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Biogas production through anaerobic digestion represents one of the most important routes in order
to fulfil the national and international regulations aiming for environment preservation and efficient
utilisation of the natural resources. For profitable and safe use of its energetic potential, the biogas
must satisfy the quality standards of the appliance.

Biogas quality is crucial in both its methane content and purity. Hydrogen sulphide is one of the most
common pollutants in biogas. Several process-level (implemented in the reactor) and end-of-pipe
strategies (applied in another unit) exist for its control, based on physical-chemical and biological
phenomena. In contrast to physical-chemical methods, the biological technologies are
environmentally friendly and economical. The removal of hydrogen sulphide directly in the reactor
by imposing oxygen-limiting/microaerobic conditions is the most attractive biological solution due
to its simplicity of implementation and operation, and the fact that the biogas is produced and
desulphurised in a single unit. By contrast, the operation of the alternative biological methods is
difficult and complex. However, the possible costs arising from elemental sulphur accumulation in
the gas space during microaerobic digestion could hinder the widespread application of this method
of hydrogen sulphide control. A potentially ideal external process for biogas desulphurisation would
integrate the simplicity of the process of hydrogen sulphide removal in microaerobic digesters.

The general objective of this thesis is to control the hydrogen sulphide content in the biogas
produced during digestion by microaerobic processes. For this purpose, two different strategies are
investigated: a process-level approach, which involves imposing microaerobic conditions directly in
the reactor, and an end-of-pipe solution, implying the usage of an additional unit where the
conditions present in the headspace of microaerobic reactors are reproduced. The thesis is structured
as a compendium of eight research articles.

In order to achieve the aims of this thesis, two lab-pilot reactors and one industrial-pilot reactor are
operated. At both scales, mixed sludge from a municipal wastewater treatment plant is treated under
mesophilic conditions. The experiments aimed to develop a new end-of-pipe biotechnology for
biogas desulphurisation based on the findings obtained from operation of lab-pilot microaerobic
reactors are carried out at lab-pilot scale. Digestate from lab-pilot reactors treating municipal sewage
sludge is used as the reaction media.

Benefits of oxygen on the digestion process and the biogas quality can be reached simultaneously,
for which the micro-oxygenation level must be precisely adjusted in order to achieve and maintain
minimum concentration of both hydrogen sulphide and oxygen in the biogas. For this purpose, the
production and the sulphide content of biogas can be used. Under variable organic loading rate and
steady sulphur loading rate, biogas production is an efficient regulating parameter of the oxygen
supply. However, under variable sulphur loading rate, hydrogen sulphide concentration must be the
basis for the development of a reliable and precise control strategy.

Elemental sulphur is the main by-product from sulphide oxidation in microaerobic reactors. When
the moisture availability on the different surfaces of the gas space is sufficient, high amounts of this
compound are deposited there, which can lead to increasing oxygen demand over time. As a result,
the intervals of time at which the reactor must be cleaned can be reduced. Sulphide-oxidising
bacteria grow all over the headspace. The composition, species richness and the size of this microbial
community depended on the location (more specifically, on the moisture level) and the operation
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time. Although the hydrogen sulphide removal from biogas predominantly occurs in the gas space,
the efficiency of the process is rapidly recovered after cleaning.

Conversely, when the surfaces of the gas space suffer from dryness, elemental sulphur hardly
accumulates there. The desulphurisation performance and the oxygen demand of the reactor are low
relatively high (respectively) at the early stage of the microaerobic operation. Nevertheless, hydrogen
sulphide can eventually be efficiently removed from the biogas under different configurations. The
biogas recirculation raises the oxygen transfer rate to the liquid phase, which can increase the
microbial richness and evenness and, in the log-term, cause an important shift in the biodiversity and
structure of the bacterial and the archaeal communities.

The conditions of biogas desulphurisation present in microaerobic reactors are successfully
reproduced inside an external chamber called a “microaerobic desulphurisation unit”. Microaerobic
digestate is an efficient and durable reaction media. This system is robust against fluctuations in
operating parameters, such as biogas residence time and mass loading rate and inlet concentration of
hydrogen sulphide. Although neither nutrients nor water are added, it presents a high bacterial
diversity. The microaerobic desulphurisation unit can be operated at 20°C, and achieve almost the
same removal efficiencies than microaerobic reactors. Nonetheless, relatively high temperatures at
the start-up could be the key to achieving successful operation. Elemental sulphur can be the main
by-product, since the system performs successfully at oxygen/hydrogen sulphide (v/v) supplied ratios
of up 1.0.
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La produccion de biogas mediante digestion anaerobia es una de las vias mas importantes para
cumplir la legislacion nacional e internacional que vela por la preservacion del medio ambiente y
utilizacion eficiente de los recursos naturales. Para un aprovechamiento seguro y rentable de su
potencial energético, el biogas debe satisfacer los estandares de calidad del equipo de utilizacion.

