witch consist on: alkaline hydrolysis (KOH, 150°C, 4 bars, 3h), high
temperature and pressure treatment (1802C, 12 bars, 40min), high pressure
treatment (220°C and 25 bars or rendering process) or a simple pasteurization
process.

The effect of authorised pre-treatments on slaughterhouse waste characteristics
remains controversial. Some positive effects, like reducing the particulate material
size, and increasing the rates of solubilisation, hydrolysis and biodisponibility have
been reported (Cammarota et al., 2001; Cassini et al., 2006). On the other side,
some authors also reported the formation of recalcitrant toxic compounds which
might hinder the subsequent biological treatment (Ajandouz et al., 2008; Dwyer et
al., 2008). Masse et al. (2003) did not find a significant effect of thermal and
enzymatic pre-treatment on the hydrolysis rate of slaughterhouse particulate fats.
Henfelt and Angelidaki (2009) tested pasteurization (702C), sterilization (1332C) and
alkali hydrolysis (NaOH) on several animal by-products, but no effect was observed
on methane yields compared to the fresh substrates. Assessing the benefits and
limitations of all approved pre-treatments is out of the scope of the present
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dissertation. Consequently, experimentation with slaughterhouse waste in the
present dissertation has been restricted to Category 3 material.

Because of the high fat and protein content of slaughterhouse waste and animal
by-products, these substrates can be considered as adequate for anaerobic digestion
plants, regarding the high potential methane yield. However, slow hydrolysis rate
and inhibitory processes have been described as the limiting steps. In particulate
and poorly hardly degradable materials like animal by-products, hydrolysis must be
coupled to the growth of acidogenic bacteria, factor that can limit the overall
process rate in case of unbalances (Vavilin et al., 2008). Furthermore, lipids can
cause biomass flotation and wash-out. Also, during the hydrolysis by extracellular
lipases, long chain fatty acids (LCFA) are produced. Those intermediates are well
known as inhibitory species of the anaerobic digestion process (Angelidaki et al.,
1990; Hwu et al., 1997). Ammonia is released during the degradation of protein
under anaerobic conditions and its inhibitory effect on the anaerobic digestion
process has also been reported (Hansen et al., 1996; Flotats et al., 2006).
Consequently, most of the industrial experiences related to the anaerobic digestion
of slaughterhouse waste are dealing with its co-digestion with other industrial,
agricultural or domestic wastes as suitable substrates, particularly, in centralised
biogas plants (Angelidaki and Ellegard, 2003; Resh et al., 2006).

1.2.3 Environmental and operational parameters

As in all biological mediated reactions, environmental and operational
parameters affect the activity of the microbial community and influence the
behaviour of the overall process. In particular: alkalinity, pH, presence of toxics or
inhibitors, temperature and reactor configuration must be taken into consideration
when analysing and comparing experimental results dealing with anaerobic
slaughterhouse waste treatment.

pH, alkalinity and process stability. The previously described specific
microorganisms responsible of the different anaerobic digestion steps (Figure 1.1)
have different optimal pH values. The hydrolytic and acidogenic microorganisms
have an optimal growth at pH above 6, while the activity of methanogens is reduced
at a pH below 6.5 (Batstone et al., 2002; Yu and Fang, 2002). Consequently, it is
widely accepted that the optimal pH for the whole anaerobic digestion process can
be established close to the neutrality (Clark and Speece, 1989).

Although the direct effect of pH on biomass activity, the monitoring of pH is not
considered as a good parameter for process control, due to its logarithmic scale. An
increase of one pH unit corresponds to a ten-fold variation on the proton
concentration, and, consequently, relatively slight variations in pH might already be
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the result of process imbalance and even process failure. Conversely, alkalinity
(carbonate system equilibrium) or the system buffer capacity is more affected by the
accumulation of intermediates (VFA and H,) than the pH measurement, being a
quick indicator of stress in digesters (see the physic-chemical equilibrium section in
Figure 1.1).

Because of the different sensibility to pH and other environmental conditions,
and to the diverse growth rates of acid forming and methane producing
microorganisms, the imbalance between those groups can cause volatile fatty acids
(VFA) accumulation, resulting in reactor instability (Chen et al., 2008). The VFA are
the main intermediate species of the anaerobic digestion process. Consequently, the
two parameters most frequently used to monitor digester stability are alkalinity and
the direct measurement of VFA concentration (Ripley et al., 1986; Hill et al., 1987;
Ahring et al., 1995). The main anaerobic degradation intermediate and process
indicator is acetate (Pind et al., 2003), but propionate has also been proposed as a
key control parameter (Nielsen et al.,, 2007). In the anaerobic degradation of
proteins, the monitoring of straight and branched chain butyrate and valerate is also
important (Batstone et al., 2003).

VFA accumulation can cause process inhibition as well. Propionic acid
accumulation in the reactor has been described to cause inhibition on the
acetogenesis (Fukuzaki et al., 1990), and also on the acetoclastic methanogenesis
(Barredo and Evison, 1991). Acetate accumulation has been reported to inhibit the
acetogenesis from propionate (Fukuzaki et al., 1990), the acetogenesis from
butyrate (Ahring and Westermann, 1988), and also the methanogenesis step
(Stafford, 1982; Ahring et al., 1995), when present at high concentrations.

Hydrogen is also an important intermediate species and it is considered as an
indicator parameter of the anaerobic process. H, accumulation can inhibit the
acetogenesis, with the consequent VFA accumulation, being a potential inhibitor not
only of the methanogenesis but also of the global anaerobic process (Fukuzaki et al.,
1990; Hill and Cobb, 1993).

Toxics and inhibitors. Besides the previously described substrate-product
inhibitory compounds (VFA and H,), the literature on anaerobic digestion illustrates
a considerable disparity in the inhibition/toxicity levels of other substances, like
ammonia, long chain fatty acids (LCFA), sulphide, light metal ions, heavy metals and
other organic compounds (Chen et al., 2008). Due to the characteristics of
slaughterhouse waste, ammonia and LCFA are considered the main potential
inhibitory substances on the anaerobic digestion process of those wastes. These
inhibitory phenomena are synthesized below.
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Proteins are important components in organic wastes and they are often
responsible for the high ammonium concentration during the anaerobic digestion,
causing inhibition and process failure (Flotats et al., 2006). The described inhibitory
specie is the free ammonia (NH;), since its inhibitory effect increases along with the
pH and temperature values (Zeeman et al., 1985). Several mechanisms for ammonia
inhibition have been proposed, such as a change in the intracellular pH, increase of
maintenance energy requirement, and inhibition of specific enzyme reactions
(Whittmann et al., 1995). The microorganisms that are affected the most by
ammonia inhibition are the methanogens (Koster and Lettinga, 1988; Robbins et al.,
1989), being acetoclastic methanogens more sensitive than hidrogenotrophic
methanogens to high NH; concentration (Hansen et al., 1998; Angelidaki and Ahring,
1993). A wide range of inhibiting ammonia nitrogen concentration values (NH,*-N),
from 1.7 to 14 g L'", have been reported in the literature to cause a 50% reduction in
methane production, as a function of pH, temperature and biomass adaptation
(Chen et al., 2008). Moreover, it has been suggested that the hydrolysis of proteins
is affected by the ammonia content (LU et al., 2007).

Under anaerobic conditions, lipids are rapidly hydrolysed by extracellular lipases
to long-chain fatty acids (LCFA) and glycerol. Hydrolysis of lipids is generally
regarded as a fast process, while the overall conversion rate is limited either by
further LCFA metabolic rates or by physical processes, as dissolution and adsorption
of these acids (Cirne et al., 2007). About 90% of the COD originally contained in the
lipids is conserved in the LCFA formed upon hydrolysis. Palmitic (C16:0), stearic
(C18:0) and oleic (C18:1) acids are the most abundant saturated and unsaturated
LCFA, respectively, present in organic waste and wastewater (Hwu et al., 1998).
LCFA are known to inhibit the methanogenic activity and its accumulation in
anaerobic reactors is commonly reported as a major operational problem. The
inhibitory effect was initially attributed to the permanent toxicity resulting from cell
damage, and it is known to affect both syntrophic acetogens and methanogens
(Rinzema et al., 1994; Hwu et al., 1998). Further studies have demonstrated that
LCFA inhibition is reversible and that microorganisms, after a lag phase, are able to
efficiently methanise the accumulated LCFA (Pereira et al., 2004). Adsorption of
LCFA onto the microbial surface has been suggested as the mechanism of inhibition,
affecting transport of nutrients through the cell membranes (Pereira et al., 2005).
LCFA inhibition is dependent on the type of microorganism, the specific surface area
of the sludge, the carbon chain length and the saturation degree (number and
position of the double carbon bonds) of LCFA (Hwu et al., 1996; Salminen and
Rintala, 2002). It has been reported that LCFA inhibit anaerobic microorganisms at
very low concentrations, with ICsy values for C18:1 over 50-75 mg L (Alves et al.,
2001b; Hwu et al., 1996), C16:0 over 1,100 mg L? (Pereira et al., 2005) or C18:0 over
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1,500 mg L™ (Shin et al., 2003) at mesophilic temperature range. Methanogens were
reported to be more susceptible to LCFA inhibition compared to acidogens (Lalman
and Bagley, 2002; Mykhaylovin et al., 2005; Pereira et al., 2003).

However, inhibition caused by LCFA is a reversible process, and neither
syntrophic acetogenic nor methanogenic activities are irreversibly damaged, and the
rate of methane formation is able to recover the previous values and, in some cases,
it can even be improved (possibly as the result of microbial adaptation), after the
LCFA degradation had recommenced (Pereira et al., 2003 and 2005).

Temperature. Traditionally, the anaerobic digestion of organic waste has been
carried out at the mesophilic temperature range (35-372C), which satisfies a
sufficient process stability and the low energy needs. When increasing the organic
loading rates and sludge hygienization becomes an important requirement,
thermophilic anaerobic digestion (50-552C) appears as an interesting alterative to
the mesophilic digestion (Zabranska et al., 2000). As a biological process, the
treatment capacity in anaerobic digestion depends on the microbial growth rate,
which is defined as temperature dependent (Van Lier, 1995). Consequently, the
growth rates of thermophilic bacteria are higher than those of mesophilic bacteria,
and thermophilic anaerobic digestion can be more efficient in terms of organic
matter removal and methane production rates than the mesophilic process
(Zdbranska et al., 2000; Ahring et al.,, 2002; Gavala et al., 2003). In addition,
digestion in the thermophilic range achieves a considerable pathogen reduction and
higher resistance to foaming. On the other side, the thermophilic operational regime
might result in a less stable process, more prone to VFA accumulation (Kim et al.,
2002; Palatsi et al., 2009).

Another important aspect of the operational temperature regime is its effect on
the solubility of gases, which decreases when increasing temperatures and,
consequently, results in an increase of the liquid gas-transfer. That effect could be
positive in the case of potentially toxic species (NH3, H,S and H,) but also affects the
CO, solubility and, consequently, the buffer system capacity and pH. The increase in
temperature also affects the equilibrium of ionized-not and ionized forms, and
results in a higher inhibitory effect of ammonia in thermophilic reactors (Van Lier,
1995). Although thermophiles are considered more susceptible to ammonia or LCFA
toxicity compared to mesophiles, they can recover faster after inhibition due to their
faster growth rates (Hwu and Lettinga, 1997).

Biomass and bioreactor configuration. The influence of the seed sludge used for
inoculation (i.e suspended versus granular biomass), the reactor operation regime
(batch, continuously operation, or feeding patterns), as well as biomass adaptation
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processes must be considered as key parameters in the analysis and operation of
anaerobic digesters dealing with slaughterhouse waste or lipid rich substrates.

Recent advances in the anaerobic digestion of lipid/LCFA based effluents have
challenged the previously accepted theories on permanent LCFA inhibition/toxicity.
The reduction on nutrients-metabolites transport rate through biological
membranes due to the LCFA adsorption over cell walls has currently been accepted
as the main the mechanism of inhibition (Pereira et al., 2005). Consequently, the
LCFA inhibitory process may be considered as a function of the available biomass
surface area. It has been reported that suspended and flocculent sludges, which
have a higher surface area, suffered much greater LCFA inhibition than granular
sludge (Hwu et al., 1996). Nevertheless, the higher LCFA adsorption capacity and
degradation of suspended sludge benefits the system recovery capacity (Pereira et
al., 2002a and 2002b).

The LCFA adsorption phenomenon is described as a fast process and a pre-
requisite for the biodegradation of lipids while desorption is a consequence of
biological activity and the rate limiting phenomenon (Hwu et al., 1998; Nadais et al.,
2003). For this reasons intermittent operation (or discontinuous feeding) in
anaerobic reactors dealing with lipids is defined as a promising process, due to its
capacity to couple biological degradation with the adsorption phenomenon. Coelho
et al. (2007) improved the efficiency of biological conversion and methanisation
rates by introducing starving periods in UASB reactors treating daily wastewaters.
Specific methanogenic tests performed by Nadais et al. (2006) showed a shift in the
microbial population towards a better adapted species in intermittent feeding
reactors. Discontinuous feeding system to promote the development of an active
anaerobic community, for the efficient conversion of lipid-rich effluents, has also
been suggested by Cavaleiro et al. (2008).

It has been reported that the reactor organic loading rate and the active
microorganism concentration affect the ammonia inhibition (Angelidaki and Ahring,
1993). Van Velsen (1979) demonstrated that the adaptation of the methanogenic
sludge allows the mesophilic digestion of piggery slurry to ammonia concentrations
Up to 3 gumas L. Other authors have also proposed biomass adaptation processes
related to high ammonia concentrations (Angelidaki and Ahring, 1993; Hansen et al.,
1998). Experimental evidence has clearly demonstrated the possibility of obtaining
stable digestion of manure with ammonia concentrations exceeding 5 gn.na+ L
after an initial adaptation period. Immobilizing the microorganisms with different
types of inert material (clay, activated carbon, zeolite) has been demonstrated to
reduce ammonia inhibition and allows a more stable process (Angelidaki et al., 1990;
Hanaki et al., 1994; Hansen et al., 1998). The positive effect of zeolite on the

19



Background, introduction and objectives. Chapter 1

anaerobic process could partially be attributed to the presence of cations such as
Ca®* and Na' that counteract the inhibitory effect of ammonia (Borja et al., 1996).

Despite the inhibitory effect of LCFA on anaerobic process, adaptation of the
anaerobic biomass to relatively high LCFA concentrations has been reported. As
mentioned previously, the discontinuous or pulse LCFA exposure, promoting the
LCFA accumulation into the biomass prior to its degradation leads to increased
tolerance towards LCFA (Nadais et al.,, 2003 and 2006; Cavaleiro et al., 2008).
Digesters inoculated with an acclimated sludge exhibited higher methane yields than
those inoculated with a non-acclimated sludge (Pereira et al.,, 2002b). Other
strategies, like the use of additives or co-substrates were demonstrated to achieve
that objective. The inhibitory effect of LCFA could be reduced by adding calcium,
because calcium can precipitate LCFA as calcium salt (Ahn et al., 2006). However,
calcium addition cannot solve the problem of sludge flotation (Alves et al., 2001a
and b). The addition of adsorbents (biofibers) in order to protect the biomass
(Nielsen et al., 2007), or the addition of easily degradable substrates like glucose or
cysteine (Kuang et al., 2006), have also been proposed. Other operational strategies,
like the bioaugmenting of lipolytic bacterial strains, also led to a reduction in LCFA
inhibition. However, it was not possible to confirm the survival of the bioaugmented
lipolytic strains during experiments (Cirne et al., 2007). The application of the
electrochemical anodic conversion of lipids could be a promising technique to
transfer the energetic potential of lipids into biogas, removing the potential toxic
effect of LCFA (Gongalves et al., 2006). Two-stage anaerobic systems successfully
overcame also the inhibition problems and showed a significant improvement in the
process efficiency (Wang and Banks, 2003).

In summary, the toxicity of a given substance to anaerobic microorganisms can
be reduced significantly by promoting biomass adaptation and by other operational
strategies that ultimately result in a lower LCFA exposure. Currently, there is no clear
evidence on whether the adaptation process is the result of a microbial population
shift towards the enrichment of specific and better adapted degraders, or to the
phenotypic adaptation of the existing microorganisms against high inhibitory
concentrations (physiological acclimatation). The adaptation process frequently
implies the reorganization of metabolic resources by the toxic substrate rather than
a population change (Kugelman and Chin, 1971). The use of mathematical modeling
and molecular biology techniques, have opened new insights in the investigation of
those phenomena.

1.3. MATHEMATICAL MODELLING OF ANAEROBIC PROCESS
As in other biological treatment processes, anaerobic digestion models have
become a valuable tool to increase the understanding of complex biodegradation
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processes, to orientate experimental designs and to evaluate results, to test
hypothesis, to reveal relations among variables, to predict the evolution of a system,
to teach and to communicate using a common language, to optimize design plants
and operating strategies, and for training operators and process engineers
(Vanrolleghem and Keesman, 1996).

A join effort to create a unified language and to propose a general structured
model has resulted in the anaerobic digestion model IWA-ADM1 (Batstone et al.,
2002). IWA-ADM1 is a mechaniscistic model including disintegration, hydrolysis,
acidogenesis, acetogenesis and methanogenesis. Substrate-based uptake Monod
kinetics are used as basis for biochemical reactions. Inhibition functions included pH,
H,, and NH;, mainly as reversible and non-competitiveinhibition functions. Also,
physico-chemical processes are included, such as acid-base equilibrium and liquid-
gas transfer (Batstone et al., 2002). Despite the general acceptance and use of
ADM1 model, several processes were not yet included either because they were
considered not relevant under more common applications or because of limited
available research. From those non included processes, the disintegration/hydrolysis
of complex substrates and LCFA inhibition can significantly affect the anaerobic
digestion of slaughterhouse waste.

The cumulative effects of the different processes taking place during
disintegration/hydrolysis have traditionally been simplified to simple first-order
kinetics for the substrate biodegradation (Eastman and Ferguson, 1981; Batstone et
al., 2002). For complex substrate or rate-limiting biomass to substrate ratios, the
first-order kinetics should be modified in order to take into account the hardly
degradable material (Batstone et al., 2002; Vavilin et al., 1996). It has been shown
that models in which hydrolysis is coupled to the growth of hydrolytic bacteria also
work well at high or at fluctuant organic loading rates (Vavilin et al., 2008). Proteins
are important components of many waste and often responsible for the high
ammonia concentration during anaerobic digestion, causing inhibition of
acetoclastic methanogens and possible process failure. In IWA-ADM1 model
(Batstone et al., 2002) a free ammonia inhibition function is introduced only for
acetoclastic methanogens, described as a non-competitive inhibition function.
Besides, NH; inhibition, the possible effect of VFA in the hydrolysis of proteins has
received a special attention. While Breure et al. (1986a), Yu and Fang (2003), and
Flotats et al. (2006) concluded that VFA did not inhibit protein degradation, using
gelatine as a model substrate, Gonzalez et al. (2005) showed gelatine hydrolysis was
severely inhibited by acetic acid, expressed as an inhibition constant in a non-
competitive inhibition affecting a first order hydrolysis.

Despite the fact that LCFA inhibition is well documented and has a significant
impact on the anaerobic digestion process, this phenomenon has not yet been
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included in IWA-ADM1 Model because of the complexity of the inhibition
phenomenon (Batstone et al., 2002). It has been proposed that inhibition is a result
of LCFA adsorption over the cell surface. Therefore, factors such as cell surface area,
pH, and possible adaptation have influence in the observed LCFA inhibition process.

In other developed models, LCFA inhibition is mainly modelled as a non-
competitive process on the lipolytic, acetogenic or methanogenic activities.
Angelidaki et al. (1999), studying manure codigestion with glycerol trioleate or
bentonite bound oil degradation, considered a non-competitive LCFA inhibition on
the lipolitic, acetogenic and methanogenic steps, and a Haldane’s inhibition kinetics
to the B-oxidation process. Salminen et al. (2000) and Lokshina et al. (2003), using
solid slaughterhouse waste, considered a non-competitive inhibition kinetics due to
LCFA, affecting acetogenesis and methanogenesis.

However, the microbial aspects of the adsorption process and biomass
adaptation to LCFA remain poorly characterized, and further modelling
developments are required in order to link the results from physiological activity test
and the microbial population dynamics throughout the whole adsorption-inhibition-
adaptation process.

1.4. MOLECULAR BIOLOGY TECHNIQUES

The field of microbial ecology has evolved rapidly in the last decade due to the
generalization of molecular biology tools for monitoring the microbial diversity in
biological systems. The direct extraction of DNA from environmental samples, and
the amplification and sequencing of specific genes containing usefull phylogenetic
information has allowed the study of microbial communities in a culture
independent-way, so that bias related to the selectivity of culture conditions is
prevented. A number of methods based upon selective PCR amplification and
molecular profiling and/or sequencing of environmental DNA extracts can be applied
for the characterization of entire microbial communities. Thechniques such as clone
library sequencing and molecular profiling by denaturing gradient gel
electrophoresis (DGGE) can be used in the assessment of microbial diversity and
community dynamics. Other methods, like fluorescence in situ hybridization (FISH)
result in the visualization of specific taxa in relatively undisturved samples, so that
the spatial distribution and quantification of specific microorganisms can be
assessed.

The DGGE profiling of the small ribosomal subunit (16S rRNA) gene fragments
has consolidated as a robust and relatively simple technique in the characterization
of complex bacterial and archaeal communities. Separation of rRNA amplicons by
DGGE is based on their sequence-specific denaturing position in a polyacrylamide
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gel with a gradient of denaturing chemical (a mixture of urea and formamide).
Complete denaturation of the DNA fragments is prevented by the addition of a GC-
clamp at one amplicon end (30-50bp, added in the PCR amplification). Sequence
variants of particular fragments will therefore stop migrating at different positions in
the denaturing gel. This analysis generates an overall impression on the complexity
of microbial communities, which can be easily compared to monitor population
shifts (Muyzer et al., 2008).

Calli et al. (2005) using (DGGE) cloning and DNA sequencing techniques, studied
the diversity of methanogenic populations in anaerobic reactors subjected to
extremely high ammonia levels, finding that members of the Methanosarcina genus
were the predominant acetoclastic methanogens. Pereira el al (2002b) used DGGE,
cloning and sequencing in samples from reactors fed with LCFA and found a high
diversity of genotypes related to Syntrophomonas spp. LCFA-degrading bacteria
have been found to be closely related to the Syntrophomonadaceae and
Clostridiaceae families (Hatamoto et al., 2007). Recently, a new anaerobe that only
degrades LCFA in co-culture with Methanobacterium formicium, Syntrophomonas
zenderi sp. nov, has been isolated (Sousa et al., 2008), reinforcing the hypothesis of
the necessary presence of syntrophic methanogens for a reliable LCFA degradation.

As mentionned above, other molecular biology techniques are based on the
hybridization of specific fluorescent molecular probes (FISH) on environmental
samples, and on the microscopic observation for the direct monitoring of the
microbial community structure. Menes and Travers (2006) developed a new FISH
probe specific for the Syntrophomonadaceae family, and characterized its abundacy
in wastewaters. Also, Dye staining can be used as an in-situ technique to study the
spatial organization of substrates and microorganisms. The selected targets are
labelled with stain fluorocromes that can be identified by confocal laser scanning
microscopy (CLSM) or fluorescence light microscopy (LFM) techniques. In the
literature, there are specific fluorocromes reported for total cells (Syto 63), dead
cells (Synox Blue), proteins (FITC), lipids (Nile Red) and polisacarides (Calcofluor
White), as described in Chen et al. (2007). The key to multiple fluorochrome
experiments is to use highly specific dyes with minimum spectral peak interference
(Murray, 2005). DAPI staining is a wildly applied method for biomass identification
on anaerobic systems (Araujo et al., 2000; Solera et al., 2007) and can be easily
combined with Nile Red (lipids). Consequently the application of stain-dye and
fluorescence light microscope introduces complementary information to other
classic methodologies, like batch degradation or toxicity tests, providing new
insights on the LCFA adsorption process (i.e. by monitoring the cells and lipids
organization). Further research in more specific new dyes and more optimized
procedures may establish methodologies of in situ and rapid LCFA quantification by
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fluorescence intensity analysis, as it has been achieved in other biotechnology fields
(Diaz et al., 2008; Larsen et al., 2008).

1.5. OBJECTIVES

The main difficulties during slaughterhouse waste anaerobic treatment are
related to long chain fatty acids (LCFA) inhibition. Despite the fact that the most
recent scientific literature strongly suggests that the inhibitory effect exerted by
LCFA is due to their adsorption onto active biomass, the complete inhibition
mechanisms and the resulting microbial interactions are not completely clear.

Therefore, the general objectives of this thesis are focussed on to obtaining a
better understanding of the LCFA inhibition and the related biomass adsorption
and adaptation phenomena. In order to achieve the general objective, this thesis
works has been organized according to fit the following specific objectives:

e To characterize real and representative slaughterhouse waste and animal
by-products, in order to determinate its potential methane yields and to
identify the main difficulties for the anaerobic digestion process.

e To develop a fast and accurate analytical methodology to determinate free
and adsorbed LCFA concentrations in biological samples.

e To test several methodologies to prevent or overcome LCFA inhibition in
anaerobic reactors.

e To characterize the LCFA-biomass adsorption process and its influence over
LCFA inhibition, by means of batch activity tests and microscopic
observations.

e To identify and monitor the adaptation processes of biomass subjected to
sequential LCFA inhibitory concentrations by means of culture independent
molecular biology techniques.

e To develop a kinetic expression of the LCFA inhibition, according its physical
nature, able to be used in a more general mathematical model, such us the
IWA ADM1 model.
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Thesis Outline

In the present chapter a summary of
the main obtained results and a general
discussion of this thesis are exposed.
The specific difficulties on
slaughterhouse waste anaerobic
treatment, the inhibitory effect of long-
chain fatty acids (LCFA), the research
on possible strategies to prevent or to
overcome inhibition, the study of the
LCFA-biomass adsorption process and
the mathematical modelling of LCFA
inhibition and related physical process,
are exhaustively presented in the
subsequent chapters.
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Thesis Outline. Chapter 2

Slaughterhouse waste and animal by-products are one of the main residues
produced by food industry. The new legal regulations and the possibility to apply
new waste management regulated treatments, become an interesting opportunity
for anaerobic digestion process and the production of renewable energy from this
kind of wastes. Lipid-protein rich substrates are interesting for anaerobic digestion
process due to its high expected methane yield, but also possible rate limiting steps
and inhibitory processes have been reported, reducing the potential of a stable and
controlled anaerobic process.

In Chapter 1, an introduction to the anaerobic digestion process, the possible
difficulties on slaughterhouse waste treatment and the possible affecting
environmental/operational parameters are briefly presented. The main difficulty is
related to the anaerobic digestion of long chain fatty acids (LCFA), products of lipids
hydrolysys. It has been reported that this inhibition is due to a physical adsorption of
LCFA onto the microorganisms’ membrane, witch decreases the external mass
transport rate of substrates to the cell. Complementary techniques used in results
discussion and the main research objectives of the present dissertation are
presented also in this first Chapter.

The general objective of this Thesis is to obtain a better knowledge of the LCFA
inhibition process and the related adsorption and adaptation phenomena. The
subsequent paragraphs contains an executive summary of the works performed
under this thesis scope

In Chapter 3, animal by-products, wastewaters and other organic waste
produced in cattle-piggery slaughterhouse facilities were exhaustively characterized
and representative mixtures, according to slaughterhouse waste flow rates, were
produced. Those mixtures were defined as high organic content substrates (mainly
by lipid and proteins), interesting for the anaerobic digestion process due to its
theoretical high methane potential.

The different tested slaughterhouse waste mixtures, containing different
proportions of lipid and protein (L/P), resulted on a different biodegradability
indexes and methane yields. As expected, the obtained substrates methanogenic
potential were high (270-300 Ly, kg"ICOD,-,,). Results showed that a low L/P ratio (an
increase of protein concentration in the substrate) had a stimulating effect over the
overall kinetics of slaughterhouse waste degradation, compared with substrates
with a high L/P ratio, being the degradation of lipids and the LCFA the main rate
limiting process steps in the overall substrate descomposition.

A simplified mathematical model was developed based on the results from
biodegradability tests with similar slaughterhouse waste mixtures, as presented in
the Annexed information, Chapter 8.1. Hydrolysis and acidogenesis were considered
as a unique process steps in the simplified model. The degradation of proteins was
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described by the classical first order kinetics, due to the relatively low hydrolysis rate
of proteins compared to the uptake rate of amino acids during acidogenesis. In
contrast, the comparatively low acidogenesis rate for LCFA required the combined
process description for lipids (hydrolysis+acidogenesis), coupled to the growth of the
specific biomass, being the Contois kinetics a suitable model for this purpose.
Experimental results and model simulations showed the limiting effect of LCFA on
slaughterhouse waste treatment, and the necessity of measuring the LCFA
concentration (developed in Chapter4) for the mathematical modelling of hydrolysis
of lipids and acidogenesis of LCFA as independent processes. A literature
compilation of hydrolysis kinetic parameters of particulate substrates in anaerobic
degradation, and a review of suitable kinetic expressions, is presented in the
Annexed information of Chapter 8.2.

Organic concentrations in slaughterhouse waste mixtures of up to 15 gcop L™
exhibited a clear LCFA inhibitory effect, as observed in sequential batch tests where
a long lag-phase in methane formation and accumulation of volatile fatty acids
(mainly acetate) were monitored. The propionate accumulation profile also
indicated a possible interaction of the lipids or LCFA on the degradation of proteins,
since this acid is not a product of LCFA decomposition. The potential inhibitory effect
of VFA accumulation on the protein hydrolysis process is also reported in the
Annexed information of Chapter 8.3, where it is concluded that VFA are not
inhibiting the hydrolysis step of proteins.

Despite the reported LCFA-inhibition in successive batch assays, the
methanogenic activity was recovered and the slaughterhouse waste pulses were
degraded, obtaining similar methane yields than those in non inhibited systems. The
time course evolution of the degradation rates at increasing substrate concentration
points to a biomass adaptation process. To determine whether or not this
adaptation process is the result of a shift in the microbial community structure,
culture independent techniques needs to be used in order to monitor the microbial
dynamics throughout the batch experiments. These techniques will be introduced
and tested in Chapter5.

From the results of Chapter 3, the main difficulties were arising from a probable
LCFA inhibition process. Consequently, the aim of the subsequent thesis chapters
was focussed on the study of the LCFA dynamics, the inhibition process produced by
them and the microorganisms’ adaptation process, as being the main identified
limiting steps in the anaerobic digestion of slaughterhouse waste.

In Chapter 4, the inhibitory effect of LCFA was investigated in thermophilic
(552C) anaerobic manure based reactors exposed to pulses of synthetic LCFA
mixtures (oleate C18:1, stearate C18:0 and palmitate C16:0, considered as the main
species in LCFA rich substrates). The assays were not designed as co-digestion assays
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and manure was only selected as a basis substrate to confer system stability due to
its high buffering capacity and nutrient concentration. The experimental set-up was
designed to monitor the effect of successive LCFA inhibitory pulses and to test the
effectiveness of different recovery strategies. The thermophilic range was selected
for the depiction of a faster and clearer system response, that is, higher inhibition
but fast biomass growth.

Initially, a fast and straight-forward methodology was developed for monitoring
the soluble and adsorbed LCFA content on biological samples. The inhibitory effect
of LCFA over anaerobic activity was assessed in toxicity batch tests. From those
preliminary results, a LCFA concentration of 4 g L was considered sufficient to
impose a clear and long lasting inhibition on the anaerobic biomass, and
consequently, selected for the subsequent batch and semi-continuous assays.

After characterizing the LCFA inhibitory pulse, several operational strategies,
such different reactor feeding patterns (manure feeding/no-feeding), dilution (with
water/fresh manure/digested sludge) and addition of adsorbents (fibers/bentonite),
were tested in order to accelerate the recovery of the inhibited biomass. Those
experiments were performed in both batch and semi-continuous reactors,
monitoring the CH, production, LCFA and VFA concentration profile.

The dilution with active inocula in order to increase the biomass/LCFA ratio, and
the addition of adsorbents for reducing the bioavailable LCFA fraction, were found
to be the best recovery strategies. In this way, the recovery time of the inhibited
semi-continuously fed systems was reduced from 10 till 2 days.

The use of adsorbents, like bentonite or digested fibers, is the most reliable
simple, feasible, and cost-effective solution strategy for its scaling up in industrial
facilities, where waste dilution is usually not feasible. This positive effect of
adsorbents was related with the competition with biomass in adsorbing soluble
LCFA and, thus, in reducing biomass exposure to LCFA. The introduction of
microscopic observation and mathematical modelling tools in next Chapters will give
more insights about this hypothesis. On the other hand, the generally accepted
practice in real plants of stopping the feeding when an inhibition/imbalance of the
process is detected is revealed to be the worst approach to overcome an LCFA
inhibition episode in terms of recovery time and process stability.

The application of repeated LCFA pulses resulted in a faster recovery of the
system, both in batch and semi-continuous reactors, and in an enhancement in
methane production (from 0.04 to 0.16 gcop cha g'lvs d?) and degradation rates. That
result suggests that the biomass present in the bioreactors is progressively adapted
to tolerate high LCFA concentrations. The incubation time between subsequent
pulses, or discontinuous LCFA pulses, seems to be a decisive process parameter to
tackle LCFA inhibition.
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In Chapter 5, the previously reported adaptation process to successive LCFA
inhibitory pulses, expressed as higher capacity of the reactor system to recover its
normal operational conditions, was further investigated by means of specific activity
batch test, the characterization of the microbial populations by culture-independent
molecular biology tools, and by the mathematical modelling of the involved
biochemical and physical processes.

Specific activity test of biomass samples, taken during the continuous operation
of the previously described reactors, evidenced the differentl sensitivities to LCFA of
major microbial trophic groups. Increasing substrate utilization rates for R-oxidizing
bacteria (163-219 mgcopcra g'1V5 d?) and syntrophic methanogens (68-91 mgcopcrs 9
Vs d') were obtained upon successive biomass exposition to LCFA inhibitory
concentrations, which is in agreement with the previous reported capacity of the
reactor system to recover its normal operational characteristics upon LCFA
exposure.

A shift in bacterial and archaeal communities could explain the reported activity
improvement, and that possibility, was studied by DGGE profiling of PCR-amplified
16S rDNA genes. DNA sequencing of DGGE predominant bands showed close
phylogenetic affinity to ribotypes characteristic from specific B-oxidation bacterial
genera (Syntrophomonas and Clostridium), while the main syntrophic archaeae
domain was related with the genus Methanosarcina. The population profiles of
predominant eubacteria and archaea revealed that no significant shift on the
microbial community composition took place upon biomass successive exposure to
LCFA. Yet, the indigenous microbiota present in the daily manure reactor feeding
might have attenuated any observable change on the eubacteria and archaeae
population profile.

On the other hand, the hypothesis of LCFA adaptation as being the result of an
enrichment of existing specific LCFA-tolerant populations was tested and confirmed
by means of mathematical modelling tools. Despite the fact that LCFA inhibition is
well documented and has a significant impact on the anaerobic digestion process,
this phenomenon has still not been included in IWA ADM1 reference model.
Consequently, using IWA ADM1 as a basis model, LCFA inhibition was introduced,
firstly using classical inhibition model approximations (non-competitive and Haldane
inhibition kinetics) and, finally, as a new kinetic function considering the relation
between LCFA inhibitory substrate concentration and specific biomass content, due
to the reported importance of adsorption process. The proposed Inhibition-
Adsorption kinetics produced a better fit to the experimental results than the
classical inhibition models, and provides a numerical expression of the physical
adsorptive nature of the overall LCFA inhibition process. Consequently, modelling
results also suggest that adsorption plays an important role in the overall LCFA
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inhibition-adaptation process, and that there is a need to introduce modifications in
IWA ADM1 model when dealing with the degradation of lipids.

The results of specific activity tests, together with the apparent stability of the
microbial community structure, and the predicted increase in hydrogenotrophic
methanogens and LCFA degrading populations along time by mathematical
modelling results, strongly indicates that the observed LCFA adaptation process was
the result of a physiological acclimation of existing populations or, at most, to the
proliferation of specific, yet already existing, LCFA degrading bacteria and syntrophic
methanogenic archaea.

In Chapter 6, an in-depth study of the adsorption process of LCFA over biomass
and the possible competition with other adsorbents, as a preventing strategy to face
with LCFA inhibition, was assessed by means of batch assays and microscopic
observation techniques.

Two granular sludges from different origins were characterized in terms of
methanogenic activity rate, LCFA toxicity and granule morphology. In relation to
those experiments, an oleate concentration of 0.5 g L was considered enough to
reduce the global activity of granular sludge, causing a clear and long-lasting
inhibition, while no significant differences were reported in available surface area or
syntrophic methanogenic activities between both sludges.

The adsorption isotherms of LCFA over bentonite and on inactivated anaerobic
granular sludge were also assessed in batch experiments, being the adsorption
capacity of these clay mineral materials clearly higher than that of granular sludge,
according to the obtained Freundlich isotherms.

Batch test with un-adapted biomass showed a fast and non-limiting oleate
partial R-oxidation process, which was confirmed by the detection of palmitate as
the main intermediate. The absence of inoculum adaptation to lipids or LCFA may
have played a major role in the slow palmitate degradation or in the step-by-step
LCFA overall degradation process. The discussion was focussed on the obtained LCFA
degradation profiles, in particular on the different oleate and palmitate inhibitory
behaviour due to their distinct adsorption properties, and on the biomass
adaptation, especially in relation to the structure of the R-oxidizing microbial
community. The introduction of fluorescence staining and microscopy observation
techniques confirmed the presence of palmitate adsorbed onto the anaerobic
granular sludge, with the consequent implications on limitations to the external
mass transport of substrate to the cell. Results obtained by the selected fluorescent
dyes and the observation procedure were a qualitative approach to monitor the
LCFA adsorption process on anaerobic granular sludge. The data provided by this
innovative technique are complementary to the results from classical
methodologies, like batch degradation or toxicity tests.
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The addition of bentonite for the prevention of, instead of recovery, LCFA
inhibition was also tested. Batch test results demonstrated that the use of
competitive additives is a reliable strategy to improve the system performance, in
terms of process stability, methane production delay or resistance to LCFA inhibitory
concentrations.

This Thesis, therefore, constitutes a basis for better knowledge about
slaughterhouse waste treatment and a better understanding of LCFA inhibition and
adsorption/adaptation processes. Considering the obtained results, anaerobic
digestion of lipid-rich wastes can be achieved if adequate LCFA/biomass ratios are
condidered. The inhibition of the process can be prevented or recovered with
competitive inorganic adsorbents and ensuring the growth/adaptation of the
microorganisms. The inclusion of the proposed inhibition kinetics into the IWA
ADM1 model can help to simulate the anaerobic digestion of high lipid-rich
substrates, allowing to guide the desing and operation of reactors. Current results
will help to obtain high removable energy rates from slaughterhouse wastes trough
anaerobic digestion. The detailed conclusions and suggestions for further research
are exposed in Chapter 7.
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ABSTRACT. Representative piggery and cattle
slaughterhouse mixtures were characterized
and its anaerobic biodegradability assessed by
standardized batch tests.

The obtained methane potentials of
slaughterhouse mixtures were high (270-300
Lewa kg™ cop) being interesting substrates for an
anaerobic digestion process. However, the
lipid content of those substrates has a limiting
effect over the overall transformation process,
resulting in a clear inhibitory phenomenon
when lipid concentration reached values of
11.2 geop L™

Although the severe inhibition process
reported, monitored as a long lag-phase in
methane production and a VFA accumulation,
the system was able to recover activity and
methane rates. That response was identified
as an adaptation process to subsequent lipid
exposition, making the pulse feeding method
a reliable strategy
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3.1. INTRODUCTION

Solid slaughterhouse waste, or animal by-products, were usually treated by
rendering process (EC-IPPC2005) in previous decades, providing a valuable source
among the slaughterhouse incomes. In recent years, because of BSE (Bovine
Spongiform Encephalopathy) the economical value of these materials has reduced
substantially and in many cases have to be disposed off as a waste (EC no
1771/2002). Further modification of European Parliament and of the Council (EC no
92/2005) about disposal and uses of animal by-products, allows biogas
transformation if approved pre-treatments depending on the by-product category
(according to BSE risk) are applied (pasteurization, high pressure and temperature or
alkaline hydrolysis).

Slaughterhouse wastes are characterized by its high organic content, mainly
composed by proteins and fats. Few references are available on quantification,
characteristics and anaerobic potential of animal by-products and waste from
slaughterhouses. Tritt and Schuchardt (1992) and Edstrom et al. (2003) reported the
first reviews of the material flows and possible treatment strategies in German and
Swedish piggery and cattle slaughterhouses, respectively. Salminen and Rintala
(2002) reported quantities and anaerobic biodegradabilities of waste produced in
Finnish poultry slaughterhouses. Recently, Hejnfelt and Angelidaki (2009) have
characterized individual fractions of Danish piggery animal by-products and
determined its potential methane yields.

Because of their composition, high fat and protein content, slaughterhouse
waste and animal by-products, can be considered a good substrate for anaerobic
digestion plants, according to the high potential methane yield. However, slow
hydrolysis rates and inhibitory process have been reported. In particulate hardly
degradable materials, like animal by-products, the hydrolysis must be coupled with
the growth of hydrolytic bacteria, and this factor can limit the overall process rate
(Vavilin et al., 2008). Furthermore, lipids can cause biomass flotation and wash-out,
and during lipids hydrolysis by extracellular lipases, long—chain fatty acids (LCFA) are
produced. Those intermediate are well described as inhibitory species (Angelidaki et
al., 1990; Hwu et al., 1997). Also, ammonia is released during protein degradation
and its inhibitory effects over anaerobic digestion (as NH; form) is reported
elsewhere (Hansen et al., 1996). For all those reasons, and due to the difficulties of
its digestion as unique substrate, large experiences with anaerobic digestion of
slaughterhouse by-products (mainly rumen, stomach or intestinal content and
sludge from slaughterhouse wastewater treatment plants) consist on their co-
digestion with other industrial, agricultural or domestic waste, as a suitable
substrate for centralized biogas plants (Angelidaki and Ellegard, 2003; Resh et al.,
2006).
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More experiences are reported in literature about the anaerobic treatment of
slaughterhouse wastewaters. The increased atomisation of carcase dressing and
incorporation of washing at every stage (scalding, bleeding, evisceration and tripe
treatment) have increased water consumption in slaughterhouse facilities, and
consequently the treatment requirements. Wastewaters from slaughterhouse are
normally submitted to a primary treatment witch generally include the use of
screens, settlers and fat separators (Martinez, et al.,, 1995; EC-IPPC2005; Mittal,
2006). Some slaughterhouse wastewater treatment plants have a secondary
anaerobic reactor, usually based on UASB or EGSB systems, due to the high organic
content of these wastewaters. Large experiences at laboratory, pilot and industrial
scale of those reactor configurations are reported in literature (Torkian et al., 2003;
Mittal, 2006; Del Neri et al., 2007).

Although the reported difficulties in slaughterhouse waste treatment, such as,
hardly degradable substrate, high organic content, ammonia and LCFA inhibitory
processes or possible biomass wash-out, some strategies were remarkable. Most of
them are based on adapting anaerobic biomass to efficiently degrade these
substrates. Addition of adsorbents to protect biomass (Angelidaki et al., 1990), the
application of feeding patterns like pulse feeding (Cavaleiro et al., 2008) or the
addition of easily degradable substrates (Kuang et al., 2006) were demonstrated to
achieve that objective.

The aim of this work is to study the anaerobic biodegradability of a real mixture
of piggery-cattle slaughterhouse waste and to identify the main process difficulties.

3.2 MATERIAL AND METHODS

3.2.1 Analytical Methods

Total solids (TS), volatile solids (VS), suspended volatile solids (VSS), total
Kjeldhal nitrogen (TKN), ammonia nitrogen (NH,"-N), chemical oxygen demand
(COD) and pH were determined according to Standard Methods (APHA, AWA. WEF,
1995). According to the high organic content and lipids concentration of the
sampled animal by-products, it was necessary to modify the COD close reflux
titrimetric method (Standard Methods, 5220C), to force the reducing conditions, by
increasing digestion temperature till 3502C (2h) and sulphuric (H,SO,4)/dichromate
(K,Cr,05) reagents concentrations.

Fat content was determined by a Soxtec™ 2050 extraction equipment (Foss,
Denmark) according to Standard Methods (APHA, AWA, WEF, 1995) and
recommendations of n-hexane extractable material (HEM) for sludge, sediments,
and solid samples (EPA 2005, Method 9071b).
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Methane (CH,;) content in produced biogas was determined by a gas
chromatograph CP-3800 (Varian,USA) fitted with Hayesep Q 80/100 Mesh
(2mx1/8”x2.0mmSS) packed column (Varian, USA) and TCD detection, as described
elsewhere (Angelidaki et al., 2009).

VFA - acetate (Ac), propionate (Pro), iso and n-butyrate (Bu), and iso and n-
valerate (Va) were determined with a CP-3800 gas chromatograph (Varian, USA),
fitted with Tecknokroma TRB-FFAP capillary column (30mx0.32mmx0.25um) and FID
detection, according to Campos et al. (2008).

3.2.2 Slaughterhouse waste mixture

Solid slaughterhouse waste (animal by-products Category 2 and 3, according to
the EC no 1774/2002) were collected from a piggery/cattle slaughterhouse facility
(Huesca, Spain). The selected solid waste fractions were: cattle/piggery meat and
fatty waste, kidneys, lungs and livers, piggery stomach and intestinal mucus and
cattle rumen content. Other fractions like hair, horns or toenails were not
considered due to their characteristics (low organic content and pumping
operational problems). All sampled fractions were minced (4mm) and characterized
according to Analytical Methods section. Protein content was estimated by the
organic nitrogen content (difference between NTK and NH,'-N), applying a
conversion factor of 6.25 gproren g'lNo,g. The difference between organic matter (as
VS), fats (extracted by the soxtec method) and the previously estimated protein, was
associated to carbohydrates. Theoretical mixture COD concentration was calculated
applying the conversion factors for carbohydrates(C), proteins (P) and lipids (L) of;
1.06, 1.50 and 2.87 gcop g"l, respectively.

A preliminary mixture containing all those selected animal by-products, in a
proportion analogous to the slaughterhouse by-products production streams, was
produced (SW1). Due to the heterogeneity and high organic content of that mixture,
and to better perform the sample characterization, minced SW1 mixture was freeze-
dried (Telstar, Spain) previously to be analysed. The experimental measured COD
value was further compared with the previously estimated theoretical COD
concentration from the individual fractions.

The fraction cattle meat and fatty waste corresponded to a 40% of the
slaughterhouse solid waste production (SW1). Due to its high lipid content, this
fraction provides an income to the slaughterhouse facility. Consequently, and to
better study the effect of lipid and protein content over anaerobic digestion, a
realistic mixture SW2, without that fraction, was also prepared and characterized.

Other waste streams were also produced in the slaughterhouse facility, like
waste blood, wastes from slaughterhouse wastewater treatment plant and
wastewater, which corresponds to an 85-90% of total waste production. The

43



Anaerobic digestion of slaughterhouse waste. Chapter 3

wastewater treatment facility of the present slaughterhouse consists on a primary
treatment that includes several screens and a dissolved air flotation system (DAF).
Consequently screened waste and DAF sludge were also considered as waste
material flows.

All the previously reported slaughterhouse waste fractions (solid and liquid)
were considered to perform two representative slaughterhouse mixtures (M1 and
M2), which composition is a function of the contained fraction of animal by-products
solid waste (SW1 and SW2, respectively)

3.2.2 Experimental set-up

The previously characterized slaughterhouse mixtures (M1 and M2) were used
as substrates in anaerobic batch tests, to determinate the influence of different
lipid/protein ratio and a possible process inhibition by increasing the organic
content.

Initial, anaerobic biodegradability tests of the slaughterhouse mixtures were
performed, following Soto et al. (1993) and Angelidaki et al. (2009). Substrates (M1
and M2) were introduced in glass flaks of 1,000 ml/ (500 mL working volume) up to a
final organic concentration of 5 geop L™, supplementing the media with macro and
micronutrient solution. A bicarbonate solution was also added (1 gnancos 9 copadded)
and the pH was adjusted to neutrality. Anaerobic suspended sludge, sampled from a
mesophilic reactor of a large scale municipal wastewater treatment plant
(Barcelona, Spain) was used as anaerobic seed, at a concentration of 5 gyss L. The
flasks were stirred and bubbled with N,/CO, gas in order to remove O, before
closing them with rubber stoppers. A reducing solution was finally added (5 m/ of 10
ONazs L'l). The flasks were incubated at 352C under strict anaerobic conditions.
Control vials, with only biomass and anaerobic media, were also run to obtain biogas
production from residual organics at the inocula and to estimate the net biogas
production from slaughterhouse mixtures.

Vials containing M2 substrate, were used to study the effect of sequential pulses
of increasing COD concentration and to identify inhibitory process. After substrate
exhaustion (methane plateau) in the biodegradability tests (1rst pulse), vials
containing M2 mixture were opened and a higher concentration of that
slaughterhouse mixture (10 gcop L) was added (2nd pulse). The flasks were bubbled
again with N,/CO,, closed and monitored till null methane production. Finally, a
pulse of M2 substrate (3rd pulse) at 15 geop L?, was added, following the same
procedure.

Each treatment was performed in triplicate, and CH, was monitored by gas
headspace analysis, according to Analytical Methods section. Periodically, liquid
samples (2.5 mL) were withdrawn to determine soluble VFA evolution. The obtained
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methane production results were expressed as methanogenic conversion
(%COD4,/COD;,), methane vield (Lewa kg™ copin) and maximum methane production
rate (Lews kg™ vssi), determined by the maximum slope of the accumulated CH,
production curve per unit of initial content of biomass (VSS).

3.3 RESULTS AND DISCUSSION

3.3.1 Slaughterhouse waste characterization

Characterization of individual solid animal by-products was summarized in Table
3.1. Representative minced mixtures containing the individual streams, according to
Material and Methods sectionto obtain different lipid-protein (L/P) waste ratios (in
SW1 and SW2), were also reported in Table 3.1.

The obtained mixtures can be defined as high organic content substrates (870-
1,350 gcop kg™*) composed mainly by lipids (68-82% fats/VS). Hejnfelt and Angelidaki
(2009) reported mixtures of piggery slaughterhouse by-products (blood, meat, fat,
bones, pressed raw waste and bone flour) but with a lower content of lipids (only
23.6% fats/VS), probably due to the introduction of meal fractions and to the
absence of cattle by-products. In the present mixtures, some slaughter fractions, like
meat tissues or other small fraction from evisceration process like confiscates, are
responsible of a remarkable protein content (12-20% protein/VS). Only the cattle
rumen content fraction, which contained a significant amount of COD associated to
carbohydrates (42% of COD), probable related to partially digested lignocellulosic
material or crude fibre concentration of rummenal content (Triit and Schuchard,
1992), introduced a small amount of carbohydrates (<10% carbohydrates/VS) in the
final SW mixtures (Table 3.1).

Characteristics of other slaughterhouse waste streams, produced by waste liquid
and wastewater management, were summarized in Table 3.2. Waste blood,
although being a by-product with a low solids concentration, is responsible of part of
the protein content of the global slaughterhouse waste mixture (M). In literature
there are reported values of organic nitrogen content in slaughterhouse blood of 25-
40 gy L? (Tritt and Schuchardt, 1992; Lopez et al., 2006; Hejnfelt and Angelidaki,
2009), similar to the ones summarized in Table 3.2. Solid waste from wastewater
treatment process (screening waste and DAF sludge) also presented a remarkable
organic content. Tritt and Schuchardt (1992) reported organic contents for those
fractions of 30-40 gcop kg'l and 95-400 gcop kg'l, respectively, in the range of the
values shown in Table 3.2. Althougt being minor fractions, its interest have been
reported by Loustarinen et al. (2009). In that work, the biogas production of sewage
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sludge reactor was increased by the co-digestion with grease trap sludge from a
meat processing plant.

Raw wastewater, from washing down and cleaning operations, presents a low
organic content, mainly as proteins due to the usual blood content of those streams
(del Pozo et al., 2003). The main function of the wastewater stream (characterized in
Table 3.2), in the present batch experiments, was to dilute the high organic content
of animal by-products and other slaughterhouse fractions, allowing direct digestion
of those substrates without the need of dilution.

Table 3.3 summarizes the estimated composition of the performed
representatives slaughterhouse waste mixtures (M1 and M2), according to the
previously described fractions and criteria explained in Material and Methods
section. Those substrates present a solid content suitable to be loaded to an
anaerobic reactor, with an estimated organic content of over 80-200 gcop L.

Table 3.3. Estimated composition of the slaughterhouse
wastemixtures tested in batch assays (M1 and M2)

Estimated parameters M1 M2

TS (gkg™) 79.64 36.00
VS (g kg™) 77.94 34.36
TKN (g kg?) 1.89 1.67
NH,"-N (mg kg™ 66.39 58.51
Protein (g kg™) 11.38 10.08
Fat (g kg™) 63.29 20.92
coD(g kg™) 203.36 79.96

3.3.2 Batch anaerobic biodegradation of slaughterhouse waste.

First anaerobic batch tests were based on standardized biodegradability assays.
The two slaughterhouse mixtures (M1 and M2) with different lipid/protein (L/P)
ratio substrates (prepared from the adition of SW1 or SW2) were introduced inside
buffered anaerobic media, at a concentration of 5 gcop L, in the presence of 5 Qyss L
! of biomass, as described in Material and Methods section. Those conditions
guaranteed an excess of biomass, avoiding overloading or inhibitory processes
(Angelidaki et al., 2009) and allowing to determinate methanogenesis and
biodegradability indexes (related to CODin), according to Soto et al. (1993). With
obtained results it was estimated the methane vyield (Lcys kg'lcOD,-,,), the maximum
methane production rate (Leus kg™ vss) and the substrate potential (Leya kg supstrate)- All
those process indicators are summarised in Table 3.4. The time-profiles evolution of
the accumulated net CH, production and VFA intermediates, both in COD units, are
plotted in Figure 3.1.

From Table 3.4, it can be stated a high biodegradability index for both substrate
mixtures (94.9 and 86.1 % for M1 and M2, respectively), but obtaining lower values
with protein rich mixture, and consequently also lower methane yield (301.7 and
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273.6 Lewa kg™ copin for M1 and M2, respectively). Those differences can be related
with the content of hard-to-degrade proteins in animal by-products (matrix proteins,
collagen and keratine), considered to be strongly resistant to proteinases because of
their structural features (Suzuki et al., 2006), remaining un-degraded at the end of
the experimental time.

Table 3.4. Mean values and standard deviation of estimated biodegradability

parameters
Estimated parameters M1 M2
L/P (COD/COD) 10.6 4.0
% Methanogenesis (% CODin) 86.210.3 78.212.2
% Biodegradability (% CODin) 94.9+0.3 86.1+2.4
Methane Yield (L CH, kg CODin) 301.7+1.1 273.67.7
Max Methane Prod. Rate (L CH, kg™ VSSin d™) 19.90.1 28.2£0.2
Methane potential (L CH, kg” substrate) 102.1+0.4 33.2+0.9
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Figure 3.1. CH, accumulated production (a) and intermediate VFA profile (b) during biodegradability
assays of slaughterhouse mixtures M1 and MZ2. All parameters are expressed in COD equivalent
concentration units (mg cop L’l).

Although the reported lower biodegradability index and methane yield in the
protein rich substrate (M2), the global process kinetics seems to be faster than with
the lipid rich substrate (M1). Higher maximum methane production rates were
obtained when increasing the relative protein content (19.9 and 28.2 L¢y, kg'lvss d’,
for M1 and M2, respectively), according to Table 3.4. In lipid rich substrate (M1 vials)
an initial delay in substrate degradation, monitored as a delay in the CH, formation
(Figure 3.1a) and longer time accumulation of total VFA (Figure 3.1b), was observed.
In literature, when treating higher concentration slaughterhouse lipidic wastes in
anaerobic batch assays, it was reported even longer initial lag phases due to the
limiting effect of LCFA (Hejnfelt and Angelidaki, 2009). Opposite, Kuang et al. (2006)
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testing the addition of easily degradable proteins (cystein) to recover LCFA inhibited
reactors, obtained a stimulating effect of proteins by increasing the number of
bacteria cells, allowing faster lipid degradation. Consequently, these effects could
explain the better results obtained with M2 mixture, compared with M1 substrate

Due to the higher COD content of lipids compared to proteins, the mixture with
higher L/P ratio (M1) presented a higher methane potential (over 100 Lcy, kg
T bstrate), bUL, as previously discussed, presented the possibility of higher process
imbalance or delay. Consequently, mixture M2, containing a lower amount of fats
over total COD, was selected as slaughterhouse substrate for further sequential
batch tests, with increasing organic loads.

3.3.3 Sequential batch tests (process inhibition)

Anaerobic degradation of successive increasing concentrations of
slaughterhouse substrate (M2) was also assessed in batch. After the previously
described biodegradability assay, substrate concentration was increased up to 10
and 15 gcop L?. Methane production and individual VFA concentration were
monitored along experimental time (120 days), according to Material and Methods
section and showed in Figure 3.2. Obtained results are summarized in Table 3.5.

Methane conversion of the 2nd M2 pulse (10 gcop L) reached a 74.9% of the
introduced COD, slightly lower value than the obtained in the Irst pulse or
biodegradability test, while a similar methane yield value (262.0 L¢y, kg'lcog,-,,) was
obtained, according to Table 3.5. From the methane production curve (Figure 3.5a)
it was observed an earlier and faster methane formation, resulting in a higher
maximum methane production rate, of 30.20 Ly, kg"lvss,-,, d?, compared to the
previous pulse or biodegradability assay (Table 3.5). Also the acetate (C2),
propionate (C3) and butyrate (C4) consumption, after an initial accumulation, was
faster (Figure 3.5b-3.5d).

Although in the 2nd pulse the lipid and protein concentration have been
increased up to values of 7.51 and 1.90 gcop L7, respectively, not clear system
inhibition was detected. Consequently, a 3rd M2 pulse, of 15 geop L, was applied
following the same procedure. From the methane production curve (Figure 3.2a) it
was observed a clear long lasting lag phase in methane formation of over 21 days.
Also, acetate (C2), propionate (C3) and butyrate (C4) were accumulated (Figure 3.2b-
3.2d). Unfortunately only 2 vials resisted all the experimental time. This was the
reason for the high results dispersions detected on 3rd pulse (Figure 3).

Acetate (C2) is considered to be the main product of LCFA R-oxidation process
(Weng and Jeris, 1976), and it was found to be the main VFA accumulated in present
batch test (Figure 3.2b). Since LCFA are not presented in nature with even carbon
number, propionate (C3) accumulation must be related to protein degradation
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(Figure 3.2c). Flotats et al. (2006) reported propionate as the longer time VFA
accumulated during gelatine anaerobic degradation. Unfortunately, due to; the
relative low protein content introduced in vials (max 2.7 gcopprotein L%in 3rd pulse),
the organic nitrogen contribution of biomass and due the low accuracy in N-NH,"
determinations, it was not possible to monitor protein degradation. However,
Salminen et al. (2002) suggested that propionate degradation can be inhibited by
LCFA accumulation. The reported lag-phase in CH, formation (Figure 3.1a) and the
C2 and C4 accumulation (Figure 3.2b and d) in the 3rd pulse, seems to be more
related to lipids or LCFA inhibitory process than with ammonia inhibition, since
ammonia concentration is much lower than values reported as inhibitory (Hansen et
al., 1996).
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Figure 3.2. CH, accumulated production and intermediate acetate (C2), propionate (C3), butirate (C4)
and valerate (C5) profile during batch assay of slaughterhouse mixture M2 at different initial
concentration (5, 10 and 15 gcop L), All the others parameters are expressed in COD equivalent
concentration units (mg cop L'l).

Table 3.5. Mean values and standard deviation of estimated batch test parameters with M2

mixture
Estimated parameters 1rst pulse 2nd pulse 3rd pulse
% Methanogenesis (% CODin) 78.212.2 74.910.8 77.813.4
Methane Yield (L CH4 kg-1 CODin) 273.617.7 262.0+2.8 272.2411.8
Max Methane Rate (L CH4 kg-1 VSSin d-1) 28.2+0.2 30.2+1.6 35.8+11.4
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LCFA inhibitory effect was initially been related to permanent toxic effect
(Rinzema et al., 1994). Further studies have demonstrated that the LCFA inhibitory
effect is a reversible phenomenon, related to the physical adsorption of LCFA witch
can hinder the transfer of substrate and metabolites through microbial cell walls
(Pereira et al., 2005). Consequently, LCFA inhibition is usually monitored as an initial
delay in CH,4 production, or as a longer lag phase (Pereira et al., 2005; Cavaleiro et
al., 2008; Hejnfelt and Angelidaki, 2009), according to the system response shown in
Figure 3.2.

From present results, it can be stated an inhibitory process after the 3rd pulse
(corresponding to 11.2 gcopiipia LY, probably related to LCFA inhibition. However,
when system was recovered from inhibition (VFA intermediates consumed), and
improvement on maximum methane production rate (35.8 Leys kg'lvssm d?) was
achieved, obtaining a final methane yield (272.2 Ley, kg'lcOD,-n) quite similar to the
first pulse value or not inhibited system (Table 3.5). Those results could indicate a
biomass adaptation phenomena or system improvement towards slaughterhouse
waste degradation. As initial biomass in present experiments was not washed out
from vials (only new substrate was added) the detected system “improvement” can
be partially explained by biomass growth. Salminen et al. (2000) described the
waste-to-inocula ratio as the main factor on solid poultry slaughterhouse waste
treatment and possible process inhibition. In previous works about modelling the
anaerobic degradation of similar slaughterhouse mixtures, there were obtained
good model fittings considering a first order kinetics for protein degradation while it
was necessary to use a Contois kinetics, that consider also the growth of hydrolytic-
acidogenic bacteria population, to fit the initial delay in the hydrolysis/acidogenesis
of lipids (Palatsi et al., 2007).

Cavaleiro et al. (2008) evidenced the boundary of recurrent pulse feeding
strategies to achieve higher acetotrophic methanogenic tolerance to LCFA and
Neves et al. (2009) demonstrated that controlled intermittent inputs of oil can
enhance methane production in co-digestion of cow manure and food waste.
Consequently the recovery capacity should be partially related to specific biomass
growth, but microbial biology techniques or accurate data modelling would be
needed to determinate whether biomass growth is specifically related to lipid-LCFA
degrading microorganisms.

The previous results suggest the need to study strategies to prevent or to
recover reactors inhibition by LCFA, to study the influence of biomass/LCFA ratio and
to study the inhibition-adaptation dynamics, in order to guide the design and
operation of reactors loaded with high lipid contents, such as the slaughterhouse
waste.
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3.4 CONCLUSIONS

Animal by products, wastewaters and other organic waste produced in cattle-
piggery slaughterhouse facilities were exhaustively characterized. Those substrates
present a high organic content, mainly lipid and proteins, being interesting for an
anaerobic digestion process.

Representative mixtures of slaughterhouse waste streams, with different lipid
and protein content were performed, and anaerobic biodegradability assessed in
standardized batch tests. As expected, the methane potential of lipid rich substrate
was higher, but the protein content of the substrates seems to have an effect over
the global anaerobic process kinetics, increasing the maximum methane rates when
decreasing the lipid/protein ratio.

Increasing the concentration of slaughterhouse waste in sequential batch test, a
clear inhibitory phenomenon was detected, monitored as a long lag-phase in
methane formation and volatile fatty acids accumulation, probable associated to
LCFA inhibition process. The propionate accumulation profile also indicated a
possible interaction of proteins on lipids or LCFA degradation.