La calidad del biogéas es crucial tanto en su contenido en metano como en su pureza. El sulfuro de
hidrogeno es uno de los contaminantes mas comunes en el biogas. Existen varias estrategias de
control que se aplican nivel de proceso (en el reactor) y en una etapa final (en otros dispositivos),
basadas en fendmenos fisico-quimicos y bioldgicos. A diferencia de los métodos fisico-quimicos, las
tecnologias bioldgicas son respetuosas con el medioambientalmente y econdmicas. La eliminacién
de sulfuro de hidrégeno directamente en el reactor aplicando condiciones limitantes de
oxigeno/microaerobias es la solucion biologica mas atractiva debido a su simplicidad de
implementaciéon y operacion, y a que el biogds se produce y trata en un Unico equipo. Por el
contrario, la operacion de los méetodos biologicos alternativos es dificil y compleja. Sin embargo, los
posibles costes que surgen de la acumulacién de azufre elemental en la cabeza del reactor durante la
digestion microaerobia podrian obstaculizar la aplicacion generalizada de este método de control del
sulfuro de hidrégeno. Un potencial proceso externo ideal para eliminar de sulfuro de hidrégeno del
biogés integraria la simplicidad del proceso de eliminacion en digestores microaerobios.

El objetivo general de esta tesis es controlar el contenido del sulfuro de hidrégeno del biogas
producido durante la digestion mediante procesos microaerobios. Para este propdsito, se investigan
dos estrategias diferentes: una estrategia a nivel de proceso, que implica la implementacion de
condiciones microaerobias directamente en el reactor, y un estrategia al final del proceso, que
implica el uso de una unidad adicional donde se reproducen las condiciones presentes en la cabeza de
reactores microaerobios. La tesis se estructura como un compendio de ocho articulos de
investigacion.

Para alcanzar los objetivos de esta tesis, se operan dos reactores piloto-laboratorio y uno piloto-
industrial. A ambas escalas, se trata fango mixto procedente de una planta de tratamiento de aguas
residuales urbanas bajo condiciones mesoéfilas. Los experimentos para desarrollar una nueva
tecnologia externa de eliminacion de sulfuro de hidrégeno del biogas en base a los hallazgos
realizados durante la operacion de reactores piloto-laboratorio se desarrollan a escala piloto-
laboratorio. Se utiliza fango digerido de reactores piloto-laboratorio que tratan lodos de depuradora
urbana como medio de reaccion.

Los beneficios del oxigeno sobre el proceso de digestion y la calidad del biogas pueden alcanzarse
simultaneamente, para lo cual el nivel de micro-oxigenacion debe ser ajustado de forma precisa para
alcanzar y mantener una minima concentracion de sulfuro de hidrogeno y de oxigeno en el biogas.
Con este fin, pueden usarse la produccion de biogas y el contenido de sulfuro de hidrégeno del
biogas. En condiciones de carga organica variable y carga de azufre estable, la produccion de biogas
es un eficiente pardmetro de regulacion del suministro de oxigeno. Sin embargo, bajo condiciones de
carga de azufre variable, la concentracion de sulfuro de hidrogeno debe ser la base para el desarrollo
de una estrategia de control fiable y precisa.

Azufre elemental es el principal subproducto de la oxidacion de sulfuro en reactores microaerobios.
Cuando la humedad disponible en las distintas superficies de la cabeza del reactor es suficiente,
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grandes cantidades de este compuesto se depositan alli, lo que con el tiempo puede conducir a una
creciente de demanda de oxigeno. Como consecuencia, los intervalos de tiempo a los cuales el
digestor debe limpiarse pueden acortarse. Las bacterias sulfuro-oxidantes crecen en la cabeza del
reactor, y la composicion, riqueza de especies y el tamafio de la comunidad bacteriana dependen de
la localizacion (mas especificamente, del nivel de humedad) y del tiempo de operacion. Aungue la
eliminacion del sulfuro de hidrégeno del biogas ocurre principalmente en la cabeza del reactor, la
eficiencia del proceso se recupera rapidamente tras la limpieza.

En cambio, cuando las superficies de la cabeza del reactor sufren sequedad, el azufre elemental
apenas se adhiere. El rendimiento de eliminacién de sulfuro de hidrégeno del biogas y la demanda de
oxigeno del reactor es bajas y relativamente alta (respectivamente) al principio de la operacion en
condiciones microaerobias. Sin embargo, con el tiempo, el sulfuro de hidrégeno puede ser
eficientemente eliminado del biogds bajo distintas configuraciones. La recirculacién de biogas
aumenta la tasa de transferencia del oxigeno a la fase liquida, lo que puede incrementar la riqueza y
abundancia microbiana y, a largo plazo, causar un cambio importante en la biodiversidad y estructura
de las comunidades de bacterias y arqueas.