Although the severe reported inhibition, the system was able to recover the
methanogenic activity and to degrade the slaughterhouse waste pulse, obtaining
similar methane yields than in non inhibited systems or biodegradability assays. The
reported system capacity to recover activity can be partially related with the growth
of specific biomass. Consequently, pulse feeding strategies, for adapting
microorganisms and efficiently degrade lipid rich substrates, were confirmed as a
reliable strategy to face with slaughterhouse waste.
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Strategies for recovering inhibition caused by long-chain
fatty acids on anaerobic thermophilic biogas reactors

ABSTRACT. Long chain fatty acids (LCFA)
concentrations over 1.0 g L-1 were
inhibiting manure thermophilic
digestion, in batch and semi-continuous
experiments, resulting in a temporary
cease of the biogas production. The aim
of the work was to test and evaluate
several recovery actions, such as reactor
feeding patterns, dilution and addition
of adsorbents, in order to determine the
most appropriate strategy for fast
recovery of the reactor activity in
manure based plants inhibited by LCFA.
Dilution with active inoculum for
increasing the biomass/LCFA ratio, or
addition of adsorbents for adsorbing the
LCFA and reducing the bioavailable LCFA
concentration, were found to be the
best recovery strategies, improving the
recovery time from 10 to 2 days, in
semi-continuously fed systems.
Moreover, acclimatisation was
introduced by repeated inhibition and
process recovery. The subsequent
exposure of the anaerobic biomass to an
inhibitory concentration of LCFA
improved the recovery ability of the
system, indicated as increasing
degradation rates from 0.04t0 0.16
gcop cHa g'1V5 d’. The incubation time
between subsequent pulses, or
discontinuous LCFA pulses, seems to be
a decisive process parameter to tackle
LCFA inhibition in manure anaerobic
codigestion.

Palatsi, J., Laureni, M., Andrés, M.V., Flotats, X, Nielsen, H.B., Angelidaki, | (2009)

Bioresource Technology, 100:4588-4596
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4.1. INTRODUCTION

Anaerobic digestion is a process widely applied for treatment of organic waste
and residues, and in Denmark particularly for manure treatment. The economic
viability of manure-based Danish centralized and farm-scale biogas plants depends
on, among other factors, the specific production of methane per unit of treated
waste material. The high water content, together with the high fraction of fibers in
manure, is the main reasons for the low methane yield per weight. However,
manure is excellent as a “matrix” to allow anaerobic digestion of concentrated
industrial waste due to its high buffering capacity and its content of a wide variety of
nutrients, necessary for optimal bacterial growth (Angelidaki and Ellegaard, 2003).
On the other hand, waste from food industry, and especially lipid containing waste,
have a high methane potential which can contribute to increase biogas production
and consequently to improve the plant economy (Salminen and Rintala, 2002a).

In anaerobic treatment systems, lipids are rapidly hydrolysed by extracellular
lipases to long-chain fatty acids (LCFA) and glycerol. LCFA are further degraded to
acetate and hydrogen through PB-oxidation process (Weng and Jeris, 1996).
Exploitation of the biogas potential of lipids is difficult, because lipid containing
waste often have low content of nutrients, low alkalinity (Angelidaki and Ahring,
1997a and 1997b) and, mainly, due to their toxicity towards the anaerobic digestion
process (Hanaki et al., 1981; Hwu et al., 1996; Rinzema et al., 1994). Moreover,
problems with anaerobic treatment of lipids are caused by the adsorption of light
lipid layer around biomass particles causing biomass flotation and wash-out (Hwu et
al., 1997).

Adsorption of LCFA onto the microbial surface has been suggested as the
mechanism of inhibition, affecting transportation of nutrients to the cell (Alves et al.,
2001a; Alves et al., 2001b; Hwu et al., 1998). The LCFA inhibition is dependent on
the type of microorganism, the specific surface area of the sludge, the carbon chain
length and of the saturation (C=C) of LCFA (Hwu et al., 1996; Salminen and Rintala,
2002a). It has been reported that LCFA are inhibiting anaerobic microorganisms at
very low concentrations, with ICs, values for oleate over 50 and 75 mg L™ (Alves et
al., 2001b; Hwu et al., 1996), palmitate over 1,100 mg L? (Pereira et al., 2005) or
stearate over 1,500 mg L™ (Shin et al., 2003), at mesophilic temperature range.
Although thermophiles are more susceptible to LCFA toxicity compared to
mesophiles, they recover faster after LCFA-inhibition due to their faster growth rates
(Hwu and Lettinga, 1997). Methanogens were reported to be more susceptible to
LCFA inhibition compared to acidogens (Lalman and Bagley, 2002; Mykhaylovin et
al., 2005; Pereira et al., 2003). Fortunately, inhibition caused by LCFA is a reversible
process; neither syntrophic acetogenic nor methanogenic activities were irreversibly
damaged, since the rate of methane formation increased dramatically within a short
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time after the LCFA-biomass associated degradation had recommenced (Pereira et
al., 2003 and 2005).

Inhibition by LCFA is often causing serious process problems in biogas plants.
Therefore, methods to overcome inhibition would have a significant advantage for
the safe and stable operation of codigestion plants. Although LCFA are inhibitory for
the anaerobic biogas process at low concentrations, acclimatization of the anaerobic
process to LCFA has been reported. Continuous or pulse exposure has lead to
increased tolerance to LCFA (Alves et al., 2001a; Cavaleiro et al., 2008; Hwu et al.,
1997). Moreover, methods such as codigestion (Fernandez et al., 2005), addition of
adsorbents (Angelidaki et al., 1990) or addition of easily-degradable co-substrates,
like glucose and cysteine (Kuang et al., 2002 and 2006), have been used for
overcoming LCFA inhibition. Discontinuous feeding of the system to promote
development of an active anaerobic community, able to efficiently convert lipid-rich
effluents, has been also suggested (Cavaleiro et al., 2008; Nadais et al., 2006).

Although many studies are dealing with LCFA inhibition, only limited attention
has been paid to recovery strategies for an anaerobic process that has been
inhibited by LCFA. In the present study we have tested and evaluated different
strategies based on feeding patterns, dilution and absorption strategies, for fast
recovery of LCFA inhibited anaerobic digestion of manure. The recovery strategies
were investigated in batch and semi-continuously fed reactors. Moreover, the effect
of process acclimatization was investigated by repeated inhibition by LCFA and
subsequent process recovery.

4.2. MATERIALS AND METHODS

4.2.1 Analytical Methods

Total solids (TS), volatile solids (VS), total Kjeldhal nitrogen (TKN), ammonia
nitrogen (NH,"-N) and pH were determined according to Standard Methods (APHA-
AWA-WEF, 1995). Methane content (CH,) and volatile fatty acids (VFA) in batch and
semi-continuously fed reactors were measured with GC-TCD (MGC 82-12, Mikrolab
a/s, Denmark) and GC-FID (GC 20100, Shimatzu, Japan), fitted with packed (}”
Molsieve+1/4”Cromosorb 102 and reference column: 1/8” Molsieve) and capillary
(ZEBRON Phase ZB-FFAP) columns respectively, as described elsewhere (Angelidaki
et al., 1990)

For determination of LCFA in biological samples, some direct procedures based
on direct methanolic-HCl solution were tested with good results (Neves et al., 2009;
Sonnichsen and Miller, 1999). In the present study, a new method using
clorotrimethylsilane (CTMS) as fatty acids methyl esters (FAME) catalyst, without
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prior extraction over lyophilized samples, was developed, based on Eras et al. (2004)
methodology. This methodology can be used to determinate total fats and LCFA in
solid, liquid or paste samples. Moreover the method allows small amount of sample
to be used, reducing the reaction temperature and processing time, characteristics
often needed on biological samples. Anaerobic reactor samples, from 0.5 to 1 mL,
were transferred together with Extraction Standard (ES), heptadecanoic acid (C17:0,
51610 Fluka puriss. >99.0%), to screwed pirex glass tubes (10 mL) and lyophilized
overnight at -409C. For soluble LCFA (LCFAs) determination, samples were previously
centrifuged (2x3,500 rpm) and only soluble fraction was placed on the pirex tubes.
Afterwards a magnetic stir bar was introduced together with 0.5 mL of CTMS (CTMS
GC Panreac 352776.0207) and 1 mL of N, saturated methanol, under a hood fume,
tighten the vials with teflon screw cup and shacked at vortex for 1 minute. The tubes
were introduced into aluminium block and maintained in stirring and heating (902C)
for 1.5 h reaction time. When the vials were at room temperature, were opened and
1to 5 mL of hexane was added (dilution in order to obtain the desired concentration
of 0.5-600 mg L?). Commercial powder NaHCO; was added till no reaction
(effervescence) was detected, and finally 2 mL of saturated solution of NaHCO; was
added. The vials were shaken in vortex again and centrifuged (10 min 3,500 rpm) till
phase separation. 900 ulL of the organic phase were directly transferred to GC vial,
together with 100 uL of methyl pentadecanoate (C15:0 FAME, Fluka 76560 puriss.
p.a. standard for GC) as internal standard (IS).

FAME were identified and quantified by GC 3800 gas chromatograph (Varian,
USA), fitted with CP7489:CP-Sil 88 FAME capillary column (50m0.25mm0.2pm,
Varian, USA), flame ionization detector (FID) and equipped with auto sampler (CP
8400. Varian, USA). The FID was supplied with H, and synthetic air, while He was
used as carrier and make-up gas with a flow rate of 2 mL min™. Samples of 1uL were
injected in split mode. The oven initial temperature was 60°C during 1 min, then
increased to 1002C at 252C min™, to 160°C at 10°C min™, to 2409C at 42C min™, with
a final isotherm step of 5 min. Injector and detector temperature were set constant
at 270°2C and 300°C respectively. 36 different FAME from C6:0 to C24:1 were
calibrated using FAME GC mixture (Supelco 18919-1AMP FAME Mix C4-C24) and IS,
from 0.5-600 mg L, The recovery of LCFA, was determined by the ES (C17:0)
recovered in blanks and real digested manure samples, and it was always over 87.5
% in all determinations.

4.2.2 Substrates and Inoculum
Cow manure was used as basis substrate. The manure was diluted with distilled
water in order to decrease the ammonia level and ensure that LCFA was the only
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inhibitor in the experiments. The diluted manure used had an average concentration
of 2.5% TS and 2.0% VS (Table 4.1).

Digested thermophilic effluent from a biogas pilot-scale plant (PP), digesting cow
manure located at DTU (Kongens Lyngby, Denmark), with an average concentration
of 3.0% TS and 2.2% VS, was used as initial inoculum for experiments. In the
subsequent experiments, inoculum was provided from the effluent of the reactors
used in the present experiments. Table 4.1 summarizes the characteristics of
substrates, adsorbents and inoculum used in batch and semi-continuously fed
reactors.

To impose LCFA inhibition to the biogas process, a LCFA mixture (LCFA),
consisting of sodium oleate (C18:1), sodium stearate (C18:0) and sodium palmitate
(C16:0) in a ratio of 40:10:50 (w/w/w) respectively (analytical grade, BDH Chemicals
Ltd, Poole England), was used. This LCFA simulated the 3 major constituents in
slaughterhouse wastewater sludge (Hwu et al., 1998), which is considered to be one
of co-substrates interesting in manure based biogas plants.

Commercial powder bentonite (Al,O; 4SiO, H,O Prod 18609 Sigma-Aldrich, St.
Louis USA) and fibers, obtained from filtered digested manure, were used as
absorbents for the experiments testing adsorption strategies. Initially, fibers were
obtained from a Danish manure centralized biogas facility, while in the subsequent
experiments were manually obtained by filtration of digested manure from a pilot
scale plant (Kongens Lyngby, Denmark). This caused some changes in composition
(Table 4.1), however, the same VS amount of fibers were added to the reactors in all
experiments.

Table 4.1. Analysis of substrate, inoculum and adsorbents used in the experiments

Diluted Manure Inoculum Fibers Bentonite
BTA E1l E2 BTA E1l E2 El E2 E1&E2

TS 2,40 2.45 2.34 3.02 2.05 2.04 59.60 | 21.01 94.04
(%w/w) | 0.05 | #0.42 | %0.73 +0.01 +0.29 +0.15 +7.96 | #0.72
VS 2.0 1.98 1.93 2.25 1.47 1.44 34.80 | 18.80 5.09
(%w/w) | #0.05 | #0.38 | %0.65 +0.01 +0.20 +0.18 +4.87 | #0.70
TKN 1.31 1.41 1.32 5.17 0.28
(g/kg) ) +0.25 ) ) +0.06 ) +0.20 +0.21
NH,'-N 1.05 0.92 0.91 1.76
(8/kg) ) +0.03 ) ) +0.05 ) +0.34

H 7.52 7.49 7.68 8.21
i +0.24 ) ) +0.19 ) w001 | 8 (10%H20)

4.2.3 LCFA toxicity assay (BTA)

A batch toxicity assay (BTA) was carried out to determine the toxicity level of
LCFA, in manure based system, in order to estimate the amount to be added in
reactors for achieving a clear long lasting inhibition of the anaerobic process.
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120 ml vials were used in the BTA with a working volume of 40 ml. The assay
included: blanks (30 m/ of inoculum and 10 m/ of distilled water), controls (30 mL of
inoculum and 10 mL of diluted manure) and test vials with 30 m/ inoculum and 10 m/
of different dilutions of LCFA. The vials were inoculated under anaerobic conditions,
while gassing with N, gas. Subsequently, the vials were closed with rubber stopper
and aluminium crimps and were incubated at 559C without agitation. The methane
production in the head space of the vials was monitored by gas chromatography
until biogas production ceased. Each LCFA concentration was conducted in triplicate.
LCFA was added in the vials as a pulse, when the methane production from manure
was increasing exponentially (at day 5). LCFA was added to a total concentration of
1.0, 2.5, 4.0 and 6.0 g L” corresponding to 2.8, 7.0, 11.2 and 16.8 gcop L.
Subsequently, vials were vigorously agitated wuntil the LCFA was
dissolved/emulsified. No LCFA was added in blanks and controls.

4.2.4 Reactors set-up, recovery strategies (E1 and E2)

To test the different recovery strategies eight reactors were used. Glass vials
(2.2 L total volume; 1.0 L working volume) closed with a rubber stopper were used
as reactors. Through the rubber stoppers glass tubes with attached maprene tubes,
were inserted for feeding and sampling (liquid/gas). Feeding was applied once a day
(in semi-continuous experiments). The produced biogas, recovered in aluminium
bags (PET/MET-ALU), was measured daily by water displacement system. The
methane content of the gas was measured by GC analysis.

Recovery experiment 1 (E1) was aiming to test recovery strategies on un-adapted
biomass (not pre-exposed to LCFA). All the reactors were run with manure until the
process was stabilised (daily fed with fresh manure with a organic loading rate (OLR)
of 1.0 gus L™ day™ and an hydraulic retention time (HRT) of 20 days). This was done
for achieving a stable methane production before inhibiting them with the LCFA (4 g
L'l). A control reactor (Reonirol), NOt inhibited and fed daily with fresh manure, was run
during the whole experimental period. No feeding was applied to the reactors after
inhibition (except for one case, see below). The recovery actions tested were:

e Feeding strategies: a) No-feeding (R,oeeq) and b) continuous feeding (Rseeq)
with fresh manure, and HRT of 20 days corresponding to an OLR of 1.0 gys L™
day™.

e Dilution strategies: Replacement of 40% of the reactor content by: a) fresh
manure (Rmanure); b) digested manure or effluent from reactors before

inhibition (Rinocua) and c) water (Ryater)-
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e Adsorption strategies: a) Addition of fibers (Rpe), Obtained from filtered
digested manure and b) addition of bentonite powder (Ryentonite), bOth in the
quantity of 5 gys L.

E1 was repeated twice (RUN1 and RUN2), or two LCFA pulses were applied.

Recovery experiment 2 (E2) was aiming to test recovery strategies in the same
reactors, pre-exposed to LCFA from E1. The reactors in E2 were daily fed with
manure, and were subsequently exposed to inhibition by pulse addition of LCFA. The
main difference between E1 and E2 was that in experiment E1 daily feeding with
manure was ceased after LCFA was applied (except for Rieq), While in experiment E2
the daily feeding of the reactors with manure continued also after the initiation of
the recovery strategy (except for Rno.teed). E2 Was repeated twice (RUN 3 and RUN4),
or two subsequent LCFA pulses were applied. Analysis of LCFA-FAME time course
was only monitored in E2 by GC-FID.

The Riofeed Was run only twice (one for E1 and other for E2 corresponding to
RUN1 and RUN3), due to the long recovery time needed. For all the experiments,
the recovery strategies tested were applied 48-72 hours after inhibiting the system,
in order to simulate full scale plant conditions, considering that some time would be
necessary in an industrial facility to detect the inhibition problem and to apply the
corrective strategy (at least 2 days without biogas production). The reactors were
kept inside 559C incubators with continuous shaking during the whole experimental
time. The experimental set up is summarised in Table 4.2.

Table 4.2. Summary of the experimental set-up

Exp Reactor Config Temp  Agitation LCFA RUN Manure after
(eC) (g/L) recovery action
BTA batch 55 no 1.0,2.5,4.0and 7.0
) ) no
E1 semi-continuous 55 shaker 4 RUN1&RUN2 (except Rfeed)
) ) yes
E2 semi-continuous 55 shaker 4 RUN3&RUN4 (except Rno-feed)

To compare process performance in consecutive inhibited-recovered reactors,
recovery time (days), the maximum methane production rate (g cop crs g'lvs day'l)
and acetate maximum consumption rate (g cop ac g’lvs day’l) were calculated, per
unit of initial measured VS (biomass). The recovery time was calculated as the time
between the initiation of the recovery action and the time when the methane
production rate exceeded the mean value of control reactor (R.oniror). The maximum
methane production rate was calculated as the maximum slope of the methane
yield curve, while the acetate consumption rate was calculated as the maximum
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slope of the acetate consumption profile, when maximum methane production rate
was achieved.

4.3. RESULTS AND DISCUSSION

4.3.1 LCFA toxicity assay

The methane production time course from the LCFA toxicity assay is shown in
Figure 4.1. The methane production ceased after LCFA pulse, shown in Figure 4.1 as
a decrease in the accumulated net methane production, because the methane
production from control vials was subtracted (Control plotted in Figure 4.1). For all
concentrations of LCFA over 1 g L™ tested, clear inhibition was detected. The
methane production ceased and did not recover the control value for up to 12-17
days for LCFA concentrations of 2.5-4.0 g L. For vials in witch 6.0 g L™ was added,
more than 20 days elapsed before methane production was recovered. From results,
a concentration of 4.0 g L was chosen as the target LCFA concentration to impose
inhibition on subsequent experiments E1 and E2, due to the clear and long lasting
inhibition caused at this concentration.

Methane Yields for Toxicity test

0.80 ;
i - - --Control
0.70 A —A—1.0g VS LCFA/IL
. —8—259g VS LCFAL
c 0.60 - i —&—40gVSLCFAL
g 050 4 —%—6.0g VS LCFA/L
LCFA

®
5 0.30
€ 0.20
0.10
0.00
-5 5 15 25 35
time (days)

Figure 4.1. Accumulated specific net methane production (mL CH4/g VSin) at different LCFA
concentrations tested in batch experiment. Methane production of control vials was substracted from
methane production of test vials with LCFA addition. Arrows indicate the LCFA time application.

After the initial inhibition, the process self-recovered for all tested

concentrations (Figure 4.1). This is in accordance with previous results, where the
same pattern was observed, a temporary inhibition that was monitored as a lag-
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phase. This phenomenon was reported to be adscribed to surface adsorption and
transport sites (Cavaleiro et al., 2008; Pereira et al., 2005).

4.3.2 E1: LCFA inhibition of un-adapted semi-continuous reactors and subsequent
application of recovery strategies

As a part of the recovery strategy, the daily feeding with manure was ceased in
all the reactors, after application of the LCFA pulse, except for the Rs..q Strategy and
the Reonwrol, Which were fed daily with diluted fresh manure with an HRT of 20 days. It
was clear that the strategy of self-recover process (Rnofeeq) Was the strategy that
resulted in the slowest recovery time, which was over 40 days, compared to 9 or 7
days in Rfeed for RUN1 and RUN2 respectively (Figure 4.2-Table 4.3). Additionally,
VFA accumulation in R,.eeq Was significantly higher, 92.8 mM compared to 47.2 mM
or 54.8 mM in Rfeed for RUN1 and RUN2, respectively. The daily feeding of the
reactor with manure (Rfeed), resulted in reduction of the inhibitory LCFA
concentration, due to dilution by feeding. By calculating the expected methane
production from the substrates introduced in Rno-feed (methane production
measured/theoretical production expected), it was found that over 90% of the
expected methane production was achieved. Oppositely, low methane recovery was
obtained in Rfeed, indicating that part of the LCFA was washed undegraded out of
the reactor, allowing the system to recover faster.

Table 4.3. Process parameters obtained during E1 (RUN1 and RUN2).

Max Prod. Rate Max VFA Recovery time
(L CH4/Lday) (mM) (days)
RUN 1 2 1 2 1 2
Rcontrol 0.38 0.41 09.0 05.1

Rno-feed 0.89 92.8 40

Rfeed 1.04 1.15 47.2 54.8 9 7

Rinocula 0.81 0.50 28.3 47.9 3 3

Rmanure 1.17 1.34 39.7 433 4 3

Rwater 0.72 0.66 28.6 32.7 5 20

Rbentonite 0.99 1.29 50.1 56.3 7 17

Rfiber 1.39 1.68 39.2 83.7 5 6

The fastest recovery time was obtained, as expected, when the inhibited reactor
was diluted with inoculum (Rinocuia). 3 days after the application of the recovery
action, the process recovered and the lowest VFA accumulation was registered, 28.3
mM (Figure 4.2 and Table 4.3). Dilution strategies, with the replacement of 40% of
reactor content, resulted in dilution of the initial LCFA concentration, estimated on
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Figure 4.2. Methane production (L CH4/L day) and VFA concentration (mM) during E1 (no feed after recovery action was applied).
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2.4 g L' (60% compared to the initial concentration). The reactor diluted with
manure (Rmanuwre) also showed a fast recovery time (4 days), but the maximum
methane production rate and the maximum VFA accumulated levels in Rpanure Were
also higher, due to the extra organic material contained in the fresh manure
compared to Ri,ecua (Figure 4.2 and Table 4.3).However, in the second run (RUN2)
those differences disappeared, with a very similar behaviour of Rijocua @and Rianure-
The dilution introduced in R,..r had a positive effect on the first run (RUN1) over
inhibition, but the recovery time increased on the second run (RUN2), from 5 to 20
days (Table 4.3), by the consecutive wash out of biomass and residual organic
matter (2 consecutive dilutions by water introduced in only 21 days without feeding
the system). The longer recovery time in the Ry,..r Was attributed to the decrease
also in the biomass content of the reactor which was not the case when dilution was
made by inoculum (Rinocua) and fresh manure (Rpanue). The content of biomass
relative to LCFA concentration has been described as critical for the hydrolysis and
acidification of lipids (Miron et al., 2000; Salminen and Rintala, 2002b). The lipid-to-
inoculum ratio has been previously shown to affect specific methanogenic activity
during slaughterhouse waste digestion and LCFA inhibition (Salminen et al., 2000).
Similarly, we can conclude that the inhibitory effect of LCFA was not only depended
on the LCFA concentration, as it was shown in batch toxicity assays (Figure 4.1), but
also on the LCFA/biomass ratio, as it was shown by recovery time (Table 4.3) during
discontinuous reactors operation when dilution with inoculum was applied.

The addition of adsorbents such as bentonite (Ryentonite) OF fibers (Rsipers) had a
positive effect on the recovery of the LCFA pulse, compared to the Rfeed (reduction
of the recovery time from 9 days in Reeeq to 7 Or 5 days in Ryentonte OF Riier in RUN1
respectively), with similar or lower VFA levels in reactors where absorbent were
added (Figure 4.2 and Table 4.3). Another advantage of using adsorbents as process
recovery agents, compared to dilution strategies was the possibility of utilisation of
the total biogas potential contained in the LCFA, as LCFA was retained in the reactor,
contrary to the dilution strategies, where a significant part of the initial LCFA
concentration (40%) was removed undegraded from thesystem. An exception of
adsorption recovery actions behaviour was reported in E1, in the second run (RUN2),
with an increase in recovery time (6-17 days). This was due to the lower amount of
bentonite and fibers (2.22 gys L) that were used in RUN2 compared to the RUN1, as
it was assumed that fibers and bentonite were still inside the reactors in significant
amounts (reactors were not fed during E1, and only small amounts were retrieved
for sampling analyses). This behaviour would be discussed later, together with E2
results.
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4.3.3 E2: LCFA inhibition of pre-exposed biomass in semi-continuously fed reactors
and subsequent application of recovery strategies.

This experiment was started approx. 2 months after experiment E1 was finished.
During those 2 months the reactors were incubated at 552C as batches. Thereafter,
semi-continuous feeding of the reactors started with one daily feeding with diluted
fresh manure at an HRT of 20 days until constant production from diluted manure.
Opposite to E1 feeding with manure was maintained during the entire experiment,
except for gno-feed, t0 simulate full scale codigestion operation where feeding is rarely
stopped.

As in E1, the R,..feeq Was the slowest to recover in experiment E2, although the
recovery time was reduced to 10 days compared to 40 days in E1, and with lower
accumulated VFA levels (Fig. 4.3 and Table 4.4). Daily feeding of the reactor with
manure (Rfeed), improved the process performance, due to dilution and washing
effect, in accordance with experiment E1. However, discontinuation of the feeding is
the most common action, to recover inhibition in full scale biogas plants. It is
broadly accepted that when a process is inhibited and stressed, continuing reactor
loading would lead to further VFA accumulation and maybe acidification. However,
in our study, where LCFA inhibition was the cause of imbalance, waiting for process
self-recovery was the worse strategy.

The effect of the dilution strategies in experiment E2 was similar to experiment
E1 (Figure 4.3 and Figure 4.2) and was confirmed by the total LCFA degradation
profiles of Rinocula aNd Ryater. The concentration of total LCFA (C18:1, C18:0 and C16:0
in Figure 4.4) was reduced immediately after the dilution action with inoculum or
water, to 60%, of the original LCFA concentration. The main difference between
Rinocula aNd Ryater Was the higher content of microbial biomass in Riyocus, resulting in a
faster LCFA degradation rate (slopes in Figure 4.4) and consequently in shorter
recovery time and lower VFA accumulation levels compared to Ry.ter, both in RUN3
and in RUN4 (Table 4.4). In Rwater dilution strategy in E2 a clear improvement
compared to E1 was observed (Table 4.4 and Table 4.3), reducing the differences
with the other dilution strategies (Ryater cOmpared to Rinocuia OF Rmanure in Table 4.4) by
new biomass and organic matter introduced during daily feeding with manure.
Dilution by manure still showed faster recovery compared to dilution with water
(Table 1V), which might be due to the higher biomass/LCFA ratio in Rmanure
compared to Rwater. Similar results, where increasing the biomass/LCFA ratio by
e.g. recirculation, could successfully recover LCFA inhibited process, have previously
been reported (Hwu et al.,, 1997; Mladenovska et al., 2003; Salminen and Rintala,
2002b). In industrial facilities is not always easy to obtain new uninhibited inoculum,
therefore, in such cases, dilution by fresh manure might be more practical.
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Table 4.4. Process parameters obtained during E2 (RUN3 and RUN4)

Max Prod. Rate Max VFA Recovery time
(L CH4/Lday) (mM) (days)
RUN 3 4 3 4 3 4
Rcontrol 0.37 0.39 04.8 04.3

Rno-feed 0.77 60.4 10

Rfeed 1.14 1.64 56.3 65.3 4 5

Rinocula 0.82 0.90 26.4 37.7 3 3

Rmanure 0.96 1.07 39.3 36.6 4 2

Rwater 0.83 0.76 26.6 31.4 5 7

Rbentonite 1.47 1.88 51.2 41.0 2 3

Rfiber 1.13 1.58 56.1 49.3 3 3

Addition of adsorbents (Ryentonite @aNd Rfiper) @s recovery strategy in experiments
E2 improved the recovery time compared to Rieq, from 4-5 days to 2-3 days, and
showed a higher utilisation of LCFA (Figure 4.3 and Table 4.4), which was in
accordance to the observations in E1. Beccari et al. (1999) observed positive effect
of bentonite addition during anaerobic degradation of olive oil mill wastewaters,
while Nielsen et al. (2006), reduced oleate inhibition by adding biofibers (digested
fibers) to continuously fed reactors digesting manure. Those reports proposed that
adsorbents were able to bind the lipids or LCFA on their surface, lowering the
adsorption to the microbial cells, and thus stimulating methane production.
Adsorption is considered as a rapid physico-chemical mediated phenomenon, while
desorption is biologically mediated (Hwu et al., 1998; Nadais et al., 2003; Ning et al.,
1996). Bentonite and fibers were added to the reactors 2 days after the LCFA pulse,
and consequently a significant part of LCFA may have already been adsorbed to the
biomass. This previous absorption to biomass might have been the reason for the
absence of clear effect in Figure 4.4, where the concentration of total LCFA just after
the application of recovery strategy in Rsiper OF Rpentonite Was quite similar to Rreeq. By
measuring the soluble fraction of LCFA (LCFA;), i.e. the fraction non associated to
particles, in RUN4, the day after the application of the recovery strategy, a lower
concentration of LCFAs was found in Reentonite (81.4 Mgcis: L or 110.7 mgciso L)
compared to Rieeq (179.4 Mgcis. L*or270.7 mdciso L'"). This was consistent with the
assumption that absorbents such as bentonite can result in recovery of the process,
by binding LCFA and thus removing the cause of inhibition.

In E1 a reduced (Rper) Or negative (Ryentonite) €ffect of recovery action in the
RUN2 was observed (RUN1 compared to RUN2 in Figure 4.2 and Table 4.3). This
could be explained with the assumption that the residual absorbents from RUN1
may not possess the same absorbent capacity as “un-used” adsorbents. Active
adsorption sites of remaining adsorbents might have been occupied by biomass or
remaining organic matter. Adsorbents, like bentonite, have been described as
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support matrices for immobilization of anaerobic consortia, due to their adsorption
capacity overmicroorganism (Chauhan and Ogram, 2005; She et al., 2006). During
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the E2, in both runs of adsorption strategies (RUN3 and RUN4), the same quantity of
adsorbents was used (5 gys L), resulting in a very similar behaviour of the system
for both runs (Figure 4.3 and Table 4.4).

From the present results, it seems that LCFA inhibition is related with binding of
LCFA to the microbial surface causing physical hindrance of the transport of
nutrients through the cell membrane, and thus causing inhibition of cell function.
Other possible mechanisms of resistance, such as flocculation, aggregation or
complex structures formation (adsorbent-cell-LCFA) have also been reported
(Hulshoff et al., 2004; Kuang et al., 2002 and 2006). In any case, addition of organic
or inorganic material, such as fibers from digested manure or cheap clay minerals
like bentonite as remediation medium for lipid inhibited processes, could with
advantage be introduced in industrial plants.

4.3.4 Adaptation of the system to LCFA pulses

The system was adapted to repeated exposure of the biomass LCFA in both E1
and E2 experiments. Direct comparison between E1 and E2 is not possible as
different feeding patterns were applied. However, in 2 of the reactors the exact
same strategies and feeding procedure were applied for all the runs; namely in R,,.
feed and Rfeed-

From the R,ofeed, the process adaptation after the repeated LCFA pulses can be
clearly seen as a reduction of the recovery time from 40 to 10 days and as a lower
VFA accumulation, 92.8 mM compared to 60.4 mM for the RUN1 and RUN3
respectively (Figure 4.2-4.3, and Tables 4.3-4.4). The observed adaptation is in
agreement with previously reported by Cavaleiro et al. (2008), Nadais et al. (2006),
and Sousa et al. (2007), where is it proposed that discontinuous treatment of LCFA,
or LCFA pulses, would promote the development of an active anaerobic community,
able to efficiently degrade LCFA. It is important to mention that, during the time
between experiment E1 and E2, the reactors have been incubated without feeding,
as batches, for a period of 2 months. In the literature, periods of non-feeding have
been related with an improvement of the capacity for degradation of fatty waste in
terms of production, adsorption capacity and system stability (Coelho et al., 2006).

The other strategy that had identical set-up for all the runs and can easily be
used for elucidation of any adaptation of the process was the strategy applied in
Riceq- In Figure 4.5 all Rieq experiments (E1 and E2) are shown together, with
overlapping time axis, in order to be able to visually compare the time needed for
process recovery (days), the maximum specific methane production rate (gcop cvs &
1V5 day'l) and acetate maximum consumption rate (gcop ac g'lvs day’l) as process
parameters. The process seemed to adapt to the LCFA, with subsequent LCFA
pulses. Only in RUN4 similar recovery time was achieved but, for all subsequent
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runs, higher maximum methane production or acetate maximum degradation rates
were observed (Figure 4.5). Nielsen et al. (2006) have similarly shown that a system
submitted to previous oleate pulses, induced an increase in the tolerance level of
acetoclastic methanogens towards oleate. The adaptation or increased resistance to
LCFA detected in Rieq and Riofeeq, Can possibly be attributed to an increase in
microbial biomass (higher biomass/LCFA ratio), or to changes in the microbial
populations (selection of more LCFA resistant species), or changes in population
structure (aggregate formation or more resistant structures).