Las condiciones de desulfurizacion del biogas presentes en reactores microaerobios pueden ser
reproducidas con éxito dentro de una camara externa llamada “unidad desulfurizacion microaerobia”.
El fango digerido es un medio de reaccion eficiente y duradero. Este sistema es robusto frente a
fluctuaciones en parametros de operacion tales como el tiempo de residencia del biogas, y la carga y
concentracion de entrada de sulfuro de hidrégeno. Aunque no se afladen nutrientes ni agua, éste
presenta una alta diversidad bacteriana. La unidad microaerobia de desulfurizacion microaerobia
puede operarse a 20°C, y alcanzar casi las mismas eficiencias de eliminacion que los reactores
microaerobios. Sin embargo, temperaturas relativamente altas en el arranque podrian ser la clave
para conseguir el éxito de la operacion. Azufre elemental puede ser el principal subproducto, ya que
el sistema rinde satisfactoriamente a ratios de oxigeno frente a sulfuro de hidrogeno suministrado
(v/v) de hasta 1.0.
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BIOGAS PRODUCTION AND UTILISATION

Most of the world’s overall energy supply is derived from fossil fuels. With steadily increasing oil
and natural gas prices and improved legal framework conditions, biogas production constitutes a
great opportunity (Murphy et al., 2011). Biogas is a renewable energy source that can be used for the
replacement of fossil fuels in several applications: heat, steam, electricity, cooling, chemical and
protein production, as fuel for vehicles and fuel cells, and for injection into natural gas grids (Holm-
Nielsen et al., 2009). Though substantially inferior to other common fuels such as compressed
natural gas, which produces approximately 8,600kcal/m®, it has a good calorific value (around
5,000kcal/m®) (Abbasi et al., 2012).

The production of biogas through anaerobic digestion (AD) is considered as one of the most energy-
efficient and environmentally beneficial technology for bioenergy generation (Weiland, 2010).
Therefore, AD is gaining increasing attention worldwide (Jagadabhi et al. 2010). Besides of biogas
production, this technology is a very attractive alternative for operators of wastewater treatment
plants (WWTPs) due to many other reasons (Ward et al., 2008).

Biogas is a mixture of gases whose composition depends on the type of material to be digested, as
well as on the operational conditions in the reactor (Noyola et al., 2006). It is generally composed of
methane and carbon dioxide in a ratio of 3:1, and other minor constituents. Hydrogen sulphide is one
of the most common trace compounds in biogas (Maestre et al., 2010; Rasi et al., 2007), where its
concentration can range from 0.10 to extremely high values of 2.00%v/v (1,000-20,000ppmv)
(Fortuny et al., 2011).

Hydrogen sulphide is a by-product obtained from fermentation of organic sulphur-containing
compounds (such as proteins) by acidogenic bacteria, and reduction of anionic forms of sulphur
(such as sulphate and thiosulphate) contained in the feedstocks by sulphate-reducing bacteria (SRB)
(Stams et al., 2003). High concentrations of sulphate are typical in wastewaters from the food,
fermentation, pulp/paper, edible oil, tannery, photography, and chemical industry (Cirne et al., 2008;
Zhou et al., 2007). Therefore, this compound can also be present in municipal sewage sludge due to
collection of industrial streams rich in this anion, or to natural content in water supply (Noyola et al.,
2006). Likewise, feedstocks from urban WWTPs and agri-food facilities can present high
concentrations of proteins (Chen et al., 2008; Peu et al., 2012).

The rate of sulphide generation depends on several variables, such as pH, temperature, hydraulic
retention time, and oxidation-reduction potential (ORP) (Firer et al., 2008). At pH characteristic of
methanogenic systems, sulphide exists as bisulphide (HS") and hydrogen sulphide (H»S) at 50% (Eq.
1 and 2). The undissociated form is partially released to gas space according to a distribution
coefficient (Ky) (Eqg. 3) (Rittmann and McCarty, 2001).

H,S — H' + HS pKy = 7.04 (1)
HS — H'+ 8% pK, = 12.9 2)
[H2S]4 = Ky [H2S]g Ky = 13 at/mol (35°C) ©)
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Dissolved sulphide impairs the organic matter removal (it provides COD to the effluent), leads to
accumulation of inert material in the sludge (metal sulphides), is toxic for microorganisms, and
promotes growth of filamentous sulphide-oxidising bacteria (SOB) that can cause bulking sludge in
the aerobic post treatment system (Cirne et al., 2008).