Subsequent runs for Rfeed
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Figure 4.5. Methane production rate (g COD_CH4/g VS day) (A), and acetate consumption rate (g
COD_Ac/g VS day) (B), for all semi-continuous-feeding runs (Rfeed). Numbers indicate the subsequent
runs. Discontinuous-lines are the calculated maximum slopes of methane and acetate rates.

4.4. CONCLUSIONS

Among the seven recovery strategies tested and evaluated, dilution of the
reactors content with inoculum, thus increasing the biomass/LCFA ratio, or the
addition of adsorbents, were found to be the best strategies to recover thermophilic
manure reactors submitted to LCFA inhibition. The use of adsorbents seems to be
the most reliable strategy for application on industrial facilities, where it is not easy
to introduce dilution, emerging as a simple, feasible and cost-effective solution. The
effect of adsorbents was related with competition with biomass in adsorbing LCFA,
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thus reducing their inhibitory effect, mainly due to the surface adsorption and
transport sites saturation. On the other hand, broadly accepted practice, in real
plants, to stop the feeding when an inhibition/imbalance of the process is detected
revealed to be the worst approach to face LCFA inhibition in terms of recovery time
and process stability.

Repeated subsequent LCFA pulses on biogas reactors, resulted in faster recovery
of the system, both in batch and semi-continuous reactors, and in an enhancement
in methane production and acetate consumption rates, suggesting an increase or
adaptation/tolerance process.
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Long-chain fatty acids inhibition and adaptation process
in anaerobic thermophilic digestion: Batch tests,
microbial community structure and mathematical
modelling

ABSTRACT. Biomass samples taken during the
continuous operation of thermophilic anaerobic
digestors fed with manure and exposed to
successive inhibitory pulses of long-chain fatty acids
(LCFA) were characterized in terms of specific
metabolic activities and 16S rDNA DGGE profiling of
the microbial community structure. Improvement of
hydrogenotrophic and acidogenic (B-oxidation)
activity rates was detected upon successive LCFA
pulses, while different inhibition effects over specific
anaerobic trophic groups were observed. Bioreactor
recovery capacity and biomass adaptation to LCFA
inhibition were verified. Population profiles of
eubacterial and archaeal 16S rDNA genes revealed
that no significant shift on microbial community
composition took place upon biomass exposure to
LCFA. DNA sequencing of predominant DGGE bands
showed close phylogenetic affinity to ribotypes
characteristic from specific B-oxidation bacterial
genera (Syntrophomonas and Clostridium), while a
single predominant syntrophic archaeae was related
with the genus Methanosarcina. The hypothesis that
biomass adaptation was fundamentally of
physiological nature was tested using mathematical
modeling, taking the IWA ADM1 as general model.
New kinetics considering the relation between LCFA
inhibitory substrate concentration and specific
biomass content, as an approximation to the
adsorption process, improved the model fiting and
provided a better insight on the physical nature of
the LCFA inhibition process.

Palatsi, J., llla, J., Prenafeta-Boldu, F.X., Laureni, M., Fernandez, B., Angelidaki, I.,
Flotats, X (2009). Bioresource Technology (in press)
doi 10.1016/j.biortech.2009.11.069
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5.1. INTRODUCTION

Lipid containing waste are interesting substrates for biogas production because
of their high methane yield potential. Lipids are initially hydrolyzed to glycerol and
long chain fatty acids (LCFA), which are further converted by syntrophic acetogenic
bacteria to hydrogen (H,) and acetate (Ac), and finally to methane (CH,) by
methanogenic archaea. The degradation of LCFA takes place through the R-oxidation
pathway, which has been reported as the rate-limiting step of the whole anaerobic
digestion process (Lalman and Bagley, 2002). LCFA are known to inhibit the
methanogenic activity. The inhibitory effect was initially attributed to permanent
toxicity resulting from cell damage and it is known to affect both syntrophic
acetogens and methanogens (Hwu et al., 1998). Further studies have demonstrated
that LCFA inhibition is reversible and that microorganisms, after a lag phase, are able
to efficiently methanise the accumulated LCFA (Pereira et al., 2004). Adsorption of
LCFA onto the microbial surface has been suggested as the mechanism of inhibition,
affecting the transport of nutrients into the cell (Pereira et al., 2005).

Recent advances in molecular microbial ecology have brought new insights on
the specific microorganisms that are involved in the B-oxidation process. LCFA-
degrading bacteria have been found to be closely related to the
Syntrophomonadaceae and Clostridiaceae families (Hatamoto et al., 2007; Sousa et
al., 2007). These microorganisms are commonly proton-reducing acetogenic
bacteria that require the syntrophic interaction with H,-utilizing methanogens and
acetoclastic methanogens (Sousa et al., 2007). Biomass adaptation to inhibitory
levels of LCFA has recently been reported in several studies (Nielsen and Ahring,
2006; Cavalaleiro et al., 2009; Palatsi et al., 2009). Currently, it is not clear whether
this adaptation process is the result of a microbial population shift towards the
enrichment of specific and better adapted LCFA-degraders (population adaptation),
or to the phenotypic adaptation of the existing microrganisms towards high LCFA
concentrations (physiological acclimatation).

Despite the fact that LCFA inhibition is well documented and has a significant
impact on the anaerobic digestion process, this phenomenon has still not been
included in IWA ADM1 reference model (Batstone et al., 2002). In other developed
models, LCFA inhibition is mainly modeled as a non-competitive process on the
lipolytic, acetogenic or methanogenic activities (Angelidaki et al., 1999; Salminen et
al., 2000; Lokshina et al., 2003). However, LCFA adsorption phenomena or the
microbial aspects of the LCFA inhibition/adaptation process remain poorly
characterized. Further modelling developments are required in order to relate the
results from physiological activity tests and the characterization of microbial
population dynamics throughout the whole LCFA inhibition/adaptation process.
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The aim of the present study is to gain a deeper insight on the LCFA inhibition
and adaptation process of the anaerobic consortium. Specific physiological activity
rates and the microbial structure composition in biomass samples obtained from
reactors exposed to LCFA pulses were compared. These samples were characterized
by means of culture-independent molecular profiling of dominant eubacterial and
archaeobacterial populations, respectively. The obtained results were used in the
implementation and testing of a new LCFA inhibition kinetics expression, in the
framework of the IWA ADM1 model (Batstone et al., 2002).

5.2. MATERIAL AND METHODS

5.2.1 Analytical Methods

Total solids (TS), volatile solids (VS), total Kjeldhal nitrogen (TKN), ammonia
nitrogen (NH,"-N) and pH were determined according to Standard Methods (APHA,
AWA, WEF, 1995). Methane content in the biogas (%CH.) and volatile fatty acids
concentration in the liquid media (VFA), corresponding to acetate (Ac), propionate
(Pr), iso- and n-butyrate (Bu), iso- and n-valerate (Va) and hexanoate (Hex), were
measured in a gas chromatograph fitted with a flame ionization detection (GC-FID
20100, Shimatzu, Japan). Two different capillary columns, Porapak 60/80 Molsieve
(6ft 3mm) and ZEBRON Phase ZB-FFAP (30mx0.53mmx1.00 um), were used for CH,
and VFA determination, respectively (Angelidaki et al., 2009).

5.2.2 Biomass and specific batch test

Samples from the outflow of semi-continuous thermophilic (552C) laboratory
completely stirred reactors, fed with manure and exposed to two successive LCFA
pulses (4 g L"), were used in subsequent anaerobic batch activity assays and in the
molecular characterization of the microbial community structure. The LCFA pulse
was composed by a mixture of sodium oleate (C18:1), sodium stearate (C18:0) and
sodium palmitate (C16:0) in a ratio 40:10:50 (w/w/w) respectively (analytical grade,
BDH Chemicals Ltd, Poole England), since these are the main constituents in lipid-
rich wastewaters (Hwu et al., 1998). Manure was fed in the influent as the basic
substrate at hydraulic retention time (HRT) of 20 days, and a corresponding organic
loading rate (OLR) of 1.0 g VS L™ d™’. Fresh manure was diluted with distilled water
prior to its use, in order to decrease the ammonia level (1.41+0.25 g TNK L
0.92#0.03 g NH,"-N L") and ensure that the pulse of LCFA was the only inhibitory
cause throughout the experiments. Samples were withdrawn from reactors at
different stages; before each LCFA pulse (samples | and Ill), when the process was
clearly inhibited (samples Il and 1V), and when it recovered and reached a new
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steady state (sample Il and V). The sampling program is shown in Table 5.1. The
time between sampled biomass | and Il was 25 days, and between samples lll and V
was 24 days. So, in all cases, more than one HRT had elapsed before it was assumed
that a new state was established. The concentration of LCFA in the reactors at
sampling times Il and 1V, were approximately 4 g L™?, while LCFA were not detected
at samples Ill and V. A detailed description on the experimental set-up and
operation of the sampled reactors can be found in Palatsi et al. (2009).

Specific batch activity tests of non-inhibited (samples I, Il and V) and LCFA
inhibited biomass (samples Il and 1V) were performed in anaerobic batch assays with
specific substrates, according to Table 5.1. Glass bottles (118 mL total volume) were
inoculated with 2.5 g VS L™ from bioreactor sampled biomass, resuspended in basic
anaerobic medium (Angelidaki et al., 2007), previously amended with 31mM
NaHCOs. A reducing solution of sodium sulfide (3.20 mM Na,SOs) was also added up
to a final liquid total volume of 50 mL and the pH was adjusted to neutrality. The
flasks were stirred and bubbled with N, gas in order to remove O, before sealing
them with rubber stoppers and aluminum crimps. In order to measure the
aceticlastic methanogenesis and acetogenetic activity rates, the bottles were
supplemented with 20mM and 10mM of acetate (Ac) and butyrate (Bu),
respectively, while the hydrogenotrophic methanogenesis was assayed by injecting
70 mL H, and 40 mL CO, in the headspace (1atm, 202C), as described by Angelidaki
et al. (2009). Additional batches with inhibited and non-inhibited biomass were
included as controls, without the addition of any substrate, to determine the
methane production derived from the depletion of the LCFA adsorbed onto the
biomass (for samples Il and IV) and from the utilization of residual organic matter
(for samples 1, lll and V). Activity tests were conducted in quadruplicate (3 vials for
CH,4 analysis and 1 vial for VFA determination). Methane and VFA were monitored in
the head space and in the liquid medium, respectively. Batch tests set-up and
monitored variables are presented in Table 5.1.

The specific biomass activity rate was determined by linear regression on the
initial slope of the accumulated methane production curve, and was expressed as
mg COD¢ys g vS? d. For substrates that are not directly converted into methane,
like butyrate or LCFA, the methane production rate is only a valid measure of
syntrophic activity, when the aceticlastic and hydrogenotrophic steps are not the
rate limiting process (Dolfing and Bloemen, 1985). Consequently, the maximum
specific substrate utilization rate in the assays with butyrate was also calculated
from the steepest linear decline in substrate concentration (mg CODg, g vstdl), as
described by Nielsen and Ahring (2006). In control vials with inhibited biomass
(Control+LCFA in Il and IV samples, according to Table 5.1), the LCFA maximum
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specific utilization rate was estimated from initial maximum slope of Ac production
(mg COD4 g VS™ d), assuming that Ac was the main product from LCFA B-oxidation
(Batstone et al., 2002).

5.2.3 Molecular analysis of microbial community

The effect of LCFA pulses on the anaerobic microbial community composition of
both eubacterial and archaeal domains was analyzed at beginning and at the end of
reactor operation (samples | and V, according to Table 5.1). Reactor samples of 2 mL
were fixated in 1 mL of guanidine thyocyanate (4M-Tris-Cl pH 7.5:0.1M, autoclaved)
and 0.5 mL of N-lauroyl sarcosine (10% N-LS autoclaved) and stored at -202C until
further processing. The total DNA was extracted by using the PowerSoil DNA
isolation kit (MoBio Laboratories Inc., USA), according to the instructions of the
manufacturer. The V3-V5 variable regions of the eubacterial 16S rDNA gene was
amplified by the polymerase chain reaction (PCR) using the F341 and R907 primers
(Yu and Morrison, 2004). A nested approach was applied to amplify archaeal 16S
rDNA by using the primer pairs ARCHO025F-RCH151R and F344-R915 for the first
and the nested PCR reactions, respectively (Raskin et al. 1994). The forward primer
used in the generation of the DGGE amplicons included a GC clamp at the 5’ in order
to stabilize the melting behavious of the DNA fragments during DGGE. All PCR
reactions were performed in a Gradient Mastercycler (Eppendorff, Germany).

Approximately 300 ng of purified PCR product was loaded onto a 8% (w/v)
polyacrylamide gel (0.75 mm), with a denaturing chemical gradient ranging from 30
to 70% (100% denaturant stock solution contained 7M urea and 40% formamide).
DGGE was performed in 1xTAE buffer (40 mM tris, 20 mM sodium acetate, 1 mM
EDTA, pH 7.4) using a DGGE-4001 System (CBS Scientific, USA) at 100 V and 60°C for
16 h. DGGE gels were stained for 45 min in 1xTAE buffer containing SybrGold
(Molecular Probes, USA) and then scanned under blue light by means of a blue
converter plate and a transilluminator (GeneFlash Synoptics Ltd., USA).

Relevant DGGE bands were excised with a sterile filter tip, resuspended in 50 u/
sterilized Milli-Q water, and stored at 4°C overnight. These extracts were
subsequently reamplified by PCR and sequenced. Sequencing was accomplished
using the ABI prism BigDye Terminator v. 3.1 cycle sequencing kit (Perkin-Elmer
Applied Biosystems, USA) and an ABI 3700 DNA sequencer (Perkin-Elmer Applied
Biosystems, USA), according to instructions of manufacturer. Sequences were edited
using the BioEdit software package v. 7.0.9 (lbis Biosciences, USA) and compared
against the NCBI genomic database with the BLAST search alighment tool (NCBI,
USA, http://blast.ncbi.nlm.nih.gov/Blast.cgi). Nucleotides sequences obtained in the
present study have been deposited in the GenBank database under accession
numbers GQ468297 to GQ468308.
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5.2.4 Mathematical modeling and parameter estimation

Processes related to monitored variables (Table 5.1) were modeled with IWA
ADM1 as basic model implemented in MatLab (The Mathworks, USA), applying the
same structure, nomenclature and units (Batstone et al., 2002). Data obtained from
activity batch test and molecular microbiology analysis, were used to estimate
several unknown parameters and the initial biomass concentrations. The default
values for kinetic parameters and stochiometric coefficients suggested by Batstone
et al. (2002) for thermophilic operation were adopted, with the following
exceptions: a) the value of LCFA inhibition constant on hydrogenotrophic
methanogenesis (Kn, 1), Which is not given for thermophilic range in the ADM1
model, was assumed to be the same as for mesophilic, Kjn; =5 10° kg COD m’>; b)
the adopted value for the liquid-gas mass transfer coefficient was k,a= 45 d; and c)
the pH was assumed to be constant, since a buffering solution was added to each
vial and no significant pH change was detected. In all simulations, the initial value for
inorganic nitrogen was S,(0)=10° kmol N m?. The initial specific substrate
concentration in each vial, used as model initial vector, are summarized in Table 5.1.

The time course of the variables monitored in vials with non-inhibited biomass
(samples I, 1ll and V), with H,/CO,, Ac and Bu as substrates (Table 5.1), were used to
estimate the initial concentration of H,, Ac and Bu degrading microbial populations,
Xi(0) (kg COD_X m”), by a sequential estimation procedure (step-by-step, where the
found values were then used as fixed parameters in next step), using ADM1 and its
default biochemical parameters values (Batstone et al., 2002), as indicated in Table
5.2.

Different approaches were considered concerning the modelling of the
inhibition phenomena observed on the activity tests with inhibited biomass
(samples Il and IV, according to Table 5.2).

The first assumption (Al) consisted on a direct application of the IWA ADM1
Model using the suggested biochemical parameters (Batsone et al., 2002) and the
calculated initial biomass content (X;,(0) X.(0) and X,,(0)), for assays | and lll. This
initial biomass content was considered to be equal to subsequent sampled inhibited
biomass, samples Il and IV respectively, since the time delay between the sampling
of non-inhibited and inhibited biomass was only 2-3 days (Table 5.1). With those
assumptions, the initial amount of LCFA degrading microorganisms, Xy,(0) (kgCOD_X
m?), and the maximum LCFA uptake rate, ks (kg COD_S kg cob_x* d?), were
estimated by a multiple parameter optimization procedure, using the time evolution
data of all the monitored variables during activity tests of inhibited biomass
(samples Il and 1V), according to Table 5.2.
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Table 5.2. Process rates modifications used in different model approaches

Model 3 .1 Estimated
Batch Approach Process rate (pj, kg COD m ™~ d") —
LILV | IWA ADM1 IWA ADM1 K2 (0), X :(0), X (0)
(A1) IWA ADM1 IWA ADM1 X0y 002 Ky
Haidane kanetics for LCFA uptake rate
Ny
Pr=knsa N..Iq.w|.kb~um~?§~3
~
Kg+Sg 4 -2
stog X,
(A2) Inhibition Non-competitive term for Ac uptake rate
Model ook 58 v rofo? Ky X (0)k a0 Ky
LIV 11 e Nw + ..w.n acd pH 4 IN Jen 4 NH 3 X K+ m.\&
Non-competitive term for H, uptake rate
Sz K,
L=k e Xy I pe I —_—
Pz = Xz s+ 5ny n24 pl < N 4im K1 +5,
(AS) Inhih replace i, by Xz in py, py; and pyy
ition- K1 X N () WP
adsorption Model With K, = .N. £ 10O gas K
fa

Note: Nomenclature and units were maintained from IWA ADM1 (Batstone et al., 2002)
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The second approach (A2), named as Inhibition Model, considered the uptake of
LCFA to be described by the Haldane’s inhibition kinetics and both methanogenic
processes (uptake of acetate and hydrogen) to be affected by a non-competitive
term with a common LCFA inhibition constant, K; (kgCOD_S, m™®), as shown in Table
5.2. Such inhibition kinetics has already been proposed by other authors. Angelidaki
et al. (1999), studying manure codigestion with glycerol trioleate or bentonite bound
oil degradation, considered a non-competitive LCFA inhibition on the lipolitic,
acetogenic and methanogenic steps, and the Haldane inhibition kinetics on the R-
oxidation process. Salminen et al. (2000) and Lokshina et al. (2003), using solid
slaughterhouse waste, considered a non-competitive inhibition kinetics due to LCFA,
affecting acetogenesis and methanogenesis. With those assumptions, new initial
values for X(0), kn s and K, were estimated by multiple parameter optimization
(Table 5.2).

The last approach (A3), was named as Inhibition-Adsorption Model, and included
a simple mathematical expression for the description of the physical adsorption
process of LCFA onto the biomass, as an inhibition mechanism. Adsorption is
considered as a rapid physico-chemical phenomenon, while desorption
(degradation) is a biologically mediated process by LCFA-degraders (Hwu et al.,
1998). Pereira et al. (2004) proposed a modification of the Haldane equation for the
LCFA inhibition process, which considers the adsorbed substrate per VS unit, Sy,
(Myupstrate Mbiomass ©), instead of total substrate concentration (Ss4). Consequently, by
adopting this concept, the proposed Inhibition-Adsorption Model assumes the
following hypothesis: a) the inhibition of LCFA uptake process can be expressed by
the Haldane kinetics; b) a non-competitive reversible inhibition term can be used on
acetogenesis and methanogenesis; c) in the previous inhibition processes, the
inhibitory constant (K,) is replaced by a new inhibitory term, K,FA:K,'-Xfa/Sfa,
proportional to the specific ratio between the LCFA degrading population and the
substrate (X;/Ss), being higher (less inhibition) when this ratio value increases
(Table 5.2).

The objective function was minimized, in the sequential parameter estimation
procedure, for each step or specific substrate k, according to Eq 5.1,

I'ij
fobjy = Y w [Z(yk,-i - ykji)zj Eq.5.1
i i=1

where, yk,-,-* represents the measured value of variable j, in vial k, at time i, and y,; is
the corresponding simulated value. Variable j from vials k has n,; measured values at
successive different times i. The weight factor, wy;, used in optimization was defined
asEq 5.2,

w5 = (N (max( y,5) —min( y,;))°) ™ Eq.5.2
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with max(y ;) and min(y’y;), being the maximum and minimum measured value of
variable j in vial (step) k. The objective function used in the multiparameter
estimation procedure, with datasets Il and IV, was calculated according to Eq.5.3,
and the optimization routine followed the downhill simplex method as implemented
in the MatLab package.

fobj = > fobj, Eq.5.3
k

Model data fitting accuracy was measured by the coefficients of determination

R2 defined in Eq.5.4,
nkj

Z()&ji - ykji)2
i=1
nkj

> (i~ Vi)
i=1

=% . . . .
where Y, is the mean of Ny measured values of variable j from vial k.

Rzkj =1- Eq.5.4

5.3. RESULTS AND DISCUSSION

5.3.1 Specific batch tests

The first set of analyzed batch tests were those with biomass taken from the
reactors, just before the application of LCFA pulses (samples | and Ill, in Table 5.1),
and when the system had recovered from a previous inhibition stage (sample V, in
Table 5.1). Results of activity batch tests on specific substrates; H,/CO,, Ac and Bu,
respectively, as model substrates for the main trophic groups, are summarized in
Table 5.3. Mean separation was performed on the calculated rates by Multiple
Range Test (MRT) with a significance level a= 0.05 (Sheskin, 2000).

Table 5.3. Substrate utilization rates of non-inhibited biomass (I, Ill and V).

Substrate Unit 1 11] \'/

H2/C02 mg CODCH4/g VS-1 d-1 91.1¥5.9 a 131.7+6.6 b 147.2+3.7 ¢

Ac mg CODCH4/g VS-1 d-1 127.746.5 a 122.948.2 a 135.0+10.7 a

Bu mg CODCH4/g VS-1 d-1 183.4+18.8 a 181.8+2.6 a 183.9+37.4a
mg CODBu/g VS-1d-1 -263.8 -285.8 -230.9

Note: Different letters in rows indicate significant differences between rates (a=0.05).

A significant increase on the hidrogenotrophic methanogenic activity rate was
observed after subsequent inhibitory stages (Table 5.3), in samples | to V (from 91.1
to 147.2 mg CODgu g VS* d7), while the net acetoclastic methanogenic activity
remained at a relatively similar level along time (127.7, 122.9 and 135.0 mg COD¢y4 g
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vst d%, for samples I, Ill and V). These results are in agreement with previous
findings on suspended sludge and fixed bed reactors subjected to LCFA inhibition,
which concluded that hydrogenotrophic methanogens appeared to be more
resistant to LCFA inhibition than acetoclastic methanogens (Templer et al., 2006).
Concerning the acetogenic activity, the n-butyrate (Bu) uptake rate remained fairly
constant (263.8, 285.8 and 230.9 mg CODg, gVS™ d™ respectively for samples |, Il
and V) and no significant statistical differences were found in terms of methane
production rate (in COD¢ys units, according to Table 5.3). Similary, Nielsen and
Ahring (2006) found that the maximum substrate utilization rate for Ac and Bu by
biomass from thermophilic anaerobic reactors, fed with a mixture of cattle and pig
manure and subjected to oleate pulses (2 g L), decreased or remained constant,
while the methanogenic activity rate from H,/CO,, but also from formate and Ac,
experienced an increase.

To analyze the inhibitory effect of LCFA pulses on specific activities of
representative trophic groups, a second set of batch tests were run with biomass,
sampled 2-3 days after each LCFA pulse, when biogas production in the reactor
evidenced a clear inhibition (biomass samples Il and IV, according to Table 5.1). Tests
were performed with H,/CO,, Ac, and Bu as methanogenic and acetogenic model
substrates, respectively. Samples Il and IV had remaining LCFA adsorbed onto the
biomass. Additionally, one set of vials were included as controls, Control(+LCFA),
incubated without any substrate supplementation in order to monitor the R-
oxidation process. The specific activities of inhibited biomass, Il and IV, are
summarized in Table 5.4.

Table 5.4. Substrate utilization rates of LCFA inhibited biomass (Il and IV).

Substrate Uniits Il v
H2/CO2(+LCFA) mg CODCH4/g VS-1 d-1 67.6+7.9 a 90.8+2.7 b
Ac(+LCFA) mg CODCH4/g VS-1 d-1 44.6t1.3 a 56.7t4.4 a
mg CODCH4/g VS-1 d-1 183.9+3.8a 174.0+154 a
Bu(+LCFA) mg CODBu/g V5-1 d-1 -183.2 -161.8
Control(+LCFA) mg CODCH4/g VS-1 d-1 163.3+8.7 a 218.8+16.1b
mg CODAc/g VS-1 d-1 104.9 153.6

Note: Different letters in rows indicate significant differences between rates (a=0.05).

In general, a clear reduction in all monitored metabolic activities was observed
upon the application of each LCFA pulse (Table 5.4 compared to Table 5.3). During
batch activity tests on LCFA inhibited biomass, the remaining LCFA content (from the
reactor pulse and adsorbed onto the biomass) was completely consumed and the
methane production reached a maximum plateau close to the expected theoretical
value. These results confirm that LCFA inhibition is a reversible phenomenom, since
neither syntrophic acetogenic nor methanogenic activities were irreversibly

88



LCFA Inhibition-adaptation. Chapter 5

damaged, which is in accordance to what has previously been reported (Pereira et
al., 2004). Yet, acetoclastic methanogenesis was the most affected activity by LCFA
(44.6-56.7 mg COD¢yy gVS™ d, compared to 127.7-122.9 mg CODcyy g VS™ d for the
LCFA-inhibited and uninhibited biomass, as shown in Tables 5.4 and 5.3,
respectively). Those vials exhibited not only lower methane production rates but
also a longer lag-phase, compared to the activities before the LCFA pulse. The
hydrogenotrophic methanogenesis was the metabolic activity affected the least by
LCFA inhibitory pulses, with rate values up to 90.8 mg COD¢y, gVS™ d (Table 5.4),
very similar to the system hydrogenotrophic activity prior to the LCFA inhibitory
pulse (91.1 mg COD¢s g vstd?, Table 5.3).

The results of the present study are in agreement with the hypothesis of LCFA-
induced transport limitation (Pereira et al., 2005). Those authors found that
hydrogen, the smallest methanogenic substrate molecule, was the first to be
transformed into methane in LCFA inhibited systems, in relation to other substrates
of higher molecular weight, due to its higher diffusivity through the LCFA adsorbed
layer.

It has also been described in the literature that methanogens are more
susceptible to LCFA inhibition than acidogens (Lalman and Bagley, 2002;
Mykhaylovin et al., 2005), which is also in agreement with the lower differences in
acetogenic activities detected on Bu vials, before and after LCFA inhibition (I-1l on
Table 5.3 and llI-1V on Table 5.4).

In relation to the control vials, LCFA batch Control(+LCFA), a clear improvement
on the R-oxidation process along time was observed (from 163.3 to 218.8 mg COD 4
g VS* d* or from 104.9 to 153.6 mg COD,. g VS™ d” in terms of substrate production
rate, for the tests Il and IV, respectively). Mladenovska et al. (2003) described that
the biomass of digested manure and lipids was more active and had higher initial
rates of methane production than the biomass of only digested manure (not
exposed to lipids). These results were related to the importance of the interaction
microorganism-substrate-particle size and, in particular, to the effect of lipids on cell
density and aggregation. Pereira et al. (2004) reported an enhancement on the
microbial activity upon depletion of adsorbed LCFA, by favouring specific degrading
populations, while Nielsen and Ahring (2006) also reported an increasing oleate
tolerance (from 0.3 to 0.7 g L") in manure thermophilic systems exposed to oleate
pulses. Different explanations for this behavior were hipotesized, like the induction
of higher hydrolysis rates, an increase on biomass concentration or changes in the
microbial composition.

The observed differential LCFA inhibition effect on distinct trophic groups might,
in principle, be related to an enrichment of specific populations involved on LCFA
degradation process. Therefore, a shift in bacterial and archaeal communities can
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not be excluded and was studied further by means of molecular biology techniques
and mathematical modelling tools, as described in the subsequent paragraphs.

5.3.2 Microbial community structure

DGGE molecular profiling of PCR amplified eubacterial and archaeal 16S rDNA
ribotypes was performed on biomass taken at the beginning (sample 1) and at the
end (sample V) of reactor operation (Table 5.1). Despite the fact that both sampling
events were separated in time by more than 40 days (equivalent to two HRT
intervals), and that the biomass suffered two inhibitory LCFA pulses and subsequent
recoveries stages during this period, no significant differences were observed in the
microbial community structure of eubacterial and archaeal populations (Figure 5.1).
Up to 12 DGGE bands were successfully excised, reamplified and sequenced. BLAST
sequence comparison against NCBI genomic database resulted in close maches with
several uncultured ribotypes from the Clostridiaceae,Syntrophomonadaceaae,
Bacillaceae and Synergites, all families that belong to the Firmicutes eubacterial
phylum (Figure 5.2).

Eubacteria Archaea

r 1T

L I v I v L

Figure 5.1. DGGE profiles on eubacterial and archaeal 16S rDNA amplified from samples | and V. A
standard ladder (L) has been used at both gel ends in order to check the DNA migration homogeneity.
Successfully excised and sequenced bands have been named with lower-case letters
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[GQ468297] DGGE band f
[FJ599513] Clostridium thermocellum CTL-6
[AB428531] Uncultured bacterium from a thermophilic anaerobic solid waste digester
97! [AM947536] Uncultured bacterium from a thermophilic anaerobic soli
[GQ468298] DGGE band g

[AJ310082] Clostridium stercorarium DSM8532T
[DQ887964] Uncultured bacterium from a thermophi
96> [AB428533] Uncultured bacterium from a thermophilic anaerobic solid waste digester
[GQ468303] DGGE band a

[GQ468301] DGGE band j

s infernus TH-23

waste digester

solid waste anaerobic digester

821 1u20385] Bacil

[AB438007] Uncultured bacterium from a composting sample of cow dung

Hoof [DQ661718] Uncultured bacterium from a thermopl
96/ [AM930340] Uncultured bacterium from a composting sample

[GQ468299] DGGE band h

35| [AB428538] Uncultured bacterium from a thermopt

100 [FJ205855] Uncultured bacterium from a mesopt

[AB114321] Uncultured bacterium from a thermopl

[GQ468300] DGGE band i

[FJ205846] Uncultured bacterium from a mesophilic anaerobic digester

lic solid waste anaerobic digester

anaerobic solid waste digester
igester
anaerobic municipal solid waste digester

anaerobi

References

(Unpublished; Sasaki et al.)
(Goberna et al., 2009)

(Unpublished; Li et al.)
(Unpublished; Sasaki et al.)

(Unpublished; Yamada et al.)
(Leven et al., 2007)
(Unpublished; Guo et al.)

(Unpublished; Sasaki et al.)
(Krober et al., 2009)

(Tang et al., 2004)

(Krdber et al., 2009)

I 00 [EF586053] Uncultured bacterium from a solid waste anaerobic digester (Unpublished; Li, Bouchez, and Mazeas)
[AM947554] Uncultured bacterium from a thermophilic anaerobic solid waste digester (Goberna et al., 2009)
[AB428539] Uncultured bacterium from a thermophilic anaerobic solid waste digester (Unpublished; Sasaki et al.)
27|(GQ468306] DGGE band d
o 18 [AJ243189] Anaerobaculum mobile DSM13181

23| [EF559055] Uncultured bacterium from a thermophilic anaerobic digester
[EU639163] Uncultured bacterium from a thermopl
[AB274507] Uncultured bacterium from a mesop
69| [GQ468305] DGGE band ¢

100] )
i anaerobic solid waste digester

(Unpublished; Li, Bouchez, and Mazeas)
(Wrighton et al., 2008)
(Sasaki et al., 2007)

89 100|![EF586051] Uncultured bacterium from a solid waste anaerobic digester (Unpublished; Li, Bouchez, and Mazeas)
[AM947543] Uncultured bacterium from a thermophilic anaerobic solid waste digester (Goberna et al., 2009)
[AB274499] Uncultured bacterium from a mesophilic anaerobic solid waste digester (Sasaki et al., 2007)
100 ' [AB428536] Uncultured bacterium from a thermophilic anaerobic solid waste digester (Unpublished; Sasaki et al.)
[ [GQ468306] DGGE band b
100 I‘ [FJ825442] Uncultured bacterium from a mesophilic anaerobic digester (Unpublished; Podmirseg et al.)
64 [DQ666176] wolfei subsp. saponavida DSM4212
[GQ468307] DGGE band e
[AM947539] Uncultured bacterium from a thermophilic anaerobic solid waste digester (Goberna et al., 2009)
00| ! ] Uncultured bacterium from a thermopl anaerobic solid waste digester (Unpublished; Bouchez, and Mazeas)
[FJ205826] Uncultured bacterium from a mesophilic anaerobic digester (Kréber et al., 2009)
[AB438000] Uncultured bacterium from a composting sample (Unpublished; Yamada et al.)
3 [GQ468302] DGGE band k
29| '[AM947530] Uncultured bacterium from a thermopt anaerobic solid waste digester (Goberna et al., 2009)
31 [EF586031] Uncultured bacterium from a solid waste digester (Unpublished; Li, Bouchez, and Mazeas)
00 i [EU639311] Uncultured bacterium from a thermophilic microbial fuel cell (Wrighton et al., 2008)
[AB428524] Uncultured bacterium from a thermophilic anaerobic solid waste digester (Unpublished; Sasaki et al.)

Figure 5.2. Phylogenic tree on eubacteriall6S rDNA from DGGE excised bands (Figure 5.1) and from
homologous sequences deposited at the GenBank database (accession numbers are given between box
brackets). The tree was generated using the Neighbour-joining algorithm and the Kimura 2-parameter
correction, and was bootstrapped 500 times. Values beside the nodes represent the percentage of branch
support given by bootstrap analysis.
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The Clostridiaceae appears to be one of the most represented bacterial families
in the microbial community of anaerobic digesters. In our study, the DGGE bands f
and g are related to uncultured bacteria previously found in different solid waste-
thermophilic anaerobic bioreactors (95-97% of sequence homology), and to the type
strains of Clostridium thermocellum (93%) and Clostridium stercolarium (95%),
respectively, as the closest phylogenetically defined matches. The sequence from
band a also clustered with the Clostridiaceae family, but its poor homology (88%)
with database sequences indicates that it might belong to a yet undescribed taxon.

The sequence from band b was relatively homologous (95%) to an uncultured
bacterium from an anaerobic digester and, more distantly (93%), to the type strain
of Syntrophomonas wolfei subsp. saponavida. The Syntrophomonas genus has been
described previously as specific syntrophic LCFA degrading bacteria (Sousa et al.,
2008).

Band j sequence was identical to that of the type strain of Bacillus infernus, the
only strictly anaerobic species in the genus Bacillus (Boone et al., 1995). This
halotolerant and thermophilic bacterium is characteristic from deep terrestrial
subsurface areas. Yet, very similar uncultured ribotypes (98-99% sequence
homology) were obtained during the composting of hyperthermophilically pre-
treated cow dung and from a thermophilic anaerobic digester of solid waste (Leven
et al., 2007).

The sequence from band d was identical to a number of uncultured ribotypes
obtained from solid waste anaerobic digesters, and closely related to that of the
species Anaerobacterium mobile (98% sequence homology). This is a novel
anaerobic, thermophilic, and sliglhy halotolerant bacterium able to ferment organic
acids and some carbohydrates into acetate, hydrogen, and CO, (Menes and Muxi,
2002).

No reference strains were found to be sufficiently related to the sequences from
bands h, i, kK and e for its phylogenetic assignment, but they were highly
homologous, or ever identical, to a number of uncultured ribotypes obtained
predominantly from thermophilic anaerobic reactors degrading organic solid waste
(Goberna et al., 2009; Krober et al., 2009; Tang et al., 2004; Wrighton et al., 2008).
Interestingly, the number of coincident, or highly related, ribotypes found in this
work in relation to the previously cited studies is remarkable (Figure 5.2). These
results suggest that the environmental conditions present in the thermophilic
anaerobic digestion of solid waste promote de formation of relatively stable
microbial consortia.

In relation to the archaeal domain, a single predominant band was observed in
the DGGE profiles (band /). The associated sequence was 97% homologous to that of
the Methanosarcina thermophila type strain. This thermophilic archeon is a
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methanogen that has been found in a wide variety of thermophilic anaerobic
digesters treating organic waste. Sequence homology of band / was higher in
relation to another strain of the same species that was enriched in a thermophilic
anaerobic digester operated at high concentration of volatile fatty acids (Hori et al.,
2006). Mladenovska et al. (2003) compared the digestion of cattle manure at
mesophilic conditions to the digestion of a mixture of manure with glycerol trioleate
(2% w/w). Despite different reactor performance no differences were found in the
diversity of archaea, being the vast majority of the detected ribotypes
phylogenetically close to Methanosarcina siliciae. Karakashev et al. (2005) studied
the influence of environmental conditions and feeding on methanogenic populations
in a real scale biogas plants, reporting a dominance of Methanosarcinaceae
members on manure digesters. Kaparaju et al. (2009) also reported the
predominance of Methanosarcinaceae on the pilot plant (Kogens-Lyngby, Denmark),
which was used as source of inoculum for semi-continuous reactors sampled in the
present study (Palatsi et al., 2009). Hence, the origin of the inoculum, the daily
manure feeding and the thermophilic regime might have exherted a strong influence
on the enrichement of specific methanogenic populations.

5.3.3 Mathematical modeling and parameter estimation

Data from batch activity assays were used to test the three model approaches
(A1-A3) as summarized in Table 5.2. The main aim was to determine whether the
observed biomass adaptation process to LCFA can be explained by an increase of
specific degrading populations (X;), and/or a modification of the adsorption-
inhibition process, once a species composition shift has been excluded as the reason
for the observed adaptation.

In order to estimate the initial biomass content of specific trophic groups, X;(0),
the experimental data from batch activity tests, with H,/CO,, Ac and Bu as
substrates and not inhibited biomass (batch with samples I, Ill and V), was used in a
direct implementation of IWA ADM1 Model and a sequential parameter estimation
procedure (as described in Material and Methods section). Estimates on the initial
biomass content of specific trophic groups, X;(0), are summarized in Table 5.5a.
Goodness-of-fit coefficient R* of modeled results ranged from 0.78 to 0.99 (data not
shown). As an example, the simulations and experimental data for Bu batch activity
tests (witch included the previously initial estimated concentrations for
hidrogenotrophic and acetoclastic methanogens), and the corresponding R’
coefficients, are depicted in Figure 5.3. When the initial population concentration,
Xi(0) and the maximum uptake rate, k,,; were simultaneously estimated at each step,
the obtained k,,; values were relatively close to those suggested by Batstone et al.
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Table 5.5a. Estimated parameter values for non inhibited batch tests data sets I, Ill

and V.
Model Estimated Results
Approach parameter | 11 \'
Xn2(0) 5.8910" 5.08 10" 2.3310°
IWA ADM1 Xac(0) 1.30107 1.26 107 1.70 10™
X6u(0) 5.5310" 1.5210° 1.6810°

Units; Xi ( kg COD m?)

Bu vials for samples |, lll and V
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Figure 5.3. Experimental data (nkj point markers) and IWA ADM1Model results (lines) for activities (k)
to Bu for non-inhibited biomass |, Il and V. Coefficients of determination (R2) for model fitting are
indicated in every graphic.
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(2002) and no significant differences in the coefficients of determination were
found. Moreover, at the tested initial substrate concentrations (in activity
assays,S;(0)>>>Ks)), the sensitivity of the system to variations on the half saturation
constants (Ks;) was extremely low, as expected (Dochain and Vanrolleghem, 2001),
and this constant was not possible to be identified. For this reason, the sequential
parameter estimation of initial X; values by adopting the suggested biochemical
parameters by IWA ADM1 (Batstone et al., 2002), was considered adecuate. Due to
technical difficulties on the measurement of the methane production in batch V,
caused by an operational problem on the GC-FID, model fitting in this particular
batch was based mainly on the VFA production-degradation profile (Figure 5.3).

Based on the estimated initial biomass content of specific microorganisms, X;(0),
an initial acetoclastic methanogenic population stability can be outlined (Table 5.5a).
However, the initial hydrogenotrophic methanogenic population, X;,,(0), increased
along sampling time, which could explain the observed improvement of the
hydrogenotrophic activity (Table 5.3). From the microbial community analysis, it was
not possible to differentiate between methanogenic populations, because the most
abundant isolated archaeae was affiliated to the genus Methanosarcina (Figure 5.2).

In the analysis of batch reactors with inhibited biomass (data-sets Il and V), the
initial amount of hydrogenotrophic methanogens X,,(0), aceticlastic methanogens
X,(0), and butyrate acetogens X,,(0), was assumed to be the same as in tests with
non-inhibited biomass (samples | and Ill), as explained in the Material and Methods
section (Table 5.5a). The initial content of LCFA in batch tests Il and IV (S4(0), 2.23
and 2.64 kg COD m”) was identical to that from the previous LCFA pulse in the
reactor, adsorbed on the biomass. As general procedure, in each tested approach
with inhibited batch tests data, a multiple parameter estimation (Xz(0), ks and K))
was performed for batch test Il and the obtained kinetic parameter values were then
used in the estimation of the initial LCFA degrading population, X;,(0), as the sole
parameter optimized in batch test IV (Table 5.5b).

The first approach (Al) to estimate Xg,(0) and k. parameters was the /WA
ADM1 Model (Table 5.2). Figure 5.4 shows, as example, the experimental and
predicted values for the inhibited sample IV. Although the predicted methane
production curve and S,. or S, evolution values are acceptable in some cases, it was
not possible to find an unique set of parameters (X;,(0) and k,z) able to fit all
experimental data together, with sufficiently high coefficients of determination
(Figure 5.4). Hence, the need to introduce modifications in /WA ADM1 model, in
order to express adequately the LCFA inhibition process is justified.

The second tested approach (A2), Inhibition Model, introduced the Haldane
inhibition kinetics for the R-oxidation and the reversible non-competitive inhibition
kinetics for acetate or hydrogen methanogenesis (Table 5.2), as previously reported
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(Angelidaki et al., 1999; Salminen et al., 2000; Lokshina et al., 2003). The estimated
parameter values for batch test Il are shown in Table 5.5b. An increase in the initial
LCFA degrading population, Xz(0), from 2.40-10° to 4.45-107 kgCOD_X m”, in batch
test IV was detected, maintaining a maximum degradation rate and inhibition
constant of k,,;,=21.69 kg COD_S kg COD_X' d' and K=3.35 kg COD m?,
respectively. Coefficients of determination and model fitting for sample IV are
shown in Figure 5.4.

The last approach (A3), Inhibition-Adsorption Model, replaced the constant
inhibitory factor, Kj, by a term K4 proportional to the ratio X;,/S; (Table 5.2) to
model the adsorption effect of LCFA on the cell walls. Estimated parameter values
for test Il were presented in Table 5.5b. An increase in the initial LCFA degrading
population Xg(0), from 9.89-10” to 1.30-10° kg COD m™, was also detected in
sample IV (Table 5.5b), while initial Kjz4(0) value remained around 1.15 kg COD m™.
An example of the obtained coefficients of determination and model fittings for
sample IV are shown in Figure 5.4.

Table 5.5b. Estimated parameters values for inhibited batch tests data sets Il and

V.
Model Estimated Results
Approach parameter Il \'}
-4 -3
(A1) Xta 3.0010 3.70 10
IWA ADM1 K fa 2237 2237
Xta 2.4010° 4.4510”
(A2) Inhibition K
Model m.fa 21.69 21.69
K, 3.35 3.35
X 9.89 10" 1.3010°
(A3) fa
Inhibition- Kin. fa 124.33 124.33
adsorption Model
P K, 2.3710° 2.3710°

Units; Xi (kg COD m-3); Km,fa (kg COD_S kg COD_X-1 d-1); Kl and KI’ (kg COD m-3)

The best model fittings were obtained with the Inhibition-Adsorption Model,
which was able to reproduce not only the lower production rates when the system
was inhibited but also the longer lag-phase during system inhibition. Although the
obtained parameter set is probably not unique, these results could be considered as
a first approach to express the importance of the LCFA/biomass ratio in the
adsorption-inhibition process.

Modelling results suggest that adsorption plays an important role in the overall
LCFA inhibition-adaptation process, and that there is a need to introduce
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Figure 5.4. Experimental data (point markers) and different model assumptions (A1-A3) results (lines) for activities to H,/CO,, Ac, Bu and LCFA
(Controls) in terms of CH, (kmol CH, 3.& cumulative production and substrate degradation (kg COD m~) for inhibited biomass IV. Coefficients
of determination (R) for model fitting areindicated in every plot

97



LCFA Inhibition-adaptation. Chapter 5

modifications in IWA ADM1 model when dealing with the degradation of lipids.
Although the proposed Inhibition-Adsorption Model produces a satisfactory fitting of
experimental results and provides a better representation of the physical nature of
the overall LCFA inhibition process, additional experimental data specifically
designed to study biosorption phenomena is needed to mathematically express the
adsorption-inhibition process. It is important to notice that for all tested modelling
approaches, an increase in the initial hydrogenotrophic methanogens and LCFA
degrading population occurred along time. The obtained batch experimental data
and modeling results, together with the apparent stability of the microbial
community structure, might explain the observed LCFA adaptation process as the
result of a physiological acclimatation of existing populations or, at most, to the
proliferation of specific, yet already existing, LCFA degrading bacteria and syntrophic
methanogenic archaea.

5.4. CONCLUSIONS

Activity assays of anaerobic biomass exposed to successive LCFA inhibitory
pulses evidenced the recovery capacity of R-oxidizing bacteria and syntrophic
methanogens, while no significant microbial community shift occurred. A new LCFA-
inhibition kinetics was proposed within the IWA ADM1 model framework, which
resulted in better fits to the experimental results and provided a numerical
expression of the process, in accordance to the adsorptive nature of the inhibition.

The predicted increase in hydrogenotrophic methanogens and LCFA-degrading
populations along time, together with the observed stability of the microbial
community, indicate that the observed adaptation process is of physiological nature.
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Long-chain fatty adsorption and inhibition: Use of
adsorption competitive additives as a preventing strategy
on anaerobic granular sludge

ABSTRACT. To study long chain fatty acids
(LCFA) adsorption and inhibitory process
over anaerobic biomass, two different
granular sludges were characterized in
terms of methanogenic activity rate, LCFA
toxicity, and granular morphology. The
possibility of introduce competitive
additives (bentonite), as a preventing
strategy to face with LCFA inhibition, was
also tested, and the respectively adsorption
isotherms estimated.

A clear inhibitory effect of oleate (C18:1)
concentration of 5 g C18:1 L-1was found for
both sludges. Palmitate (C16:0) was
confirmed to be the main intermediate of
C18:1 degradation in not adapted systems,
and C16:0 accumulation, mainly adsorbed
onto biomass, was confirmed by
fluorescence staining and microscopy
observation techniques. Although the C18:1
tested concentration inhibited the
anaerobic digestion process, the inhibition
was reversible and the system was able to
recover after the consumption of adsorbed
LCFA. The introduction of bentonite as a
competitive adsorbent was demonstrated
to be a reliable strategy to improve the
system resistance to LCFA, affecting the
kinetics of the LCFA adsorption-inhibition
process, due to its higher adsorption
capacity compared to granular biomass.

Palatsi, J., Affes, R.,Fernandez, B., Neves, L., Pereira, M.A., Alves, M.M., Flotats, X
(2009)
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6.1. INTRODUCTION

Lipids are interesting substrates for anaerobic digestion process due to its high
methane vyields. Lipids are initially hydrolyzed to glycerol and to long chain fatty
acids (LCFA), which are further converted (R-oxidation process) by syntrophic
acetogenic bacteria to hydrogen (H,) and acetate (Ac), and finally to methane (CH,),
by methanogenic archaeae (Weng and Jeris, 1976). LCFA are the main intermediates
of lipid hydrolysis process, and several problems, related with sludge flotation,
washout and toxic effect, have been reported (Rinzema et al., 1994; Hwu et al.,
1998). Further studies have demonstrated that the LCFA inhibitory effect is a
reversible phenomenon, related to the physical adsorption of LCFA and their
accumulation on the cell walls, hindering the transfer of substrates and metabolites
(Pereira et al., 2005; Palatsi et al., 2009b).

Oleate (C18:1) and palmitate (C16:0) were considered to be the major
constituents in lipid-rich wastewaters (Hwu et al., 1998). C16:0 has been proposed
to be the main intermediate, and key inhibitory specie, during oleate degradation
via R-oxidation (Lalman and Bagley, 2001; Pereira et al., 2002). The reported C16:0
accumulation in anaerobic systems could be related to its low solubility, saturation
degree, adsorption properties (Kanicky and Shah, 2007; Pereira et al., 2005), and
also to the presence or absence of a specific microbial community (Sousa et al.,
2007). The LCFA adsorption over granular sludge has been reported to be a rapid
surface physical phenomenon if compared to biological degradation (Hwu et al.,
1998).

Several methods to prevent, overcome or recover LCFA inhibited anaerobic
systems have been reported. The use of inoculum already acclimatized to LCFA
treatment (Alves et al., 2001), feeding procedures based on sequential accumulation
and degradation steps (Cavaleiro et al, 2009), the addition of easily degradable co-
substrates (Kuang et al., 2006) or the introduction of adsorbents as a recovery
agents (Nielsen and Ahring, 2006; Palatsi et al., 2009a), have been discussed as a
possible strategies to limit LCFA inhibitory effects.

The aim of the present study is to gain a deeper insight on the adsorption and
inhibition process of LCFA onto anaerobic granular biomass, by means of granular
sludge characterization, activity-toxicity anaerobic batch tests and fluorescence
staining microscopy techniques. The possibility of introduce competitive additives
(adsorbents), as a preventing strategy to face with LCFA inhibition, was also tested
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6.2. MATERIAL AND METHODS

6.2.1. Analytical Methods

Total solids (TS), volatile solids (VS), suspended volatile solids (VSS) and pH were
determined according to Standard Methods (APHA, AWA, WEF, 1995).

Biogas and methane production was monitored by pressure transducer and gas
chromatography techniques (FID and TCD), as described elsewhere (Angelidaki et al.,
2009).

Volatile fatty acids (VFA) - acetate (Ac), propionate (Pro), iso and n-butyrate
(Bu), and iso and n-valerate (Va) were determined with a CP-3800 gas
chromatograph (Varian, USA), fitted with Tecknokroma TRB-FFAP capillary column
(30mx0.32mmx0.25um) and FID detection, after sample acidification and extraction,
as described by Campos et al. (2008).

Long chain fatty acids (LCFA) — laurate (C12:0), myristate (C14:0), palmitate
(C16:0), palmitoleate (C16:1), stearate (C18:0) and oleate (C18:1) - were determined
as fatty acids methyl esters (FAME) by CP-3800 (Varian, USA) gas chromatograph
and FID detection. Samples were previously centrifuged at 4,500 rom to analyze
solid or liquid phase LCFA content (LCFAs or LCFA,) by two different etherification
and detection procedures, according to Neves et al. (2009) and Palatsi et al. (2009).
Methanolic-HCI or CTMS (cholotrimethylsilane) solutions as FAME catalyst, and
capillary columns Teknokroma CP-Sil 52 CB TR-Wax (30mx0.32 mmx0.25um) or
Varian CP-Sil 88 FAME (50mx0.25mmx0.2um) for detection, were used, respectively.
A proficiency testing exercise between both methodologies was performed, and
differences in results were lower than 10%, allowing further results comparison.

6.2.2. Experimental set-up
Biomass characterization

Two different anaerobic granular sludges were sampled from industrial
beverage wastewater treatment plants: (A) from a beer brewery, in A Corufia
(Spain), and (B) from a fruit juice processing industry, in Lleida (Spain). Both seed
sludge were characterized in terms of VSS content (g vss L™?), methanogenic activity
rate (ML cus g vss d) and granule morphology.

Classical methanogenic activity test in acetate (Ac) and hydrogen (H,/CO,) were
performed in batch as described elsewhere (Angelidaki et al., 2009). Granule
morphology characterization was performed in 20 samples containing more than
1,200 granules (>0.2 g piomass PEr sample) by image analysis of digitised images
(768x574 pixel size, 256 grey levels) using Analyze Particle Tool of Imagel package
software (National Institutes of Health, USA). Images were binarized and particles
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sizes were evaluated by equivalent diameter and specific surface (cm? g ),
calculated from particle projected area, based on Pereira et al. (2003).

LCFA inhibition batch test

Several LCFA concentrations were tested in methanogenic activity assays
performed with both granular biomas to select the LCFA concentration that causes a
clear and long-lasting inhibition for use in further experiments. Oleate (C18:1) was
selected as LCFA substrate model, considering that C18:1was one of the major
constituents in lipid-rich wastewaters and according to its high solubility (Hwu et al.,
1998). C18:1, used in all assays, was introduced from a stock solution (5 g 151 L"l) of
purum sodium oleate powder salt (Riedel-de Haén/Sigma-Aldrich; 82% C18:1/LCFA).
Concentrations of C18:1 from 0.1 to 2.0 g¢is.1 L were tested in 120 mL glass vials (50
mL working volume; 5 gyss L™ of granular sludge and 1 guancos 9 copadaed), Under strict
mesophilic (352C) anaerobic conditions (vials bubbled with N, and closed with
rubber butyl stoppers and aluminium crimps) and continuous shaking (150 rpm).
Methane production obtained at each tested oleate concentration was expressed as
a global LCFA activity rate, determined by the initial slope of the accumulated CH,
production curve per VSS content of biomass (mL cus g vss - d™).

LCFA adsorption isotherms

Adsorption isotherms for oleate over bentonite and over anaerobic granular
sludge (A) were assessed in batch. Glass vials of 1 L, with 500 mL of final media
working volume, were used. Media was composed by demineralised water, sodium
bicarbonate (I Gnarcos 9 copadded) and bentonite (0.4 ggenronre L?) or inactivated
anaerobic granular sludge (5 gvss L) as sorbents. Bentonite was introduced as
analytical grade (4SiO, H,0, Prod 285234, Sigma-Aldrich) reagent. Biomass was
inactivated to differentiate adsorption from biological desorption or LCFA
degradation (Hwu et al, 1998). Chemically inactivation, incubating biomass at 42C
with formaldehyde solution (4% v/v) during 2 hours , was selected to prevent
possible cell wall damage caused by other inactivation treatments, like autoclaving
(Ning et al., 1996). Oleate concentrations from 0.5 to 5.5 g¢ig.1 L were introduced as
LCFA sorbate model, from the previously described stock solution.

Bottles were maintained in anaerobic conditions and under agitation with a
continuous shaker (150 rpm) inside incubators set at mesophilic conditions (352C).
Liquid phase samples were withdrawn periodically from vials to monitor soluble
oleate concentration (C; mgcis.isoiuie L'"). Obtained experimental values were fitted
to an asymptotical exponential decay curve in time (C=C.+ae®™), to determine the
equilibrium oleate concentration in the liquid phase (C.; Mgcis-isoiuble L'"). Obtained C,
values were used to calculate the LCFA adsorbed concentration per unit of
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adsorbent (bentonite or inactivated biomass) and to fit results to a Freundlich
isotherm model (Cad=KCel/"), where C,4 is the equilibrium amount of sorbate on
sorbent (Cog; MGcis-tadsorbed G sagsorpent), and K and 1/n are the Freundlich parameters.
Sorbent concentrations were expressed in TS units to allow further comparison
between bentonite and biomass adsorption isotherms.

Addition of bentonite as a strategy to prevent LCFA inhibition

Addition of bentonite as a strategy to prevent LCFA inhibition over anaerobic
granular sludge was tested in batch (120 mL vials with a final working volume of 50
mL). Granular biomass (A or B) was previously exhausted, under mesophilic (352C)
anaerobic conditions, till residual methane production (2 days). As biomass from the
brewery reactor (sludge A) was sampled more than 2 months before the present
assay, an acetate pulse (30 mM) was added to those vials to activate the inoculum,
and to better identify further LCFA inhibition process. LCFA inhibition is usually
monitored as an initial CH, production delay or as a longer lag phase (Hwu et al.,,
1998; Pereira et al., 2005; Cavaleiro et al., 2008). If biomass is not previously
activated, results can lead in some cases in doubts between a real inhibition or
simple delay due to substrate complexity. As biomass from fruit juice industry
(sludge B) was sampled immediately before the present assay, the described
activation step was omitted.

Different strategies were tested to force C18:1 adsorption over bentonite and to
prevent biomass inhibition. Table 6.1 summarizes the batch tests set-up for addition
of bentonite as a strategy to prevent LCFA inhibition.

Table 6.1. Experimental set-up of adsorption-inhibition batch experiments

Sludge A Day -2 Day 0 Day +1
(sludge exhaustion) (activation) (inhibition)
Ta 0.58 genronme L +58 VSS(A) L™+3 8 amcos L™ +30 MM 5 +0.58 c1g1 L™
Ca 5 8 vss(a) |—-1+3 8 NaHco3 Lt +30 mM p +0.5 8 c1s1 Lt
BLa 58 vssia L '+3 8 nancos L +30 MM 5 -
Sludge B Day -4 Day-2 Day 0
(LCFA-bentonite adsorption) (exhaustion) (inoculation)
Ts 5.0 8 sentoniTe L' +0.5 8 c18:1 L+3 8 NaHco3 Lt 0.5 L §judge +5 g vss(p) !
Ce 0.5 8 c181 L'+3 8 NaHCO3 L under +5 g vss(p) L
BLs 3gnacosl?  anaerobic +5 8 yssip) L

conditions

For the sludge A, the preventing strategy consisted in the addition of bentonite
into buffered vials together with biomass, before the C18:1 pulse (T, vials, in Table
6.1). Concentrations of 0.5 ggenronire L? and 5 guss L respectively, were selected
from previous assays as competitive adsorbent and biomass concentration,
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respectively. After the previously described activation step (30 mM,.), vials were
inhibited with an oleate pulse of 0.5 gcig.; L.

Based on the results obtained with sludge A, some changes were introduced in
the experimental set-up performed with sludge B. A higher concentration of
bentonite (5 gsenronire L") was mixed with oleate (again 0.5 gcis.1 L") in the buffered
media (vials Tg), during 4 days to force bentonite adsorption, prior to vials
inoculation with sludge B (day 0).

Control vials (C), with LCFA and biomass but without bentonite, and blank vials
(BL), with only biomass, were also run for sludges A and B. All vials were maintained
at 359C under continuous shaking (150 rpm). Each treatment was performed in
triplicate for biogas analysis (CH, and H,), and 10 vials per treatment were
withdrawn periodically to determinate liquid and solid LCFA concentrations (LCFA,
and LCFA,) and soluble VFA profile.

6.2.3. Microscopy observation techniques

Granules, free and submitted to LCFA pulse, from the first set of adsorption-
inhibition batch experiments (vials C, and BL,, according to Table 6.1), were stained
and examined under fluorescence light microscopy (FLM) using a BX51 (Olimpus,
Japan) microscope. To better observe the LCFA adsorption process, sampled
granules were also sectioned using a cryostat CM 1900 (Leica, Germany) before
observation. All obtained images were analysed using ImageJ (National Institutes of
Health, USA) package software.

Before sectioning and staining, granular sludge samples were settle at 42C and
the supernatant was carefully removed. Afterwards, granules were washed and re-
suspended in phosphate buffered saline (PBS) media. Cells were fixed adding 3
volumes of formaldehyde (4% v/v in PBS) to 1 volume of pellet cells. Samples were
incubated overnight, washed, re-suspended in PBS and finally stored at 42C for
further observation. For cutting granules in cryomicrotome, granules were placed in
a base of OCT mold (Optimum Cutting Temperature media, Sakura Finetek, USA) as
described in Batstone et al. (2004). Frozen blocks were sectioned on cryostat
(sections of 10 um) with a knife temperature of -209C, a cabinet temperature of
-1829C, and mounted onto microscopic slides for staining and observation.

Stain was performed with multiple fluorochrome dyes. DAPI (4’,6-diamidino-2-
phenylindole, Sigma, Spain) was used as probe for biomass or total cells (DNA) while
Nile Red (9-diethylamino-5H-benzo[a]lphenoxazine-5-one, Sigma, Spain) was
selected as probe for hidrophobicity sites (lipids). Dyes stock-working solutions of 10
ug mL™* were prepared and used over sectioned fixed granules directly staining the
microscopic slides, for 15 min in darkness at room temperature, based on Diaz et al.
(2008) and Chen et al. (2007). A further washing step with PBS was implemented to
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remove the excess of dye. The FLM settings were Ex365-370/B 400/LP 421 and Ex
530-550/B 570/LP 591 for blue (DAPI) and red (Nile Red) channels respectively.

6.3. RESULTS AND DISCUSSION
6.3.1. Biomass characterization

Table 6.2 summarizes main results of granular sludges characterization,
according to Material and Methods section.

Table 6.2. Granular biomass characterization

Parameter sludge A sludge B
Sludge biomass content (g yss L'l) 8.81+0.13 8.87+0.02
H, activity rate (ML cua g vss d7) 72.4+4.4 32.8t1.6
Ac activity rate (ML cua 8 vss d7) 34.415.0 45.0£2.5
Mean size as equivalent diameter (mm) 1.96+0.72 2.04+0.93
Specific surface area (cm” g™ vss) 620.50+41.57 540.13+58.65

From results of batch activity test (Table 6.2), it can be stated that both sludge
had a similar activity to acetate as methanogenic substrate model, while the
hidrogenotrophic activity rate of sludge A was higher than for sludge B. Acetate is
considered to be the main product of the R-oxidation process (Weng and Jeris, 1976)
and most of LCFA-degrading microorganisms are known to be proton reducing
bacteria, which require syntrophic interaction with H,-utilizing and acetoclastic
methanogens (Schink, 1997; Lalman and Bagley, 2001). Consequently, the balance
between acidogenic bacteria and archaeae communities plays a central role in the
LCFA degradation process, and the quality of inocula, in terms of methanogenic
activity, can influence the overall LCFA degradation process (Pereira et al., 2002). For
those reasons, dealing with LCFA inhibition, it is important to consider the reported
methanogenic activity rates in further discussion of adsorption-inhibition batch tests
(Table 6.1).

LCFA inhibitory effect has been related to surface phenomenon (Pereira et al.,
2005; Nielsen and Ahring, 2006; Palatsi et al, 2009). Therefore, dealing with LCFA
degradation, it is important to consider the biomass available surface for LCFA
adsorption. Mean values of granule size, calculated as equivalent diameter, do not
give enough information about sludge morphology due to its high dispersion or
standard deviation (Table 6.2). It was necessary to analyze granule size distribution
in sampled biomass (data not shown) to estimate equivalent surface area. Although
the detected differences in particle size distribution, the obtained value of the
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specific surface area (620.50 and 540.13 cm” g™ ss, respectively) was quite similar for
both sludges (Table 6.2).

6.3.2. LCFA inhibition batch test

Global LCFA degradation rates exhibited by sludge A and B.for each tested
oleate concentration were calculated as initial slope of specific methane production
(MmLcys g'1V55 d?), according to Material and Methods section. A clear response
(exponential decay curve fitting) to increasing initial C18:1 concentration was
obtained for both sludges, as plotted on Figure 6.1.

effect of C18:1 concentration
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Figure 6.1. Effect of tested oleate concentration (gC18:1 L-1) on the initial specific methane
production rate (mLCH4 g-1VSS d-1) of granular sludge A and B. Markers represent experimental
values while lines represent the fitting to an exponential decay curve. Coefficients of determination
for curve fitting (R2) are indicated in the figure.

From Figure 6.1, it can be stated a major resistance of sludge B, than sludge A, to
oleate concentrations up to 1.0 geig.: L, while those differences disappear at higher
initial oleate concentrations. Those differences between both sludges response
could be explained by differential methanogenic activity of archaeae communities
(syntrophic interaction with LCFA degraders), differential available granule surface
area (LCFA inhibition as surface related phenomenon) or differential acidogenic or R-
oxidizing bacterial microbial structure (biomass adaptation). From the results of
biomass characterization (Table 6.2), the slightly lower methanogenic activity rate
and the estimated specific surface area of sludge B, can not explain the higher
reported resistance of that biomass to a given LCFA concentration. Part of the higher
sensitivity of sludge A might be attributed to the absence of previous biomass
exposition to lipids or LCFA adaptation (biomass from brewery industry, no lipid
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containing). Contrary, biomass B, obtained from fruit juice wastewater treatment
plant, has been probably in contact to higher lipid content, as the contained in fruit
peels press liquor waste (Gali et al., 2009). Pereira et al. (2005) and Palatsi et al.
(2009a and 2009b) observed a considerable increase of sludge activity, or resistance
to LCFA, after batch depletion of the accumulated LCFA or after subsequent LCFA
contact. Sousa et al. (2007) reported the promotion of specific R-oxidizers
populations, dominated by members of Clostridiaceae and Syntrophomonadaceae
families in lipids acclimated cultures. The hypothesis of a higher concentration of R-
oxidizing bacteria on sludge B, might be confirmed by molecular biology tools or
other microbiology techniques.

Despite the reported differences in the C18:1 inhibitory effect over sludge A and
B, a concentration of 0.5 gcis. L? was considered enough to reduce the global
biomass activity, causing a clear and long-lasting inhibition phenomena (Figure 6.1).
Consequently, 0.5 g¢ig1 L? was selected as the LCFA inhibitory concentration to be
tested in further adsorption-inhibition batch experiments (Table 6.1).

6.3.3. LCFA adsorption isotherms

Adsorption batch experiments, of oleate over granular biomass (sludge A) and
over bentonite, were performed according to Material and Methods section. Figure
6.2 shows the evolution of C18:1.,.,e cOncentration in the vials with bentonite or
granular inactivated biomass as sorbents (Figure 6.2a and 6.2c, respectively), and
the corresponding estimated Freundlich isotherms (Figure 6.2b and 6.2d,
respectively). Other models, like Langmouir, were also tested, obtaining similar
fittings coefficients (data not shown).

The higher adsorption capacity of bentonite compared with the tested
anaerobic granular sludge (A), in terms of equilibrium amount of sorbate on sorbent
(C.q), emerges clearly from the experimental results (Figure 6.2). The obtained
values of Freundlich parameters for chemically inactivated granular sludge (K=19;
1/n= 0.442) were similar to ones reported by Hwu et al (1998) with oleic acid and
thermal inactivated granular sludge (k=12 and 1/n= 0.521, also plotted in Figure
6.2d). No references were found in literature for adsorption of LCFA over bentonite.
Nevertheless, if it is assumed that adsorption can be described by a physical theory,
surface and concentration dependent (Ning et al, 1996; Hwu et al, 1998), the higher
specific surface area of bentonite (Raposo et al, 2004) compared to anaerobic
granular sludge (Table 6.2), may result in a higher adsorption capacity per unit of
sorbant, as it was shown in Figure 6.2b, with a corresponding set of parameters for a
Freundlich isotherm fitting of K=2.5 and 1/n=1.042.
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From the obtained results, a concentration of 0.5 ggenronme L™ Was considered
enough for a fast and complete adsorption of the selected LCFA inhibitory
concentration (0.5 ges: L) in the further experiments of bentonite adition as a
strategy to prevent inhibition (Table 6.1). According to the calculated specific surface
areas of sludge B (Table 6.2), its adsorption isotherm is considered to be similar to
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Figure 6.2. Evolution of oleate concentration in liquid phase, C18:1 .., in the batch adsorption assay
performed with bentonite (a) and with inactivated anaerobic granular sludge A (c), to calculate the
corresponding equilibrium concentration (Ce, mg ™). Results were fitted to a Freundlich isotherm
model (— ) for bentonite (b) and sludge A inactivated biomass (d) and compared with available
literature values (--).

6.3.4. Addition of bentonite as a strategy to prevent LCFA inhibition (sludge A)
Based on the previous results (biomass characterization, LCFA inhibition batch

tests and adsorption batch experiments) an adsorption-inhibition batch test, with

sludge A, was designed (Table 6.1) to study the addition of a bentonite as a strategy
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to prevent LCFA inhibition. Figure 6.3 shows the time course of main detected LCFA,
oleate and palmitate, in the solid and liquid phase (LCFAs and LCFA) VFA
accumulation, and CH, production in the bentonite addition treatment (T,), controls
(Ca) and blank (BL,) vials. All monitored parameters were expressed in equivalent
chemical oxygen demand units (COD) to facilitate comparison.

As LCFA pulse was introduced from a solubilised stock solution (see Material and
Methods section), it was considered that, initially (day 1), LCFA were completely
contained on liquid phase (Figure 6.3b and 6.3d). Notice that initial palmitate
concentration (day 1 in Figure 6.3d) was due to the synthesis grade of sodium oleate
salt reagent (see Material and Methods part) and not to the beginning of a C18:1
degradation process. The disappearance of C18:1 from the liquid media was very
fast (in less than 5 days), including the control vials (Ca), where no competitive
adsorbent (bentonite) was added (Figure 6.3b). C18:1 disappearance from solid
phase was attributed to a partial degradation to palmitate, as shown in Figure 6.3c.
C16:0 was mainly present accumulated on solid phase and no significant
concentrations of C16:0 were detected on liquid phase samples after initial
adsorption process (Figure 6.3d). Palmitate has been proposed as the main
intermediate in oleate degradation via R-oxidation (Lalman and Bagley, 2001;
Pereira et al., 2002). No palmitoleate (C16:1) or other intermediates were detected
in liquid or solid phase samples (data not shown) during C18:0 consumption,
consistently with the hypothesis of hydrogenization of unsaturated LCFA prior to R-
oxidation process (Weng and Jeris, 1976; Lalman and Bagley, 2001). The maximum
levels of C16:0 in the solid phase were reached at day 7-10 (Figure 6.3c) with few
differences between treatments.

Some reports suggest a specific microbial community able to degrade saturated
or unsaturated LCFA, explaining the fact of palmitate accumulation by the absence
of specific microbial species (Sousa et al., 2007). In other reports, where it is
investigated the effect of degree, type and position of LCFA unsaturation in the
formation of lipid monolayer, it is suggested that the C16:0 intermolecular distance
in monolayer is lower compared to C18:0 (Kanicky and Shah, 2007). Those factors
could increase the limiting effect of the C16:0 accumulation over the nutrient
transport through the cell walls (Pereira et al., 2005), producing a process inhibition
as the reported on Figure 6.3.

The degradation of LCFA, via B-oxidation, produced an accumulation of acetate
in the medium (Figure 6.3e), that is maintained till complete degradation of
palmitate. No significant concentrations of other intermediates were detected, in
accordance with other studies (Weng and Jeris, 1976; Angelidaki and Ahring, 1995;
Cavaleiro et al., 2008 and 2009).
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The inhibition caused by the LCFA pulse resulted in an immediate stop in
methane production (except for BL, vials, with only Ac, according to Figure 6.3f).
Methanogenesis was reported to be more susceptible to LCFA inhibition compared
to acidogenesis (Lalman and Bagley, 2001; Mykhaylovin et al, 2005). Nevertheless
LCFA inhibition was a reversible process as methane formation was able to recover
after 30-35 days. No significant differences were also reported in CH, production
between bentonite addition treatment (T,) and control vials (Ca).
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Figure 6.3. Comparison of LCFA concentration in the solid phase (a and c) and in the liquid phase (b
and d), acetate profile (e) and methane formation (f), for bentonite treatment (T,), control (C,) and
blank (BL,) vials. All parameters are expressed in COD equivalent concentration units (mg cop LY). The
circles indicate the initial estimated concentration from LCFA pulse introduced in the vials.
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Present results showed a fast and not limiting step for the oleate partial R-
oxidation process and confirmed the palmitate as the main intermediate and key
inhibitory specie. The high LCFA inhibitory effect, reported in the previous inhibition
batch test of sludge A (Figure 6.1), together with the previous discussed absence of
inoculum adaptation to lipids or LCFA content, may had played a main role in the
slow palmitate degradation or in the step-by-step LCFA overall degradation process,
clearly presented in Figure 6.3.

6.3.5. Microscopic examination of granules (sludge A)

Intermediates of LCFA degradation, like palmitate, have been proposed to be
encapsulated (entrapped), precipitated or adsorbed over sludge, as function of the
LCFA (saturated or unsaturated) and biomass (suspended or granular) source
(Pereira et al., 2005). To confirm that C16:0 was mainly adsorbed onto the biomass
cell walls, causing biomass inhibition, and not precipitated in media, granules from
previous batch test were sectioned using a cryostat and examined by dye staining
and FLM microscopic observation, according to Material and Methods section.
Samples from C, and BL, vials where taken from adsorption-inhibition batch
experiments at day 10, when mainly all C18:1 was consumed and maximum C16:0
levels in solid phase were detected (Figure 6.3c). Figure 6.4 shows an example of the
appearance under FLM of BL, (Figure 6.4 a-c) and T, (Figure 6.4 d-f) stained sections.

Figure 6.4. FLM images of DAPI staining (a and d), Nile Red staining (b and e) and merged emissions (c
and f), of BL, and C, sectioned granules, respectively
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Unfortunately, Nile red was not able to differentiate between phospholipids and
LCFA adsorbed onto cell walls. Diaz et al. (2008) reported a shift of the Nile Red
emission spectrum from red to yellow, with oleyl cholesteryl ester, triolein and oleic
acid, but not between oleic acid and phospholipids. Consequently the expected
response for palmitate adsorption must be in terms of signal intensity, not in terms
of Nile Red signal presence or absence. According to those statements, from all
obtained images, and as example in Figure 4, it can be stated a higher Nile Red signal
in the outer layer of C, granules, compared with BL, granules, where no LCFA pulse
was introduced, confirming that C16:0 intermediate was adsorbed onto granule
surface.

Results of the selected fluorescent dyes and observation procedure gave a
qualitative approach to monitor the process of LCFA adsorption over anaerobic
granular sludge, as complementary information to classic methodologies, like batch
degradation or toxicity tests. Further research, newly more specific dyes and more
optimized procedures, may establish methodologies of in situ and rapid LCFA
quantification by fluorescence intensity analysis, as it has been achieved in other
biotechnology fields (Diaz et al, 2008; Larsen et al, 2008).

6.3.6. Addition of bentonite as a strategy to prevent LCFA inhibition (sludge B)

In the adsorption-inhibition batch experiments performed with sludge A, the
expected preventing effect of bentonite addition, over LCFA inhibitory process, was
not detected (Figure 6.3). The quantity of competitive adsorbent selected in T, vials
(Table 6.1) was estimated from the bentonite adsorption isotherms (Figure 6.2), as
the bentonite concentration that allows the fast and complete adsorption of LCFA
pulse. In that way, and from the adsorption experiment set-up, it was considered
exclusively a LCFA-bentonite system. The possible competition between granular
sludge and bentonite for adsorption of the introduced LCFA pulse was not taken into
account. Works with higher ratio of concentrations of sorbents, used as additives
after a LCFA inhibition, obtained clearer effects (Nielsen and Ahring, 2006; Palatsi et
al., 2009). Furthermore, spatial distribution and probability of the bentonite-LCFA or
biomass-LCFA adsorption occurrence, function of its concentration and particle
density, might had play an important role in the obtained results. For that reasons, a
new experimental set-up was designed for sludge B. In Ty vials, higher bentonite
concentration (5 ggenronire L") was incubated with LCFA in the experimental vials
during 4 days, prior to inoculate vials with sludge B, in order to force LCFA
adsorption only over bentonite and better prevent biomass inhibition, as
summarized on Table 6.1.

Figure 6.5 shows the time course of LCFAs and LCFA_ evolution, VFA
accumulation and CH,4 production in the bentonite addition treatment (Tg), controls
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(Cg) and blank (BLg) vials. All monitored parameters were expressed in equivalent
chemical oxygen demand units (COD) to facilitate comparison, while time scale was
the same as in Figure 6.3, to better compare results.
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Figure 6.5. Comparison of LCFA concentration in solid phase (a and c) and liquid phase (b and d),
acetate profile (e) and methane formation (f), for bentonite treatment (Tg), control (Cg) and blank (BLg)
vials. All parameters are expressed in COD equivalent concentration units (mg cop LY). The circles
indicate the initial estimated concentration from LCFA pulse introduced in the vials.

As LCFA was incubated during 4 days in the buffered media, in the presence or
absence of bentonite (Table 6.1), it was considered that at time 0 the LCFA were
completely solubilised in the Cg vials, while in Ty vials the LCFA were completely
adsorbed over bentonite (Figure 6.5a-6.5d). Notice that initial C16:0 concentrations

116



LCFA Adsorption-Inhibition. Chapter 6

(day 0 in Figure 6.5c and 6.5d) was due to the synthesis grade of sodium oleate
reagent. In control vials (Cg), where bentonite was not present, initial soluble oleate
concentration (Figure 6.5b) was rapidly detected in solid phase or adsorbed over
biomass (Figure 6.5a). In the present experiment, and from the C18:1 degradation
evolution (Figure 6.5a) it was possible to observe differences between treatments,
being the degradation rate higher for the treatment where bentonite was added (Tj,
or preventing strategy). Furthermore, C18:0 degradation did not produce the
expected C16:0 peak, or intermediate accumulation on sampled solid phase (Figure
6.5c), neither in Ty or Cg vials.

The higher reported resistance of sludge B to LCFA toxicity (Figure 6.1), together
with the differential inoculum origin and the suggested major adaptation of sludge B
to lipid treatment, might have influenced on the different LCFA degradation profile
presented in Figure 6.5. Cavaleiro et al. (2009) detected accumulations of C16:0 in
reactors treating oleate based influents only during the first contact with C18:1 or
LCFA pulses. After 2-3 cycles of LCFA feeding, C16:0 was not accumulated on the
system, in agreement with the present results.

As in the previous adsorption-inhibition batch experiments, no palmitoleate
(C16:1), myristate (C14:0) nor other LCFA R-oxidation intermediates, were detected
in liquid or solid phase samples and only an acetate accumulation was detected. The
reported differences between Ty and Cg vials, in terms of C18:1 consumption, were
now also clearly detected by the VFA evolution profile, with clear Ac accumulation in
Cg vials (Figure 6.5e). Contrary, no significant acetate concentrations was detected
on bentonite vials (Tg) and methane production rate was higher than for control (Cg)
vials (Figure 6.5f).

The results of the present adsorption-inhibition batch tests demonstrate that it
was possible to prevent LCFA inhibition by addition of competitive adsorbents like
clay mineral bentonite. Those additives can compete with biomass for LCFA
adsorption and, consequently, influence the kinetics of the LCFA adsorption and
inhibition process.

6.4. CONCLUSIONS

Comparison of LCFA adsorption over anaerobic granular sludge and over clay
mineral bentonite, in terms of Freundlich adsorption isotherms, evidenced a clear
and higher adsorption capacity of bentonite.

Batch test with not adapted biomass showed a fast and not limiting step for
oleate partial B-oxidation and confirmed palmitate as the main intermediate or the
key inhibitory specie. Obtained LCFA degradation profiles focus the discussion on
the differential oleate and palmitate inhibitory behaviour due to differentiated
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adsorption properties, biomass adaptation or [-oxidizing microbial community
structure. The tested fluorescence staining and microscopy observation techniques
evidenced the presence of palmitate adsorbed onto anaerobic granular sludge, with
the consequent potential implications over membrane transport and LCFA inhibitory
effect.

Further batch test results, forcing the occurrence of LCFA-bentonite adsorption,
demonstrated the use of competitive additives to be a reliable strategy to improve
system performance, in terms of process stability, methane production delay or
resistance to LCFA inhibitory concentrations.
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General Conclusions and suggestions for further research

Finally, according to the proposed
objectives, the present chapter
summarizes the main conclusions of
this dissertation. Suggestions for
further research and perspectives of
slaughterhouse waste treatment are
also presented.
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7.1. GENERAL CONCLUSIONS

From the results of slaughterhouse waste characterization and biodegradability
tests it was stated the high interest of those substrates for the anaerobic digestion
process due to the high potential methane vyields. However, the diverse
characteristics of tested wastes and the different obtained biogas production
profiles, indicate specific kinetics for protein and lipids degradation. In relation to
the later, the present study was focussed on the study of the limiting inhibitory
effect of long chain fatty acids (LCFA) on the degradation process. Although severe
LCFA inhibition was monitored under laboratory conditions, the system capacity to
recover the activity was confirmed and the possible occurrence of biomass
adaptation was also identified (Chapter 3 and Annexed Information).

Consequently, in order to adapt and optimize the anaerobic treatment to lipid
rich substrates, several strategies to recover systems subjected to LCFA inhibition
were tested in thermophilic batch and continuous reactors (Chapter 4). The dilution
of the reactor contents with an active inoculum in order to increase the
biomass/LCFA ratio, and the addition of adsorbents, were found to be the best
strategies to recover LCFA inhibited reactors.

The development of a fast and accurate methodology to measure LCFA in
biological samples pointed to the importance of measuring not only liquid but also
solid samples, due to the magnitude of LCFA adsorption on the biomass.

The effect of introducing adsorbents to recover the activity of inhibited reactors
was related with the competition with the biomass in adsorbing LCFA, indicating the
physical nature (surface adsorption and transport sites saturation) of LCFA
inhibition.

Repeated LCFA pulses on thermophilic biogas reactors, resulted in a faster
recovery of the activity after each applied pulse, and in an enhancement in process
rates. This point again (as mentioned in Chapter 3) the occurrence of
adaptation/tolerance process in the biomass.

In order to identify the nature of the reported adaptation/tolerance process
(Chapter 3 and Chapter 4), biomass subjected to successive inhibition LCFA pulses
was studied in a multidisciplinary approach by means of specific activity batch tests,
the characterization of the microbial populations by culture-independent
techniques, and by the mathematical modeling of the involved biochemical and
physical processes (Chapter 5).

The community of eubacteria and archaeae in sampled biomass was studied by
molecular biology tools (PCR amplification, DGGE profiling, and sequencing of DNA),
and many of the identified microorganisms were closely related to species found
previously in anaerobic digesters, where relatively high concentrations of LCFA are
likely to occur. Different sensitivities to LCFA of major microbial trophic groups was
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evidenced (by activity tests) and the adaptation process upon exposition to
successive LCFA inhibitory pulses was related to the proliferation of R-oxidazing
bacteria and syntrophic methanogens, rather than to a specific shift in the microbial
community structure.

A new LCFA-inhibition kinetics was proposed within the IWA ADM1 model
framework, which resulted in better fits to the experimental results and provided a
numerical expression of the process, in accordance to the adsorptive nature of the
inhibition. The predicted increase in hydrogenotrophic methanogens and LCFA-
degrading populations along time, together with the observed stability of the
microbial community, indicate that the observed adaptation process is of
physiological nature.

In accordance with the reported importance of the adaptation (Chapter 3 and 5)

and adsorption processess (Chapter 4 and 5), a comprehensive study on those
processes was undertaken with granular biomass. Parameters that were considered
to affect the adsorption/inhibition/adaptation phenomena were: LCFA
concentration, methanogenic syntrophic activity, microbial community structure,
granule surface area, and ratio LCFA/active biomass (Chapter 6).
Batch test with non-adapted biomass showed a fast and not limiting step for the
oleate partial RB-oxidation process and pointed the palmitate as the main
intermediate or the key inhibitory specie during oleate degradation. The
introduction of fluorescence staining and microscopy observation techniques
evidenced the presence of palmitate adsorbed onto anaerobic granular sludge (not
precipitated), with the consequent implications on membrane transport and LCFA
inhibitory effect.

When adsorbents were introduced as a LCFA-inhibition preventing strategy, it
was demonstrated that competitive additives were a reliable mean to improve the
treatment of lipid rich substrates, in terms of process stability, shorter methane
production delay, or biomass tolerance of LCFA inhibitory concentrations.

In summary, the general conclusions of this thesis are:

e The LCFA inhibition phenomena are directly related to the adsorption of
LCFA onto the active biomass.

e The main intermediate product of oleate R-oxidation, in non-adapted
systems, is palmitate, which is responsible for the process inhibition.

e The use of inorganic adsorbents, such as bentonite, can be used to prevent
the inhibition of microorganisms and, also, to recover reactors inhibited by
LCFA.

e The adaptation process of microorganisms to succesive LCFA pulses is of
physiological nature. That is, the growth of the specific microbial
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populations that allows the adaptation to higher LCFA concentrations,
instead of a change in the population structure, is the main mechanism.

e The kinetics of the inhibition process is related to the ratio LCFA/biomass,
and the developed kinetics clearly shows its capacity to fit and top predict
experimental data, in the framework of the IWA ADM1 model.

Considering the conclusions, the anaerobic digestion of lipid-rich wastes can be
achieved if adequate LCFA/biomass ratios are applied. The inhibition of the process
can be prevented or recovered with competitive inorganic adsorbents and ensuring
the growth/adaptation of the microorganisms. The inclusion of the proposed
inhibition kinetics into the IWA ADM1 model can help to simulate the anaerobic
digestion of high lipid-rich substrates, allowing to guide the desing and operation of
reactors.

Eventually, the obtained results will help to obtain high renewable energy rates
from slaughterhouse wastes trough anaerobic digestion.

7.2. SUGGESTIONS FOR FURTHER RESEARCH AND PERSPECTIVES

Althought the results described in this thesis contributes to the general know-
how on the anaerobic digestion of lipid waste and LCFA inhibition, some aspects
have to be taken into account with respect to future studies on this subject.

Further studies are needed to improve knowledge about different degradation
patterns of saturated or unsaturated LCFA (palmitate/oleate). Quantitative
molecular biology tools, like real time PCR and new microscopy observation
techniques, might shed new insights on these diverse behaviours. Also, new model
developments, considering different microbial groups or different adsorption
behaviour of saturated/unsaturated LCFA could orientate future research
opportunities.

The use of adsorbents, like bentonite, has been demonstrated to be a reliable
strategy to prevent or to overcome LCFA inhibition. However, bentonite is an inert
material and do not contribute to biogas formation. Further research, using
additives or co-substrates, which could contribute to LCFA solubilisation and
transport trough the cell walls, like glycerol and albumin, could improve the system
efficiency and the methane yield.

New reactor designs, that allow the coupling of a fast adsorption with a rate
limiting the degradation of LCFA by means of system recirculation or sequential
feeding-reaction process, and could improve the scale-up of industrial applications
in slaughterhouse facilities.
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Anaerobic biodegradability of fresh slaughterhouse waste. Interpretation of
results by a simplified model

J. Palatsil, B. Ferndndezl, V.A. Vavilin® and X. Flotats’

! GIRO Technological Centre. Rambla Pompeu Fabra 1, E-08100 Mollet del Valles, Barcelona, Spain (E-mail:
xavier.flotats@giroct.irta.es)
2\Water Problems Institute of the Russian Academy of Sciences. Gubkina 3, Moscow, 119991, Russia

Abstract

Anaerobic digestion of slaughterhouse waste is a complex process for which mathematical
models can serve to understand this complexity and to predict failure situations. A simplified
model of slaughterhouse waste anaerobic digestion was developed to study the effect of
different initial lipids to proteins ratios. Experimental data on the production of methane and
volatile fatty acids (VFA) were used for parameter identification. The model fitted the
experimental data relatively well. Results showed that methanogenesis developed relatively
fast due to the methanogenic bacteria already presented in the inoculum. The
hydrolysis/acidogenesis of proteins and lipids was described by the first-order and the
Contois kinetics, respectively. Two peak values of acetate concentration were measured.
According to the model, the second peak in acetate concentration occurred because the
combined process hydrolysis/acidogenesis of lipids was dependent of the growth rate of the
related hydrolytic/acidogenic bacteria.

Keywords
Anaerobic digestion; Slaughterhouse waste; Hydrolysis, Lipids, Proteins, First-order and
Contois kinetics

INTRODUCTION

The enzymatic hydrolysis of biopolymers like carbohydrates, proteins, and lipids,
which are the main components of the organic waste, results in the production of
monosaccharides, amino acids, glycerol and long chain fatty acids (LCFA),
respectively. In the subsequent acidogenesis stage, these products are transformed
into volatile fatty acids (VFA), mainly acetate, and hydrogen, which are precursors
for methane formation. In general, acidogenesis is usually considered much faster
than hydrolysis, being the latter stage the limiting step for the overall process.
Traditionally, the first-order kinetics has been used to describe the hydrolysis of
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carbohydrates, proteins and lipids in a complex waste (Christ et al., 2000; Salminen
et al., 2000; Batstone et al., 2002; Lokshina et al., 2003). However, in a number of
papers it was shown that at high, or fluctuating, organic loading rates, models
describing particulate hydrolysis, coupled to the growth of hydrolytic bacteria,
provide better results (Vavilin et al., 2004; Vavilin et al., 2007).

Slaughterhouse waste are characterized by different amounts of proteins and
lipids, which are the main components, and with low carbohydrates content. Its
anaerobic digestion can be conceptually described by all the biological and physico-
chemical reactions included in the ADM1 model (Batstone et al., 2002), adding
inhibition of several microbiological steps by LCFA (Rinzema et al., 1994). A primary
tool to characterize a substrate is the biodegradability assay. Assays with different
contents in the major macromolecules can result into different methanization rates
and biodegradability values. Standardized methods for the biodegradability study
are designed to perform the assay in such a condition where microbial biomass is
not a limiting factor. In this situation, hydrolysis process should be expressed by a
first order kinetics respect to substrate. A limited content of a given hydrolytic
specific biomass can produce biodegradability test results difficult to understand or
to explain.

When hydrolysis is the rate limiting step of the overall anaerobic digestion
process, kinetic expressions for this step could be enough for obtaining simplified
models to predict methane production. When hydrolytic/acidogenic biomass
concentration is not limiting the process, a first order expression can led to
satisfactory simplified models. When the biomass is limiting the
hydrolytic/acidogenesis processes, two-phase surface-related models has shown to
be useful to predict the sigmoid type curve obtained for methane production in this
situation, which conceptually describes the complex multi-step hydrolysis process
(Vavilin et al., 1996). The Contois kinetics of hydrolysis uses a single parameter to
represent saturation of both substrate and biomass, but is as good at describing the
hydrolysis experimental data as the two-phase surface-related model (Vavilin et al.,
2007).

The presence of different pools of organic matter in the substrate and different
concentration levels of microbial groups in the inoculum, during the biodegradability
study of a complex waste, can result into different responses and, hence, into
experimental results difficult to interpret. The objective of the present study is to
analyse results of anaerobic biodegradability assays of fresh slaughterhouse waste
with different proteins to lipids ratio, using a simplified model based on the
hydrolysis/acidogenesis processes as the rate limiting steps of its anaerobic
decomposition.
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MATERIALS AND METHODS

Experimental design

Samples of Category 2 and 3 animal by-products (EU Regulation CE 1774/2002)
were collected from a piggery and cattle slaughterhouse located at Binefar (Spain).
The selected fractions were: waste fat and meat tissues of pork and cows, lungs,
livers and kidneys from pork, cattle digestive tract content and pork blood. Samples
from primary sludge and the wastewater from the slaughterhouse wastewater
treatment plant were also taken. A mixture containing all the fractions in a
proportion analogous to that generated in the slaughterhouse facilities was
prepared (M3). Two additional mixtures (M1 and M2) containing a lower fat
content, in relation to the protein, were also prepared (see Table 1).

Table 1. Composition of the mixtures M1, M2 and M3 of slaughterhouse waste used in the T1, T2 and
T3 assays, respectively.

M1 M2 M3

TS (g/kg) 36.00 +0.75 54.99 +0.42 80.84 +1.40
VS (g/kg) 3436 +0.14 53.21 +0,41 79.12 +1.38
VS (% TS) 84.76% 85.21% 85.73%

N (mg/kg) 1680.38 +18.66 1853.44 +7.35 1903.25 +26.96
NH,*-N (mg/kg) 58.44 +0.15 65.19 +0.48 67.30 +1.04
Protein (g/kg) 10.14 +0.12 11.17 +0.04 11.47 +0.16
Fatsoe: (g/kg) 20.87 +0.05 38.74 +0.35 64.34 +1.17
COD (g/kg) 79.88 +0.26 133.83 +1.10 206.53 +3.64

These mixtures were used in batch anaerobic biodegradability tests based
on Soto et al. (1993). Three tests in triplicate were performed, named T1, T2 and T3
respectively for each mixture (M1, M2 and M3). Glass flaks of 2000 m/ were filled
with 500 g of the selected mixture, up to a final concentration of 5 g COD/I, and
were supplemented with macro and micronutrient solution. An alkaline solution was
also added (1 g NaHCO;/g COD) and the pH was adjusted to neutrality. Digested
sewage sludge from Lleida (Spain) wastewater treatment plant was used as
inoculum, at a constant concentration of 5 g VSS// for all the experiments. The flasks
were stirred and bubbled with N,/CO, gas in order to remove O, before closing them
with rubber stoppers. A reducing solution was finally added (5 m/ of 10 g Na,S/l).
The flasks were incubated at 352C for 31 days. The time course of methane
production and VFA concentrations were followed by gas chromatography (TCD and
FID) using the methods described in Campos et al. (2007). Analytical determinations
for Total solids (TS), volatile solids (VS), volatile suspended solids (VSS), chemical
oxygen demand (COD), total Kjeldhal nitrogen (N¢), ammonia nitrogen (NH,"-N), pH
and fat content (Fats.:) were adapted from Standard Methods (APHA, 1995).
Protein concentration was estimated from organic nitrogen content.
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Simplified model of anaerobic digestion of slaughterhouse waste

A scheme of the simplified anaerobic digestion model used is presented in Fig.1,

based on the following assumptions:

1. Only proteins (Xp;) and lipids (X,) were considered, since carbohydrates
content in the waste was less than 7%.

2. Hydrolysis/acidogenesis of proteins was described as a first-order reaction,
while the hydrolysis of lipids was described according the Contois kinetics.

3. Three groups of substrate specific microorganisms where considered: (i) lipid
hydrolytic/acidogenic —X,q.;, (ii) acetogenic -X,,, and (iii) acetoclastic
methanogenic -X,.

4. Acetate (S,c) and propionate (S,,,) were considered as representatives of VFA
because of the low concentration of the other acids measured (iso or n-
butyrate and iso or n-valerate).

5. Hydrogen was not included in the model, assuming that hydrogen is
converted very quickly to methane

6. Inhibition was not taken into account because the highest measured VFA
concentration was less than 600 mg/l and NH,-N concentration was less
than 600 mg/| at the end of experiments.

Waste

/ \
» 4

Proteins \ Lpids
N/ Hvdrolysis/
), | aodogenesis
1 ’r\l v
. B
| '¥“%|  Methanogenesis
(© H, - l

Fig 1. Scheme of the simplified model

The chemical reactions considered are described as follows.

Hydrolysis/acidogenesis processes:

Proteins:

C,H; 0N, +8H,0 -6C,H,0, +C,H,O, +2H, +CO, + NH, (1)
Lipids:

C,Hg O +27H,0—-7C,H,0, +11C,H,O, +28H, (2)

Acetoclastic methanogenesis:
C,H,0, »>CH, +CO, (3)
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Hydrogenotrophic methanogenesis:

4H, +CO, —>CH, +2H,0 (4)
Anaerobic oxidation of propionate:
C,H,0, +2H,0 -»C,H,0, +3H, +CO, (5)

Hydrogenotrophic methanogenesis process was not included, in order to
simplify the number of microbial populations, and an immediate methane formation
resulting from the reactions (1), (2), and (5), according to the reaction (4), was
considered. Alkalinity was not considered as a limiting factor. The model consists on
7 processes and 8 components. Expressed in matrix form, its biochemical rate
coefficients and kinetic rate equations are shown in Table 2. For comparison
purposes, the first-order kinetics of lipid hydrolysis was also tested, without
considering a specific microbial population for the hydrolysis/acidogenesis step.

Table 2. Biochemical coefficients and kinetic rate equations of the simplified model studied.

Component i

— X Xy X ha L1 X pro Xae S pro Sac SCH 4 Rate (pj, kg cobm®d?)
Process j |
Hyd/acid. PR -1 0.21 0.73 0.06 Kiya.pr X pr
X
Hyd/acid. LI 1 (1-Y1)0.58  (1-Y)0.21 (1-Y))0.21 ki, X = X X ot
1] ha-LI + L
Uptake pro Y, -1 (1-Y2)057  (1-Y2)0.43 Ky oo K a5 :"’S X pro
pro pro
k Sac
Uptake ac Ys -1 (1-Ys) m.ac X
Kac + Sac
Decay Xpa-
Y Sna-ti -1 K dec.xta-t1 X pa-t
Decay Xpm -1 kdec.Xpru X pro
Decay Xac -1 kdec.xac X ac

RESULTS AND DISCUSSION

Results of the anaerobic biodegradability test are shown in Table 3. These
results indicate a quasi complete anaerobic biodegradability of these waste,
presenting T2 the lower biodegradability values. This treatment is characterized by
the higher concentration of carbohydrates (6.8 % COD), estimated as the difference
between total COD and the COD of proteins and lipids.
Time evolution of propionate, acetate and accumulated methane for the three
biodegradability tests are shown in Fig. 2 Best fittings of the simplified model
considering Contois kinetics for lipids hydrolysis/acidogenesis are also shown in Fig.
2, while Fig. 3 shows the best fitting for the model considering first-order kinetics
respect to lipids for the same coupled degradation step. In this latter case, the fitting
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of the model was less accurate and the two characteristic measured peaks of
acetate concentration were not possible to be simulated.

Table 3. Results of the biodegradability tests. Average values of three replicates.

Treatment T1 T2 T3
Initial lipids/proteins ratio (COD/COD) 45 6 11.6
Methanogenesis (% COD/COD) 92.30 89.39 93.02
Biodegradability (% COD/COD) 9730 96.80 99.60
I CH, kg'1 SVin 751.19 779.92 849.84
I CH, kg'1 DQOi, 323.05 312.85 325.57
Nm® CH, t™* substrate 25.8 415 67.24
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Fig 2. Time-course of propionate, acetate and accumulated methane for T1 (L/P=4.5), T2 (L/P=6) and
T3 (L/P=11.6) biodegradability tests of slaughterhouse waste. L/P ratio units: coD-cop™. Lines:
model prediction with hydrolysis/acidogenesis of lipids expressed by Contois kinetics.
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Fig 3. Time-course of propionate, acetate and accumulated methane for T1, T2 and T3
biodegradability tests of slaughterhouse waste. Lines: model prediction with hydrolysis/acidogenesis
of lipids expressed by first-order kinetics.

Because the hydrogenotrophic methanogenesis was taken into account only
indirectly (we did not consider a growth of hydrogenotrophic bacteria), predicted
methane production in all experiments began something earlier. There was no big
difference in methane production curves corresponding to the different initial
lipids/proteins (L/P) ratios. The methanogenesis process developed rather quickly
because of high initial concentration of acetoclastic methanogens. Two peaks in
acetate concentration can be observed from experimental data. According to the
model, immediately after the start, acetate and propionate concentrations increase
quickly due to hydrolysis/acidogenesis of proteins, and decreasing later due to its
uptake. However, hydrolysis rate of lipids increases in time because the growth of
hydrolytic/acidogenic bacteria population. Thus, soon after the acetate
concentration decrease, there is a second peak due the increasing rate of lipids
decomposition and consequent acetate release. When lipids were exhausted,
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propionate and acetate concentrations decreased quickly due to acetogenesis and
methanogenesis with rather sharp decrease of methane production rate.

It has been shown (Vavilin et al., 2007) that hydrolysis can be described by the
Contois kinetics when the rate of this process is controlled by the hydrolytic biomass
concentration. That is, when the microbial biomass to particulate substrate ratio is
extremely low. Results of the present study show that Contois kinetics can be used
also when the combined hydrolysis/acidogenesis must be considered together in a
simplified model for treating limited experimental data, and when the process is
characterized also by low specific biomass concentration. This could be the situation
of the current experiments, where inoculum was adapted to a relatively high protein
concentration but not to lipids. Contrast of present assumptions must be done
performing similar experiments with same substrates and with different biomass to
substrate ratios.

The relatively low hydrolysis rate for proteins compared to the acidogenesis
uptake rate for amino acids (Batstone at al., 2002; Flotats et al., 2006) allows the
simplification assumption of considering the combination of the two consecutive
process expressed by the reaction rate representing the hydrolysis step (usually first
order if hydrolytic biomass is not rate-limiting). In contrast, the comparatively lower
acidogenesis rate for LCFA makes necessary to describe the combined process for
lipids coupled to the growth of the specific biomass, for which Contois kinetics has
shown to be a suitable model.

CONCLUSIONS

Contrary to the hydrolysis/acidogenesis of proteins, which can accurately be
described by the first-order kinetics, the hydrolysis/acidogenesis of lipids has to be
coupled to the growth of the specific activity biomass. The Contois kinetics has
shown to provide an accurate description of this combined process. The simplified
model developed was successful to explain the propionate and acetate profiles
obtained from three biodegradability tests applied to slaughterhouse waste with
different lipids to proteins ratios. The high anaerobic biodegradability values
obtained make anaerobic digestion of slaughterhouse waste an interesting process
for energy recovering.
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Abstract
The apph:shlu) ol dafferent kisetics 1o the hydrolysis of particulate organe material m be digestion is d i Hydrolyss
has traditionally been modelled Jing 10 the first-order kinetics. For comples substrute, the ﬁm-order kinetics should be modified in

order 1 tike 1o wEoun lhardly dcgudablc material, 1 has been shown (hat models in which hydrolysis o coupled to the growth of
bydrolytic bacteria work well at high or at Buwtuant organic loading. In partscular, the surface-related two-phase and the Coatols models
showed good fits to experimental data from u wide range of orginic waste, Both models tend to the first-order kinetics at o high biomass-
to-waste ratio and, for this reson, they Gm be consaderad us more general models, Examples on different inbibiton processes Lhat maght
affect the degradation of solidd waste are reported. Acetogenssis or methanogenesis might be the mte-limiting stages in complex waste. In
such cases. stimulation of hydrolysis (mechansally, chemically or beologically) may Jead 1o & further inhibation of these stages, which

uhmtdy aflects hydrolysis as well, ‘iuu: the hsdmlym provess is characterized by surface and trunsport Menmmu. new developments

e 1 1ol

e new 1

ights m thix )

m spatially dis are U al 10 p
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1. latroduction

Exhawstive studies have recently been performed in
order 1o improve the efficiency of the anaerobic digestion
of solid wastes (Mata-Alvarez, 2003; Hartmann and Ahr-
ing, 2006), Anscrobic degradation of complkex orgunic
miterial hias been described as @ sequential process that
involves the steps of hydrolysis, acidogenesis, acctogenesis
und methanogenesis (Butstone et al., 2002). Although, the
hydrolysis of particubate oeganic material has been consid-
ered the rate-limiting step in anacrobic digestion {Pavlesta-
this and Giraldo-Gomez, 1991), some authors have
emphassed that the hydrolytic process sull remains as
the least well defimed step (Miron et al, 2000; Guvala
et al, 2003) The cumulative effects of the different pro-
cesses taking place dunng hydrolyss have traditonally

® Correspooding author. Tel: 434 93 S796780; fux: +34 93 5796785,
Eunatl adirers xavier flotatsiiguoctinass (X, Flotats).

(950053X/8 - see front maner © 2007 Exevier Ltd. All rights reserved.
doe 10101 ). wasman. 2007 03 (28

been simplified 1o o single first-order kinetics for the sub-
strute biodegradation (Eastman und Ferguson, 1981).
However, relatively high hydrolyss mtes were reached in
anacrobic biodegradability tests with a high inoculum-to-
substrate ratio (Fernandez et al, 2001), showing some
degree of dependence of hydrolysis to biomass concentri-
tion or sctivity, Consequently, the first order kinetics
appears to be not applicable in all circumstances indicating
that an m-depth understanding of the different processes
involved is needed 1o secunstely describe hydrolysis,

The objective of this paper is to compike and review the
mformation available i the scxentific temture redative to
the kinetics of the hydrolysis process, highlighting the mod-
els in which hydrolysis & coupled to growth of hydrolytic
hacteria, as well as to substrate heterogencity, The predic-
tion goodness of the reviewed models was compared
against available experimental data. The concepts of rate-
limiting step in unscrobic digestion and inhibition of
hydrolysis at high loads of particulite substrites are also
discussed,
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2. Disintegration, solubilisation and enzymatic hydrokysis

The conecepts of disintegration, solubilization and enzy-
matic hydrolysis ure usually expressed by the general
kinetic term of hydrolyss in most of the prictical Gises pre-
sented in the hiterature (Bastone et ul, 2002). Particulate
carbohydrates, proteins and lipids. as well as particulate
und soluble inert material are the products of the disinte-
gration of composite mitertal. Monosaccharides, amino
acids, long chain fatty acids and glycerol are the products
of the enzymatic degradation of particulite carbohydrates,
proteins and lipxds, respectively, und microorganisms ben-
¢fit from the solubk products und produce the correspond-
ing hydrolytic enzymes.

Hydrolysis of organic polymers is carried out by extra
cellular enzymes (hydrolases). The parallel enzymatic steps
with celluluses, proteinuses and lipases account for the dif-
ference m hydrolysis rate of the particulate carbohydrates,
proteins and lipids, respectively (Strver, 1988). During deg-
mdation of monosaccharides, amino acids and long chain
fatty aads, hydrolysis produats, volatile fatty ocids (ace-
tiste, butyrate, propionite, kctite, ete.) and hydrogen are
formed, being precursors for methane production.

The stage of acidogenesis, following the hydrolysis stage,
is usually the quickest step during the anacrobic digestion
of complex organic material. For efficient methane produc-
ton it & mmportant to have a balance between the reaction
rates of the different steps involved in the unucrobic diges-
ton of complex organic material. When @ process s com-
posed of o sequence of reactions, the owerall rate is
determined by the slowest resction, named the rate-limiting
step (Hill, 1977). The rate-limiting step in unacrobic diges-
tion with suspended organic mater is normally considered
to be the hydrolysis of solids (Paviestathis and Giraldo-
Gomez, 1991), According to Batstone et al. (2002), hydro-
lysis can be representad by two conceptual modeks:

() The organisms secrete enzymes to the bulk hquid
where they are adsorbed onto a pirticle or resct with
a soluble substrate (Jam ot al,, 1992).

{b) The organisms attach to a purticle, produce enzymes
m its vicinity and benefit from soluble products
released by the enzymatic reaction (Vavilin ot al.
1996).

The Michaelis-Menten kinetics muy be applied for the
hydrolysis of a soluble substrate, and is expressed as:
ds s ;8
T e T W
where S, E are the substrate and ¢nzyme concentrations,
Ve = kE & the maximum hydrolysis rate, & is the maxi
mum hydrolysis rate constant, and K is the half-satura-
tion rute cocflicient. According to Goel et ul. (1998), the
hydrolysis of soluble starch follows the model (1) where
the enzyme concentration is proportional to the sludge
(biomass) concentration.
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3, The first-order kinetics of carbohydrate, lipid und protein
degradution

The following system of differential equations, describ-
g hydrolysis as the first-order reaction not directly cou-
pled to the bacterial growth, is considered:

. S
& (2
& us,

where § is the volatile solids (VS) concentration, P s the
product concentration, K is the fist-order rate coeflickent,
and a is the conversion coefficient of VS to product. After
integration the product concentration is expressed as:

P Py+asy(l —e™), (3)

where £, and Sg are the mitial product and substrate con-
centrations, respectively. A non-lingar regression may be
wed to estimate the values of coefficients & and x and their
standard deviations,

Fig. 1 shows the first-order kinetics of hydrolysis/acido-
genests for a complex substrate (cattle munure) it thermo-
philic conditions (55°C) und at different initial waste
concentrations. Acetate was the most significant product
with concentrution of ten times higher than the other vola-
tile fatty acids (VFA). The acetaw data mm?oudmg o
the initinl waste concentration of 62 VST
for the calibmtion and the other VFAs (100 and
31 gVS1') were used for validation of the first-order
kinetics. Results from the first-order Kinetics fitted the
experimental data reasonably well,

During protein degradation nitrogen is released in form
of ammonia. Fig. 2 shows the fisst-order Kinetics for gela-

Acelate, 91
.{\
v

!
s gessasa eyttt

! W

0 - 4

" — A - A
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Time, days

ﬁq.l Tumpmﬁbdlhtmnmmdmamounum
Sation Al different inithl waste concentra-
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model (2) prodictions with k= 0,128 4 002064 ", x= 02064 00084

gacetane g VS~ Data were taken from Montane (2001),
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Tirme, deps

Fig. 2. Time profile of the on durmg bydeolyses of
gclatine. Symbols refer to the experimental data and Ines 1o the model
prodictions with & = 0.7d7", 2 =004 gN-NH, g™' VS, Initial concen-
tration of gelatine was 5.7 g CODYL Duta were taken from Flotats et al
1 2006),

tine degradation under thermophibic conditions (33 'C),
extimated from ammonia released during the fermentation
of amino acids. In these experiments, after parameter value
analysis, it was concluded that hydrolysis was the rate lim-
iting step, making possible the current simplifying assump-
ton. Interestingly, the hydrolysis rate constant obtained by
regression al Fig 2 18 very similar to that previously deter-
mined by Flotats et al (2006) using a more complex model
and time-course duta of VFA, methane and ammonia from
four different experiments with gelatine.

The system (2) with methane as the final prodoct may
also be used if hydrolysis becomes the slowest step in com-
parison to the other steps of solids conversion to methane
(acidogenesis, scetogenesis und methanogenesis), This con-
cept is illustrated in Fig. 3, where methane volume released
from a complex waste was used 1o estimate the vislues of
hydrolysis cocfficients.

Tabk | summarizes the typical values of mte coefficients
for different substrates that can be found in the hiteruture,
A wide riange of values of the finst-order rate cocfliciemt
can be seen for compesite and simpler organic matenials
including carbobydmies, lipids and proteins sources, This
wide mange of vidues can be expluined by different experi-
mental conditions, different hydrolytic biomass to substrate
ritios and the lumped effect of disintegration and hydroly-
sis. In order to distinguish between these effects, the maodel
ADMI (Batstone ct al., 2002) proposes to consider disinte-
gration as a separate hydrolysis processes, If the dismtegri-
ton rate of composite material is much less than the rates
of carbohydrate. protan and lipid hydrolysis, the influence
of hydrolysis rites may be neglected (Rusdi et al,, 2008;
Feng et al, 20006).

Vecken and Hamelers (1999) studied the temperature
dependence of the first-order hydrolysis rate of six solid

Chapter 8.2

1l w £ » © v - ™ "
Tirem, darys

Fig 3, Time prodile of the neothane volumo relensed dursng pg durry
120 wiw) and pear waste (200 wiw) degradution usder thermophike
combitions (35 *C}. Symbols refer to the expert | data and Eoes to the
model predictions with & =0.052 4 0000 8 and > So=530 4 11ml
Daza were taken from Camspos (2001).

Tablke |
Kinetic coefficients of the Smat-order rate of hydrolysis
Sehstrute keday™") T References
()
Carbohydrates  0.025-02 55 Christ et al (2000
Proteiss 00150075 S5 Christ et al {2000}
Lipuds 00050010 5§ Christ et al {2000}
Carbohydntes  0.3-20 Garcla-Herss (2003)
Lipeda 0007 CaroiaHeras (2003)
Proteine 0.25-08 Garcia-Heras (2007)
Lignds 0.76 Shimize of al (1993)
Ligeds 0.6% 2% Masse et al, (2002)
Cellulne 004013 Grajer and Zender (1983}
Cellulone 0,066 38 Liebetruu et al. (2004)
Kitchen waste 034 is Licbotrau et al. (2004)
Baowasse 0.2 b3 Liehetrau et al. (2004}
Cattle mamuzre (.13 55 Present stady
Pig manure 01 v | Vavisn et al, (1997)
Proteins 063 s Flotats et al, (2008)
(gelatme)
Municipal solid 0.1 15 Bolzoaells et al, |2005)
wasie
Office paper 0,036 s Vavim et al, (2004]
Cardboard 0,046 3s Vaviio et al, (2004
Newsprint 0.057 s Vaviin et al. (2004)
Food waste 0.5 L2 Vavlin et al. (2004)
Forest sosl 054 0 Lokshina and Vavilin (1999)
Forest soil 0.09-031 ptl Lokshina amd Vavilm (1999)
Saughtorhowe 035 3$ Lokshina ef al {2003}
waste
Household solid 0.1 i3 Vaviin and Angelidaki 1 2005)
wasie
Primazy shadge 0412 s O'Rowrke (1963)
Prinary sludge 099 35 Ristow et al 12006)
Secomdary 017080 A Ghosh (1981)
sdudge
Crops asd crop 00090494 38 Lehwmaki et al 12005)
residues
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organic wiste components and estimated the average acti-
vation  energy  using  the  Arrhenius  equation
(64 4 14 kI mol "), They concluded that the hydrolysis
rate i controlled by cnzyme kinetics if the hydrolvtic
enzyme concentration exceeds the available wmount of
adsorption sites of the particulate substrate. In this case,
hydrolysis can be described well by first-order kinetics
(South et al., 1995).

4. Biodegradability of complex substrates

First-order kinctics can only be applicd when the rte-
limiting factor is the surface of the particulute substrate,
and biocavailahility or biodegradability related phenomena
do not mterfere (Sanders et al, 2003). The biodegradability
and hence the blogas potential of a complex substrate
depends on the content of biodegradable carbohydrates
(including cellulose, hemicellulose and lignin fractions).
proteins and lipids (Angelidaki and Sunders, 2004), Cellu-
Jose 1% @ main polvmer in lignocellulosic biomass and in
many organic wastes, The biodegradability of a particulate
substrate is dependent on the lignin content (Chandler et al.,
1980) and on the structure of the hgnocellulosie complex
(Tong et al., 1990), while the rate of cellulose degradation
depends on the enzymatic activity, s well as on the physi-
cal-chemical conditions of the cellulose polymers (Klesov
and Rabinovich, 1978). South ¢t al. (1995) developed an
enzyme-adsorption based kinetic model showing that the
rate of hydrolysis increases with the concentration of hydro-
Iytic enzymes and with availability of adsorption sites.

The complete biodegradability of a given substrate can
be determined by long-term batch digestion studies (Kayh-
anian, [995), but the reaction pened should be speafied in
these cases. Eq. (4) shows the applicability of the first-order
kinetics corrected by the non-degradible fraction of 4 com-
plex substrute:

:—f o k(S ~ fiS,), 4)
where Sy 15 the mitial substrate concentration, and [ 1s the
non-degradable fraction of the substrate. This latter param-
eter can greatly fluctuate depending on the organic sub-
striute. Kayhanian et al (1991) and Kayhanian und
Tchobanoglous (1992 reported that the hiodegradable frac-
tion of vurious substrates, expressed in VS units, are: 82%
(food waste), 72% (vard waste), 82% (office papen. 67
(mixed puper), und 22 (newsprint). Municipal solid waste
(MSW) should be divided into casily degradabk: and recaler-
trant fractions tomodd its degradation (Vavilin et al.,, 2006).
The peolusely used Activiated Sludge Model No, 2, which
considers enzymatic hydrolysis under anaerobic. anoxic
and serobic conditions, divides these substances into inert,
rapxily and slowly hydrolysable (Henze et al., 1995),

Instead of model (4), different types of kinetics induding
n-order reaction may be applied to describe complex sub-
strate hydrolysis, As un example, Fig. 4 shows the apphci-
bility of the following equation:
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Tine, howrs
Fig. 4, Time protle of the sewage sludge comcentration during disinte.
gratioa and bydrolysis. Symbok refer 1o the experimental dati and s w0
the model predictions with k =006 h ', = 0.52 tmodel (4), solid line)
and K=25g " &7, Kg « 50 (model (51 dashed line) Data were taken
from Pack et al (2005),

& K
& Ris—s)+s
where K is the maximum hydrolysis rute which i turn de-
pends on hydrolytic biomass or enzyme concentration, and
Ky is un additional model coefficient.

Eq. (4) can be changed to mtroduce i biomuss concen-
tration X:

(%)

das A

T Alt-‘ (5 — fiSs ), 16)
where & is i rate constant und » s a power index. Fig, §
shows gelatine degradation at different initial fudge con-
centrations, using model (6).

A negative correlation between the hydrolysis mte con-
stant und the methane yicld wis observed by Neves et al
(2006), suggesting that hydrolysis was not the limiting fuc-
tor for the studied wasstes. One important finding is that the
substrate hydrolysis mte depends strongly on the ongm
and the previous seclimation of the anacrobic culture
(Guavala et al., 1999), The biochemical pathways of differ-
ent organic materials may be mutually affected. According
to Breore et al (1986), s complkete degradation of protein n
the presence of carbohydrates often cannot be achieved
anacrobic wastewater treatment

A Surface-relted Kinetios and two-phise model of hydrolysis
of particulate substrate

Hills and Nakuno (1984) demonstrated & lincar relation-
ship between the gus production rite and the inverse of the
particle dmmeter for tomato solid waste, with average par-
ticle digmeters from 0,13 to 20 em. Similar results were
obtained by Sharma et al. ( 1988) with agricultural and for-



est residues. Sanders (2001) confirmed this relationship for
starch particles with much smaller charactenistic sizes. A
decrease of particle radins R was then described as a lincar
function with tme:

R:Rn-ﬁ. {7)
”

where Ry is the initial average rudias, g is the substrute den-
sity, & is the surface hased hydrolysis constant and 1 is time.
Vaulentini et al (1997) used an exponential relutionship be-
tween the rate constant of cellulose hydrolysis and the aver-
age partkke dumeter

k _locu&l‘ (s)

where o is the particle dinmeser, and &y and o arc
constants,

Vavilin et al. (1996} developed the following rate func-
tion of hydrolysis for diffierent shape particles:

ra=gSEST, L))

where § and Sy are the current and inntial substrate conoen-
tratbons, respectively; and o is the degree index that equals
10 %3, 1/2 and 0 for spherical, eylinder and plate-form par-
tiches, respectively, The last case is equivaknt 1o zero-order
kinetics. The hydrolytic constant is a function of the ratio
between the characteristic sizes of bacteria und particles
hydrolyzed:

& =6r,.p—"£- (spherical particies ), (10}
Py s

hean el (exlinder particles), (11)
5 ds

where ry, is the maximum specific hydrolysis rate, px und
ps are the bacteral and particle densities, respectively: o de-
notes the depth of the bacterial layer and d is the current

o 15

L1

° 1 1 3 . ' . ! 1]
Time, hours

Fg S Time profile of gelatine concontrtion sl several indial rolatve
sludge concentrations (g 1'). Symbols refer 10 the experimental data und
lines to the model (6) predictions with AN*" «02h ¥, §=028. Duta
were taken from Sasders (2001).
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diameter of particles. Thus, for different particke shapes,
rate constant value is inversely proportional o the charne-
teTistic size of the particie.

The complete enzymatic hydrolysis stage is 2 complex
multi-step process for carbohydrates, proteins und Tipids,
which may include multiple enzyme production, diffuson,
adsorption, reaction and enzyme deactivation steps. In
the simplest first-order kinetics. the mte of hydrolysis does
not depend on hydrolyte biomass concentration and,
henee, it can not be deseribed with i typical sigmaid-type
curve when the hydrolysis rote increases in time. However,
during hydrolysis the particulate substrates contact the
hydrolytic microbial cellks and the released enzymes. so that
two main phases might be taken into account for i descrip-
tion the hydrolysis kinetics. The first phase is & bacterial
colonization in which the hydrolytic bacteria cover the sur-
face of solids, Bacteria on or near the partick surface
release enzymes and produce the monomers that are uti-
lized by the hydrolytic bacterie. The daughter cells fall off
mto the higuid phase and then they try to attach to some
new place on o particle surface. Thus, a direct enzymatic
reaction as the intermedinte step of the total two-phase
process may be rather quick in comparison with the stages
of bacteriul colomization und surface degradation. When an
uvailable surfuce s covered with bacteria, the surface will
be degraded at i constant depth per unit of time (second
phasc).

The surface-related hydrolysis kinetics model that takes
into account the colonization of waste particles by hydro-
Iytic bacteria has been developed by Vavilin et al. (196):

. 2
LAt} oy 1w a2
where p and 5.. are the current and maximum hydrolysis
rates, respectively: S s the volatile solid waste concentra-
tion, Xis the concentration of hydrolytic (acidogenic) bio-
muss, ff is the equilibrium constant equal to the mtio
between the adsorption and desorption ritle constants in
the Langmuir function: and K is the half-saturation coef-
ficient for the volatile solid waste concentration S.

Microorgunisms attuched to a particle produce enzymes
i the vicinty of this particle und benefit from soluble
products released by the enzymatic reaction. The Conton
model thist uses i single parameter 1o represent saturation
of both substrate and Momass is &s good at fitting the data
its the two-phise model:

Y § X S/X
PP XS ™ B SIX"
where pg, 15 the maximum specific hydrolyss mte; and Kx
i the hallsaturation coellcient for the ratio S/, The sur-
face-related (12) and Contois (13) models huve the same
lmiting cases:

(i) exponential biomass growth (surface-refated model:
fX <« 1, § > K¢ Contois model: S/X & Kx):

7 pullX = X, (4

(13
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and () first-order kinetics (surface-related model: fY > 1,
S < Kg: Comois model: S/X < Kxh

ﬂ- Voo _
K S = AxS = kS.
By ntroducing the hydrolytic biomass concentration the
following system of differential equations describing hydro-
tysis coupled to the bacterial growth 1 written instead of
the model (2):

(15)

5 s

2%

—_— 16
T Yp(S,X), (16)
darP

i A S.X ),

where X is the hiomass concentration, Y is the bomass
yield coefficient, and (S, X) is the rate function depended
on substriste and bomass concentration. In the system
(16) the biomass decay process was neglected, In such o
case, the system (16) can be integrated and # non-lincar
regression gives the coeflicient vilues und their standard
devintions {Lokshiny and Vavilin, 1999, Vavilin et al,
2004; Lehtomaki et al, 2005). Figs. 6 and 7 show an appli-
cability of the two-phase und the Contois equutions during
stiurch and brewery-spent grins degradation. In generul, it
can be concluded that when the evolution of the hydrolysis
products follows a sigmoid-type curve, the hydrolysis rate
s dependent on the biomass content or on the enzyme
concentration,

The models (21-(16) were written assuming thar hydro-
fysis was the rate-imiting stage in anacrobic digestion
An ¢xample in which hydrolysis & described as the rte-
limiting siep by the Contois kinetics for the degnrdation

" . L
»- e
: .
" .
i »
w
% ™ -~ 4
- 4
»
"
" EY ) o ] © »
Tinw, b

Fig. & Tume profiles of the efficiency of starch hydrolysis. Symbols refes
W the experimental dati und Enes 10 the two-phase model prodictions

ming the fist-order kinetics of surface jom with §« Ay und
EeB e 015h !, F=201g"VS, Xa=01g!". Data were taken from
Sanders (2001),
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Fig. 7. Tame profiles of the mettune volume refeased durnng degrad
of brewery-spent grains ut the Wilkc litioms (37 °C). Symbob

rdulndtewmultﬂndlmn(othemddﬂh)puiﬂnsnﬁh
MConmalwna.—le Kx=3gg L a=15mCi g
VS Xy =008g hummallwmlofﬂl.lmndqmﬂyfm
soluble organie malenal presented mitally. Dasa were faken from
Fernandez of ol (2001)

of waste und resdual organic mawerial in the inoculum s
presented in Fig 8. Reasonably good modefing results were
obtained for calibration using only two sets of experimen-
tl data corresponding to 288 g VS 17! and only inoculum,
In some systems involving degradation of solids, the stages
of acetogenesis and methanogenesis coukd be the rate-lim-
Hing steps instead of hydrolyss, In such cases, the nte of
final product formation P is not strictly dependent on the

Fi;&Mahn sccumudation curves during Bousehold s08d  waste
,,“ in banch !mdﬁumhulrwﬁhm
trasioms (g17"). Symbok: exp { data (Angelibaki =t al., 20065
carves butch moded pradiction with 1he Costons Iunewa of byqlw!ym
lmﬁnglolohhnnnll 12005 wastes jy, = 1.25d"", Ky =12gg" ;
al in inocul p.lSd'Kx 2s5gg !
Yol gg ™ Xg=0075 g1,




s W W A B W M & & ®
Time, days
Fig. 9 Mahu socumulition curves dunu houschold solid wasie

I 0 tich with 0 { fam akone; asterisk)
and 28.8 gt VS substrute (circk). Symboly experimental dia | Angelidaki
et ul, 2006, curves; batch moded prediction with the llnl-mh hmnt
hpdrodysis, (wasse K=00d"; resdual organic i in
k=034" and Monod ki for lnsts eth
= 100" Ke=5gl™ r=o0sgg™)

hydrolyss  rate. Sigmoid-type methane  sccumulation
curves presented in Fig. § can be smulated by the Monod
model (Fig. 9) if acetoclastic methanogencses is assumed 1o
be the rate-limiting step. However, such un assumption wis
not vihd for all daty sets obtained with different initia)
waste concentrations (compare Figs. 8 and 9).

The models described 1n Fig. 8 cannot explain experi-
mental data obtained with initml concentritions of
96g VS17', which ix in the range of causing inhibition by
u high organic solids to inoculum ratio. In gencral, a bal-
ance between hydrolysis and methanogeness during anier-
obic digestion s very important as some of the
intermediates ure known to be inhibitors In these cases,
models must be adapted in order 10 secount for inhibitory
phenomena.

Palutsi et al. (unpublished dats) deseribed the hydroly-
sisfucidogencesis in complex mixtures of proteins and lipids
from slaughterhouse waste by the first-order and the Con-
tois kineties, respectively. The resulting madel wis capable
of expluining the dynumics of acctate pecumulation
obtained in different batch experiments, which was chire-
terized by two peiks of peetate concentration. the result of
different hydrolysis rates for fats and proteins. According
to this model, the second peak could be explained because
the hydrolysis rate of hpids increased in time due 1o the
hydrolytic/acidogenic biomass growth.

6, Mechanical pre-treatment

To enhance anacrobic biodegradation, seseral pro-
cesses, from comminution to cell dsintegration, have been
tested (Palmowski and Muller, 2003; Delgenes et al., 2003 ).
Particle swe reduction to increase the avulable specific sur-
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face represents an option for accelerating the digestion pro-
cess, Kayhanian and Hardy (1994) indicated that the
methane production mte was inversely proportional to
the feedstock particle size. Wen et al (2004) showed that
decreasing the particle swe from 840-59%0 to $90-350 pm
enhanced glucose yield by 29 after 96 h-treatment of ani-
mitl manure, but further decrease in partile size had no
effect. Mechanical size reduction was found to be efficient
for enhancing the biogas potential production from fibre
rich materials like maple leaves and hay stems, which were
difficult to digest (Palmowsk and Muller, 2000) or wastes
bke manure (Hartmann et al, 2000} However, Masse
et al. (2003) showad that there was no significant particke
size effect on pork fat hydrolyss.

Fig 10 Tume profiles of the spesific methane volume releasad during
degradation of hay a1 the mesophilic conditions (35 “C) with and without
comminution. Symbols refer to the expesimental data (Palmowski et al.
2001) and Imes o the model peedictions: First-order kinetics without
commiginticen (& =0.1d"", 2= 550 mdg' V), finsorder kinetes with
comminittion (&=015d"%, x= 590 ml g~* VS), half-onfer kinetics with-
out commnution (& = 007537, 3 = S30mi g* VS), half-order Kimcties
with commimstion (k = 0.090d ', x= 60 mig "' VS).
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Fig. 109 and b shows the comminution effect on anacr-
obse digestion of hay using the first-order and half-order
kinetics of hydrolysis. The traditional first-order kinetics
showed @ better fit to experimental datis. In spite of the sig-
nificant reduction of charcteristic size of parmicles (from
higher than 1.6 mm to less than 0.2 mm), the first-order
and half-order kinetic constants increased only by 1.5
and 1.2 times, respectively. This corresponds to an increise
in ratio of surface arcas of only 1.3 (Palmowski ct al,
2001), due 1o the cylindncal shape of these particles.

Fig. 112 and b shows the comminution effect. with same
characteristic size reduction as in previous expenments, on
the anaerobic digestion of nee grains modelized by using
Contois &nd two-phase kinetics for hydrolysis, considering

iy corvee o
" s » . .
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- ‘,o o o
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Fig. 11, Time prodles of the specfic methane volume released during
degradation of rice grains at the mesophilic condtions (35 °C) with and
ieh Symbols refer o the experi I datw (Pal

et al, 2001} god fines to the model predicions: Contob kinetics (without
comminution: pn=8d", Kx=5Sgg™', s=60miCH,g ™" VS, Xo=
043 g1 with commmution: g, = 12d°", Ay =20gg™!, 2=6Mml
CH, g ' VS, Xo= 045 gl"), meo-phase kinetics (without comminusion:
S = Sald”, K= 30817 = dig!, 2w 600ml CHy g™ VS Ny =
09 ¢1""; with comminution: ji, = 13mid ", Ky=22g1", f=dlg"",
a=660m Cilyg ' VS, Xe=60gT "L
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spherical particles. Both models showed a simitar fit to the
experimental date. A significantly higher initial hydrolyt
biomass content (from 0.45 to 2.5 g/l for the Comntors kinet-
ws and from 0.9 10 6,0 g/l for the two-phase kinetics), as
well as the half-saturation cocfficients (Kx and Kg), were
obtuined in the comminution experiments, This means that
both models were equivalent to the fist-order model of
hydrolysis when comminution wis applied. In this case,
the increase in ratio of surface areas extends to 2,9 (Pal-
mowski et al, 2001,

The other way to promote hydrolysis is through the bio-
logical and physico-chemical pre-treatment of the substrate
10 break down the polymer chains into soluble components
(Muce et ul., 2001; Delgenes et al.. 2003; Park ct al., 2005).
However, during anacrobic digestion of pork fut in slaugh-
werhouse wastewiter, long cham fatty sads (LCFA) oxida-
tion was the rate-hmiting step (Masse et al,, 2002), Thus
mechanical or enzymatic hydrolysis pre-treatments of fut-
containing wastewaters shoukd not substantially accelerate
anacrobic treatment

In uctual digester conditions, it is not possible to know
the distribution of particles with different shapes, and the
proportion thut ure degraded from the mner und the outer
surfaces (Hobson and Wheatley, 1992), Thus, it may be
wsumed that the first-order model of hydrolysis is the sim-
plest approximation of the actuul processes.

7. Stendy state modek

Assuming a first-order kinetic expression for the hydro-
lysks process, and that this process is the rate-limiting step
m unacrobic digestion, the following equations may be
used for substrate (suspended solids) and specific methane
production for a completely-mixing stirred-tunk  reuctor
(CSTR) operating a1 steady state:

i

e 4
A J(S.. -S,) . l..l' ¢ A.T

e TR TR AT (18)

where S, S, are the influent and effluent solids concentra-
tion. B is the specific methane production and 7' is the sok
s retention time, The converson coeflicient 2 of VS to
product P for the maximum specific methane production
& written as Bo. Ristow et al, (2006) showed that for a fluc-
tuating influent prmary sludge concentrution, the standird
deviation correspoading to the fiest-order kinetic coeflicient
wus relatively large. &= 0992+ 0492d ' Eastman and
Ferguson (1981) were the first who used Eq, (17) for the
estmation of particulute sludge reduction measured in
COD units, introducing an additional refractory cocfficent
for the non-degradable fraction of the particulate
substrate.

Chen and Hashimoto (1978) developed the following
equationy for the solid substrate concentratson and specific
methane production for a CSTR digester operating at
steudy state:
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where K is the model coefficient, ¥ is the bomass vield
coeflicknl, py, i the maximum specific substrate removal
riste and jig, = Vg, is the maximum specific growth rate
of biomass. In fact, Egs. (19) and (20) are based on Contois
kinetics (13) taking into gcvount that the biomass value is
dependent on the difference between the inttinl and current
substrate concentrations, X' = Sy — §). and that the coef-
ficient K is presented as K = Kx Y. The applaability of the
Contois kinetics for the desceription of contmuous anacro-
bic digestion processes of particulite organic matter was
demonstrated in a4 number of papers (e.g. Chen und
Hashimoto, 1980, Domenech and Flotats 1997), Vawlin
et al. (2001) reported that Contoss kinetics is preferable
1o the traditiona] fisst-order kinetics when considering the
optimal design of a two-phase anacrobic digestion system
treating complex solid wastes.

Both the Chen and Hashimoto, and the Contois models
describe 4 wash out phenomenon of the hydrolytic biomass
in CSTR reactor i

r<ten— (21)
Ha

Introducing the refractory coethicient R for a non-degrad-
able fraction of particulate substrate mto (19), Chen and
Hushimoto (1978) obtained the following equation:

) . (1 -RK -

5 S"{R BT -A‘)}' (22)
A number of authors used the Chen and Hashmoto moede)
(Hill, 1982; Samson and Leduy, 1986 Lema et al, 1987
Maraval and Vermande, 199%; Flotats, 1993; He et al,
2006). However, it was found that the waste type, temper-
ature and nfluent solids concentration afiected the values
of 3,pe and K (Hashimoto et al, 1951). At K |, the
Chen und Hashimoto model transforms inte the first-order
model with the rate coefficient & = /K. Chen and
Hashimoto (1978} and Hill (1982} determined experimen-
tally that the vilue of K increased over | when S, increased
and, hence, when biomass concentration increased, at stea-
dy state. This observed increase of K with biomusy concen-
trution confirms that the first-order kinctics can be used
when the amount of Momass is not limiting the hydeolysis
Process.

8. Inhibition of hydrolysis

Difierent types of inhibition caused by high concentra-
tons of LCFA, VFA, H: and NH: as well as by acdic
or alkaline pH, have been observed in anaerobic digesters
(Batstone et al,, 2002; Lokshina et al, 2003), Inhibitory
studics have mainly been focused on acetoclastic methano-
gens and ucctogens, whik less attention has been paid to

[ =
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the inhibition of hydrolysis. Hydrolysis can be inhibited
by the accumulation of amino acids and sugars (Sanders,
2001; Kadam et al, 2004). During cellulose degradation,
cellobiose as the intermediate product may be o stronger
inhibitor than gluose {Dulf und Murray, |W6). Non-ion-
ized VFA are other possible inhibitors (De Bacre et ul.,
1985; ten Brummeler et al,, 1991). Some controversy can
be found i the hterature about the inhibitory effect of
VFA.

Llabres-Luengo and Mata-Alvarez (1988) proposed a
kinetic model for MSW degradation where VFA acted as
inhibitors, but they did not consider the effect of pH. With
the same kind of substrate, Veeken and Hamelers (2000)
wsed a Contoss type of kinetics affected by a non-compets-
tive inhibiton term due to VFA, with an inhibiton con-
stant of 30g VFA L', with satisfactory results. Vecken
et al (2000) designed a set of expenments to elucidate the
mechanisms of VFA inhibition, concluding that no inhibi-
tion by VFA or by nonsonzed VFA can be measured at
pH values between 5 and 7, and that acidic pH was the
mhibitor factor, They proposed a linear function of pH
mhibition in the interval between 5.0 and 7.0

K = 0.048 pit — 0172, (23)

where &k is the first-order hydrolysis coefficient in day "
Functions of this form have a limited applicability, snd
the non-competitive inhibition function operuting as 4 muk-
tipher of the rate coefficient & more widely used. For man-
ure digestion, Angelidaki et al, (1993, 1999) proposed a
structured model where hydrolysas of particulate matter
was representad by 2 first-order reaction affected by a
noncompetitive reversible inhibition due to VFA. This
maodel his been used by other authors with satisfactory re-
sults {Keshtkar et al, 2003). A generalization of the non-
competitive inhibition function, multiplying the rate coeffi-
aent, has been used by Vavilin and Angelidaki (2005) for
expressing hibition of hydrolyss by VFA:
2 3=

[ERTH S

where £ is the inhibitor concentrstion, A; s the inhibition
constant and n is a degree index.

The effects of pH and acetate on the hydrolysis of carbo-
hydrate difiered from those on the hydrolysis of protein
(He et al., 2006). Specifically for the hydrolysis of proteins,
the study of the possible effect of VFA his received especial
attention. While Breure et al. (1986) und Yu und Fang
(2003) concluded that VFA do not inhibit protein degradi-
tion, using gelatine as substrate, Gonzales ct gl (2005)
cearly showed that scetic acid reduced the gelatine hydro-
lysis rate in & mesophilic saline environment, with
0,229 2 COD-Ac 1" s the inhibition constant for i non-
competitive inhibition affecting a first-order hydrolysis. In
contrast, Flotats et al. (2006) showed that no inlibition
by VFA occurred dunng gelatine hydrolysis,

Low pH and high lipid concentration can also affect the
hydrolysis (Palenauela-Rollon, 1999), It has been stuted

(24)
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that lipsd hydrolysis hardly occurs without methanogenic
bacteria that keep pH at non-zcidic level and VFA at
non-toxic concentrations. Lu et al. (2004) studied enzy-
matx activity during the start-up of dry anaerobic meso-
philic and thermophilic digestion of the organic fruction
of MSW. It wiss shown that the low hydrolysing protease
setivity dunng the first 2.3 weeks was due to inhibition
by low pH.

Vavilin et al. (2006) und Jonsson et al. (2006) modelled
MSW decomposition in 1001 Tandfill simulation reactors
and concluded that inhibition of the hydrolytic and meth-
anogenic processes occurred during the ucidogenic phase.
The degradation of the readily degradable waste fraction
senerated conditions that inhibited the degradation of
recalcitrant waste at a pH of 5.6, The addition of methano-
genic inoculum activated the decomposition of solids,
decreased VEA concentration and inttiated the bwodegra-
dation of phthalate esters. It was shown that the hydrolysis
of phthalate diesters must be described coupled with the
growth of hydrolytic biomass; with a biomass viek! ) cor-
responding to slcohol as the intermediate product (Vavilin
et al,, 2005),

Lokshina et al. (2003) showed a temporary inhibition of
the hydrolysis of houschold waste (HSW) at acidic pH and
of the slaughterhowse solid waste (SSW) degradation at
neutril and alkalme pH, Simulations showed that it was
most likely that hydrolysis was inhibited by high VFA con-
centrations i the case of HSW, lowering the pH, and by
high LCFA concentrations in the case of SSW. These com-
pounds inereased during hydrolysis and acidogenesis of the
casily degradable fractions. Both systems recoverad after
an increase of the methanogenic biomass,

It is difficult to distinguish the inhibitory ¢ffects caused
by pH aor VFA. Previous works indicate that VFA accumu-
lation induces a pH decrense, lowening the hydrolysis rute
and making pH the effective inhibitor factor, Gradients
of pH around the hydrolysable particles, which might not
be measurable in the bulk liquid, conld explain the different
results found in the literature. Henee, the kevel of homoge-
nization or mixing. and the concentration of methanogenic
beomass lowering VFA, even at microniche Jevel, would
both be factors aflecting the hydrolysis rite,

The influence of different ratios of lipids {from 5% to
47%%) on the hydrolyss of artificial waste was studied by
Cirne et al. (2007). By testing the effect of lipase addition
during the hydrolysis of lipids, it was shown that this
amendment enhanced hydrolysis but also produced inter-
mediates (LCFA) that caused inhibition of the subsequent
steps of anacrobx digestion, which ultimately also affected
the hydrolysis. This work demonstrated that a sumulation
of hydrolysis may have i negative effect if all stages are not
in halance.

9. Distributed models

Hydrolysis of particulate orgame mutter is characterzed
by surface phenomena (colonizition by enzymes or bio-
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masy and degradation reactions) and transport phenomenit
(enzymes from the bulk liquid or reaction products from
the surface). As previously mentioned, reaction products
such as VFA can accumulate in the biomass boundary
layer and induce focal pH values that inhibit the process
although this effect would not be detected 1n samples from
the bulk liquid. Therefore, transport rate by dilfuson or
convection around particles can control the process. Mod-
cls developed for describing the process in & completely
mixed reactor can present a lack of relubility for explain-
ing hydrolysis and the whok anacrobic digestion process
of solid orgunic matter. When mass transfer is crucial for
expliming solid waste degradation, spatislly distributed
models ofler the required tool for integruting and explain-
ing the experimental knowledge, both in engineered land-
fills (White et al, 2004), in landfill simulation reactors
(Vavalin et al., 2006; Jonsson et al., 2006) or in bloreactors
(Vavilin et al., 2002; Vavilin et al, 20032; Vavilin et al.,
2003b; Vavilin et al., 2004),

At present, 2D distributed models hive been applied w
batch unuerobic co-digestion of MSW and digested manure
(Vawilin and Angehdaki, 2005), and 2D and 3D distributed
models 10 o continuous-flow resctor with non-uniform
influent concentration distnbution (Vavilin et al, 2007),
These modelks successfully predicted experimental results
considering the effect of mixing mtensity und the waste
to-hiomass ratio. In the previous 3D distributed model.
hydrolysis of MSW was described by the Contois kinetics
113) and the hydrolysis of the residual organic material m
inoculum (digested manure) was described by the firs-
order reaction (2}, both affected by a VFA inhibition func-
tion (24).

In general, results in this area show that hydrolysis efli-
ciency in anacrobic digestion must be viewed in the context
of the complex mteriction between the different biomiss
species and intermadiate products, and their relative spatial
distnbution. It is considered that new theoretical and
experimental developments with space distributed models
will help m the comprehension und modeling of the com-
plex hydrolysis process.

10, Conchisions

The first-order kinetics had traditionally been used to
describe the hydrolysis process in anscrobic digestion,
but it may be insccurste to describe the hydrolyss of cer-
tain complex substrates. In such cases, first-order kinetics
should be corrected by taking into account the hardly
biodegradable muterial. As improvements of the previous
model, two modeds hiave been developed: the Contols
kinetics that comsiders growth of hydrolytic/acidogenic
biomass, and the two-phase kinetics considening surface
colonization and hiodegmdation separately. In gencral,
these models show a better fit 1o experimental data at o
high or fluctuant organic loading rate. The first-order
kinetics model s a particular case of these two models
#t @ high biomass to substrate rmtio end, therefore, they



can be considered #s more gencral models. At high
orgame loading inhibition of hydrolysis should be consid-
ered when an analysis of the efficiency of anacrobic diges-
tion of complex substrites is carried out. In such cuses,
methanogenesss or acctogenesis can be the rate-dimiting
steps in anserobie digestion. To describe these phenom-
ena numencally, o more complex structured model should
be used, However, at present, it i still not possible 1o
adopt 4 gencrzl model applicable under all circumstunces.
The new spatially distributed models that consider mass
transler processes. which are still in the developing stage,
will provide new insights into the complex hydrolysis
process,
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Abstract The objective of the present study is to analyse kinetic and stoichiomatnic paramaeter values of
gelatine anasrobic degradation at thermophilic range, based on an experiment designed to elucidate #
volatie fatty acids (VFA) are inhibitors of the hydrolysis process. Results showed that VFA are not inhibiting
tha hydrolysis process. Tho ADM1 model adequately axpressed the consecutive steps of hydrolysis and
acidogenesis, with estmated knetc values comesponding to a fast acdogenesis and slower hydrolysia. The
hydrolysia was found to be the rate imitng step of anaerobic degradation, Estimation of yield coefficients
based on the relatve intial slopes of VFA profiles obtained in a simple batch exporment produced
satisfactory results. From the identification study, # was concluded that it i possible to determine univocally
the miated kinetic parameter values for protein degradaton If the evolution of amino acids is moasured in
simultanecus batch expeniments, with different initial protein and amine acids concentrations,

Keywords Acidogenesis; amino acids; anaerobse digestion; gelatine; hydrolysis; proteins

Introduction

Proteins are important components of many wastes and are often responsible of the high
ammonia concentration during anaerobic digestion, causing inhibition of acetoclastic
methunogens and possible process failure, As soluble proteins hydrolyse very fast, the
subsequent release of volatile fatty acids (VFA) and ammonia can produce overloading
and inhibition problems if an increase on the organic loading rate related to proteins over-
comes the capacity of the system. A calibrated and validated mathematical model, such
as the ADMI, helps to predict these situations and to plan successful operation methods.
In the ADMI (Batstone et al.. 2002), protein anaerobic decomposition is represented
with the following steps: hydrolysis of soluble proteins to amino acids (AA); acidogen-
esis from AA to VFA, H; and inorganic nitrogen (N-NH]); acetogenesis from VFA to
acetate; and methanogenesis from acetate and Hy 10 methane.

Hydrolysis of soluble protein is modeled using a first-order process without any inhi-
bition function (Batstone er al., 2002). Inhibition of hydrolysis at low pH levels is gener-
ally accepted. but some controversy on a possible inhibition by VFA is found in the
literature for solid waste, Veeken er al. (2000) designed a set of experiments to clucidate
if this inhibition effect takes place, concluding that no inhibition by VFA occurmred at pH
values between 5 and 7.

Specifically for the hydrolysis of proteins, the study of the possible effect of VFA has
received special attention, While Breure er al, (1986a) and Yu and Fang (2003) con-
cluded that VFA did not inhibit protein degradation, using gelatine as substrate, Gonzdlez
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et al. (2005) clearly showed that gelatine hydrolysis was severely inhibited by acetic acid
at pH 7, with 0.229 ¢ COD-acetate/l as the inhibition constant for 4 non-competitive inhi-
bition affecting a first-order hydrolysis. Gelatine 15 a beterogeneous mixture of water-sol-
uble proteins of high average molecular weight; it is not found in nature and is derived
from collagen. Collagen is the fibrous protein constituent of skin, cartilage, bone, and
other connective tissue, making gelatine a good protein model for basic studies aiming at
slaughterhouse waste biological treatment.

A simple experimental method for estimating parameters, although with limitations, 1
the use of simultancous batch experiments (SBE), This method is based on the measure
of the evolution of some components in a set of butches churacterized by different initial
conditions for some known components and equal initial values for others (Flotats er al.,
2003). As in other systems. the optimal experimental design is influenced by the par-
ameter values (Vanrolleghem ez al., 1995), which are not previously known. Therefore,
information from previous experiments is required in order to have a fisst estimation of
the parameter values, and to choose the appropriate different initial concentrations,

Kinetic parameters for hydrolysis of proteins and for the acidogenesis of amino acids
present a wide runge of values in the literature (see Appendix A in Batstone ef al., 2002),
Consequently, some level of uncertainty appears for choosing the appropriate SBE initial
conditions, if a given protein degradation must be characterised. The objective of the pre-
sent study s 1o orientate further SBE for the calibration of a protein (gelating) decompo-
sition model, using batch experiments previously done to elucidate if VFA act effectively
as inhibitors of gelatine hydrolysis,

Materials and methods

Experimental design

Degradation of gelatine was tested in 116 ml vials, with four initial VFA concentration
levels {0, 2.2, 5.2 and 11.2 g CODVI corresponding to 0, 3, 70 snd 150mM VFA, with a
molar distribution of acetate-Ac¢, propionate-Pro, butyrate-Bu and  valerate-Val of
85:10:3:2 respectively) and with 5.7 ¢ CODA of gelatine in all vials, placed in an incuba-
tor at 55°C, Experimental conditions and anulytical methods were the same as in Flotats
et al. (2003). Initial concentration of ammonia was 0.6 g N-NHJ-N/I. Experiments were
performed in triplicate and the dumtion was 27 days, VFA and methane were sampled
frequently at the start (5 samples during first 24 hours) and less frequently fater, with 18
total samples per vial. Ammonia nitrogen were analysad by standard methods, with 7
samples par vial until the 13th day. pH was measured #t the end of the experiment.

Dervation of stoichiometry

Application of Ramsay algorithm. Table | shows the calculation method derived from
Stickland reactions proposed by Ramsay (1997) and Ramsay and Pullammanappallil
(2001), applied to gelatine with the average amino acids composition indicated by Merck
(2001). Aromatic products represent 4.9% of COD and are cresol and phenylacetate. It
wits assumed thut the aromatic compounds are consumed by acidogenic population with a
yield value of 00592 C-mole biomass (B)/C-mole AA (Ramsay, 1997), producing Ac
and Pro from cresol and Ac from phenylacetate, It is important to note that Hy is not a
product of gelatine anaerobic degradation based on Sticklund reactions. Biomass yield
value was calculmed from the ATP moles produced (10g B/mole ATP), The above-
mentioned assumptions produced two sets of stoichiometric coefficients 1o be tested
(Table 2), Based on amino acid contents, the derived gelatine formula s
CHy pas1 Oo smieNo 3105002
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Table 2 Swichiomatnc coefficients tested in the presant study

Source Y Ac Pro Bu val My ~
gCODB/g 9CODACY gCODPwo/g 9CODBug gCODVally gCODM,/g oy

COD AA COD AA CoD AA COD AA COD AA coD an COD an
Table 1 0.071 0427 0.080 0.146 0.242 0.032 0134
Toble 1" 0.074 0458 0.103 0,146 0.242 - 0023 0,134
iment®  0.086 0.505 0.102 0.114 0.086 - 0.130
E:pm'mem’ 0.074 0.604 0.103 one 0.088 - 0.134
1. Considering degradation of acids; 21 Considenng yeld coefficient from Angelidaks ef al.

{1999) and from VFA relatve production from iitid slopos obtamed in present esperments; 3: same of
axparment”. but considering yweld coafficient obtained from Table 1

Initial VFA slopes. Based on the relstive initial slope of VFA profiles. measured at the
present experiment for the batch of 0mM VFA initial concentration, two biomass yields
were tested (Table 21 the value used by Angelidaki er al. (1999) at thermophilic range,
thit 15 0,086 g COD Big COD AA (close to the value proposed by ADMI) and the value
obtained by the Ramsay algorithm.

Problom cofinition and simplitication assumptions

The unknown Kinetc parameters are relaied to the hydrolysis of protems and the uptake
of umino acids processes {processes 3 und 6 in Table 3.1 of Batstone et al,, 2002). Since
the initial concentration of NH7-N wus high enough, the term by, was neglected. pH
was assumed not to vary significantly along the experiment. Since H; was not expected
0 be produced from gelatine (se¢ Table 1) and H; partinl pressure was not measured,
uptake of H, process has been lumped together with the VFA producing it, applying stoi-
chiometry and kinetic parameter values for Ae, Pro and Val from Flotats e al. (2003),
and stoichiometric values for Bu from Angelidaki e al. (1999),

Mathematical and computing methods

The output function was defined as the vector whose components are the measured state
variables evolution: Ac, Pro, Bu, Val. NHT-N and methane, Parnmeter identifiability was
studied by the expansion in Taylor series of the output function around the initial time, The
successive derivatives were expressed as o function of the unknowns, trying to obtain a
determined systern of equations for calculating these parameters univocally (Dochain and
Vanrolleghem, 2001)

Table 3 Estimated parameter values and its statstcal analysis for the best global ftting

Comelation matris Hydrolynes Acstogeness of AA Uptake of VIA
Kartpe Heoscas Kaw K ke ke Oeals
[ ] (L) @CcoD /M (gcCOoDM (g coomn (g COD) (gcoon
Kopetor 1.00
y VAR 0.07 1.00
Kine 091 0.05 1.00
Xeao 0.78 - 062 0.81 1,00
Xecdo ~0.14 ~048 -030 0.02 1.00
Komlo ~0.06 ~017 -008 0.0t - 040 1.00
Xeado -0.01 034 -016 0.05 0.12 0.39 1.00
Parameter value  0.640 15987 1816 0108 881077 370t 77107
Standard dev, 0.066 2786 497 0401 25107%  asw0 ™ 521077
Q (95%) T013 r5427 tO76 078 v4910°F +7.110° r10107?
Haost vakio 9.82 0.58 036 026 3493 10.32 14.87
st prob (%) 100 7183 64.26 6038 100 100 100
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For fitting the maxdel to the SBE results, and o estimate unknown parumeter vilues,
the objective function to be minimized was the sum of the reciprocals of the multiple
determination coefficients (X]1 ~ r°]) for the four SBE and for the six measured com-
ponents together, using o combmation of a direct search method and a conjugate gradient
method (Flotats er al., 2003). The sub-model for proteins degradation from ADM1 and
the kinetic values which uppear in sppendix A of Batstone et al. (2002) were tested. A
possible non-competitive inhibition by VFA has been evaluated.

Results and discussion

Based on Taylor series expansion up to the 3rd derivative, it is concluded thut
kinetic parumeters for hydrolysis and acidogenesis are not identifiable with the present
experimental setup, With a null initial concentration of AA, only the group
Ky pr * ke " (X e do/K s 0 15 identifinble. For separating these parameters, different initinl
concentrations of gelatine and AA, and the measurement of the time evolution of AA, are
required. With the present experimental design, the structural identifiability study con-
cludes that the initial biomass concentrations for VFA degraders are identifiable.

Based on the time course of ammonia release (Figure 1), we concluded thar gelatine
hydrolysis is not significantly inhibited by VEA, at the tested VFA concentrations, Sepur-
ation of ranges only appears at the 13th day, with lower valves for the highest initial VFA
concentration (150mM). Experimental values for the six measured components und for the
four SBE are shown in Figures 2-5, where some outlier measurements have been rejected.

As expected from the identifiability study, the practical identification process cannot
provide a unigue set of Kinetic parameters, the system being undetermined with the pre-
sent experimental design. Since VFA production/consumption can be predicted, the
obtained datn will help to provide orientations about the approximate kinetic values.

The Ramsay algorithm predicts an Ac yield value consistent with those reported by
Yu und Fang (2003) and Breure ¢ ol (19863). While Yu and Fang (2003) obtained
lower Ac production at 55°C that at 35°C, the opposite was measured by Fang and
Chung (1999), which is in aecordance with our results. The yield value for Pro. obtained
by present experiments, s similar to that predicted by the Ramsay algorithm, and lower
than those obtuined by Yu and Fang (2003) and Breure ef al. (1986a), While the Ramsay
algorithm predicts higher yields for Val than Bu. consistent with results from Breure and
van Andel (1984), the opposite was found in our experiments, in Breure er al. (1985) and
in Yu and Fang (2003). Breure e al, (1986a) obtained the two different Bu— Val relative
productions depending on the experimental conditions (dilution rate and pH). In addition

T T

0 2 4 6 8 10 12 4

Time (d)

Figure 1 Concentration of NHZ N (/) for the foor SBE. at the indicated initial values of VFA (mi)
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to pH (Yu and Fang, 2003), other factors that can modify the protein degmdation profile
are the presence of unother carbon source (Breure ef el 1986a), the adaptation of micro-
organisms ( Breure ef al., 1986b) and the bactenial culture used (Ollivier er al., 1986). It is
difficult to draw clear conclusions about the exact VFA distribution from a given protein.
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The negatve yield for H,, obtained from Table 1, is consistent with results from Fang
and Yu (2002), where partial pressure of hydrogen decreased as gelatine concentrution
increased in the influent, with measurements af steady-state operation. Although Hy has not
been measured in the present study. the profiles of VFA evolution have been very well
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predicted without considering inhibition by H,, indicating that the prediction sbout the H,
vield sign at Table | could be adequate for gefatine.

All Xinetic valoes related to hydrolysis of proteins and to acidogenesis of AA indi-
cated in Appendix A from Batstone er al, (2002), incloding values from Gonzilez er al.
(2005), have been used os o first guess for the pructical optimization process. Many
different combinations of values resulted in good fittings for the experiment™ coeffi-
cients. However, coeflicients produced applying the Ramsay algorithm never resulted in
good experimental fit. The best global fitting (shown in Figures 2-5) has been obtained
with values indicated at Table 3, using experiment® coefficients from Table 2,

Estimated initial biomass concentrutions of VFA degraders present a high statistical
significance and narrow confidence imervals (C1), indicating that these values can be uni-
vocally approximated with the present experimental design, as previously derived from
the structurnl identifiability study. Estimuted kinetic values express a fast scidogenesis
und slower hydrolysis, as suggested by many authors (Breure and van Andel, 1984:
Nagase and Matsuo, 1982), hydrolysis being the rate limiting step for gelatine degra-
dation, Nevertheless, based on the siatistical analysis of Table 3, it is only possible
o conclude about the hydrolysis process, with an estimasted constant presenting a low
standard deviation and 4 high statistical significance (based on the Student's r-test),
Parnmeters related 1o acidogenesis present a high uncertainty level.

The obtained hydrolysis constant value is very close to (.6d™", obtuined by Gavala
et al. {2003) from experimental data of Nagase and Matsuo (1982) for gelatine. Estimated
Huaxaa vAlue s very close to that obtained by Sicgrist es el (2002) st thermophilic range.
The result obtained considering inhibition of hydrolysis by VFA provides an inhibition
constant high enough (328 g COD VFA/, staustical analysis not shown) for considering
this inhibition not significant ot the tested VFA levels, as shown in Figure 1, clearly in
opposition with the results of Gonzilez er al. (2005).

Although the narrow confidence interval obtained for Ky, in contrast to the acido-
genesis parameters, the correlation matrix indicates that present SBE experiments cannot
provide enough information for a complete separation between parameters from hydroly-
sis and from acidogenesis, s predicted. Further SBE experiments must be designed for
separating the two process kinetics and for avoiding the present uncertainty for acidogen-
esis purameters. To measure AA evolution along the botch experiments using differeat
initial concentrations for proteins and AA, ensuring values into the range of the CI of
K tnd using the same initial inoculum concentration, should provide appropriate data
for an adequate parameter identification work.

Figures 2—5 show that NH7-N is released before VFA production, This fact can be
explained by an acidogenesis process constituted by seveml consecutive steps. with
ummonia release at the first step and VFA production at the final step, as described by
Stickland reactions. This means that if ammonia is used as unique indicator in batch
experiments, higher reaction rates than those obtained using VFA as indicators could be
obtained. Repeating the practical optimization process without considering ammonia
daty, reaction rates obtained Tor acidogenests are slightly lower than those of Table 3,
with better statistical significance, It is concluded that VFA are better indicators of acido-
genesis process.

Conclusions

The Ramsay wlgorithm cannot always predict the comrect VEA production profile, but can
orientate values for biomass vield and the H, sign (production or consumption). A simple
bateh for estimating the relative initial slopes of VFA profiles can help to approximate
yield coefficients for VFA,
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The obtained results indicate that VFA are not statistically significant inhibitors of
gelatine hydrolysis at the tested levels of VFA. The estimated Kinetic parameters indicate
that hydrolysis is the rate himiting step of the degradation of gelatine, the acidogenesis of
amino acids being a fast process. Nevertheless, the estimated parameters related to acido-
genesis have been characterized by wide confidence intervals. Our results will orientate
further wdentification works conducted in order to overcome the uncertainty found for par-
ameters related to the amino acids uptake process.
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ABSTRACT Slaughterhouse wastes are interesting for the anaerobic digestion
process regarding its high biogas production potential and because the current legal
scenario promotes renewable energy production. The high lipid and protein content of
those residues limit its treatment due to inhibitory processes, in particular the inhibition
caused by long chain fatty acids (LCFA). The objective of the present disertation
is to obtain a deeper insight on the LCFA inhibition process, the microorganism
adaptation ability and the prevention/recovery of inhibitory phenomena.

In a preliminary approach, organic wastes generated in slaughterhouses are charac-
terized, by studying the anaerobic biodegradability of waste mixtures containing dife-
rents lipid/proteins concentrations. Anaerobic batch tests are performed at increasing
substrate concentrations by sequential pulse feeding. From those experiments, the fast
hydrolysis-acidogenesis of proteins is verified, being the lipids and LCFA degradation the
main limiting step of the overall anaerobic process. Despite this limitation, the system
is able to recover up to a higher methane production rate after each applied pulse.

In order to elucidate on the mechanisms of the recovery process, several
strategies to recover LCFA inhibited reactors are tested. The increase of the
biomass/LCFA ratio and the adition of bentonite to reduce the biodisponibility
or the adsorption of LCFA over microbial cell walls, are found to be effective ap-
proaches in the operation aﬁ l;{cale biogas plants. The obtained results rein-
force the hypothesis of the a tlve nature of the LCFA inhibition, and that
the recovery process can be followed as an increase in the microbial activity.

The nature of the reported microbial activity lmprovement after subsequent syt

activities on different model sub wr\f s, 2) appllcatlon of molecular biology tools to
monitor the microbial popul iC : the development of kinetic expres-
sions of the LCFA inhlbiti the adsorption process, within the
framework of ADM1 mod ' ssociation. The combined analy-
A n,-o e confirmed th shomena are explained by a spe-

jicrobial growth, ir abolic LCFA inhibition process.

sorption-inhib: \ by determining LCFA
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