Gaseous sulphide is considered the most characteristic bad odor in the environment of anaerobic
reactors and wastewater facilities in general (Noyola et al., 2006). Besides reducing the methane
yield and the biogas quality, it causes contamination and toxicity to humans (Speece, 2008), and
corrosion to many types of steel, thereby reducing the lifetime of pipework and installations for the
utilisation of biogas (Deublein and Steinhauser, 2008). As a result, the presence of hydrogen
sulphide can represent an important limitation for the biogas use. With traditional boilers and internal
combustion engines, the recommendations are that hydrogen sulphide content should not be more
than 1,000 ppmv, which in some cases means than biogas can be used without any treatment (Rasi et
al., 2011). However, for trouble-free operation of combined heat and power (CHP) stations,
manufacturers usually set standards below 100 or 300ppmv, depending on the equipment concerned
(Peu et al., 2012). Nevertheless, short peaks can occasionally be accepted (Deublein and Steinhauser,
2008). The limit values are even stricter for the rest of the biogas applications (Rasi et al., 2011).

HYDROGEN SULPHIDE CONTROL
Hydrogen sulphide can be controlled according three different strategies (Peu et al., 2012):

a) at the source, by controlling the feedstock
b) at the end, by desulphurising the biogas in a later treatment unit
c) at process level, directly inside the anaerobic digester

The first solution (a) is not realistic, and it is in fact the latter end-of-pipe treatment (b) which is the
most consolidated strategy in practice (Cirne et al., 2008). For this purpose, a number of technologies
exist, based on physical-chemical and biological principles (Lin et al., 2013). Combinations of
physical-chemical and biological methods are frequently used too (Deublein and Steinhauser, 2008).

Physical-chemical processes are the most commonly applied for biogas desulphurisation. Among
them, activated carbon and water scrubbing are two of the most popular techniques (Persson et al.,
2007). Physical-chemical technologies are expensive due to high energy, chemical and disposal
costs, and they cause detrimental impact on the environmental due to secondary pollutants
production (Syed et al., 2006). Therefore, end-of-pipe biotechnologies are gaining tremendous
popularity due to their cost-effectiveness and environment friendliness (Mudliar et al., 2010).
Bioreactors offer high removal efficiencies (REs), even higher than the physical-chemical methods
(Kobayashi et al., 2012), under relatively low temperatures and atmospheric pressure (Vergara-
Fernandez et al., 2007) and with limited or none chemical consumption (Diaz et al., 2010b).
Furthermore, they result in harmless and odorless by-products. Solid elemental sulphur is a possible
one, which can be returned to a production process (to a sulphuric acid plant) or utilised in another
field (in agriculture as fertiliser) (Kleinjan, 2005).

The biotechnologies for hydrogen sulphide control consist of the utilisation of SOB to oxidise
sulphide, and are usually based on the aerobic methods (Fernandez et al., 2013). They are different in
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the phase of the microorganisms, attached or suspended, and the phase of the liquid, flowing or
stationary (Potivichayanon et al., 2006). The three most conventional configurations of bioprocesses
for biological desulphurisation are: biofilters, bioscrubbers, and biotrickling filters. The desirable
characteristics of a bioreactor are: simple configuration, no hydraulic problems, minimum volume,
low micro-aeration/micro-oxygenation costs, high capability to transform sulphide into elemental
sulphur, easy recovery of the generated elemental sulphur, no or minimum nutrient requirements, and
robustness to fluctuations in operational conditions (Abatzoglou and Boivin, 2009; Lohwacharin and
Annachhatre, 2010; Syed et al., 2006).

Despite its several advantages, there are many fewer full-scale bioscrubbers in operation than
biofilters and bioscrubbers. This is probably related to the excessive biomass growth therein and the
consequent high amounts of sludge needing for disposal, and the fact that two process units
(absorption column and bioreactor) are required instead of one (Burgess et al., 2001). Moreover, the
solubility of hydrogen sulphide limits the applicability of bioscrubbing for its removal (Ramirez et
al., 2009). This technique has been reported to be useful for pollutants with a non-dimensional
Henry’s coefficient (H) lower than 0.01, while for hydrogen sulphide, H=0.92 (at 25°C) (Kennes et
al., 2009; Mudliar et al., 2010). On the other hand, the main drawbacks in biofilters and biotrickling
filters are difficult control of the operational parameters and clogging (Montebello et al., 2012;
Rodriguez et al., 2013). This latter problem intensifies under low oxygen availability, when
elemental sulphur is the main by-product (Fernandez et al., 2013; Fortuny et al., 2008).

The process-level strategies for hydrogen sulphide removal from biogas (strategy (c)) are also based
on both chemical and biological methods. Most of the chemical-based techniques are impracticable
or ineffective (Cirne et al., 2008). In general, they involve high technicality and costs, due to the
prices of the reactants (Peu et al., 2012). Nevertheless, one of the most common methods for biogas
desulphurisation at process level in sewage water treatment plants consists of dosing iron chloride to
precipite sulphide (Diaz, 2011). Hydrogen sulphide concentrations in biogas below 150ppmv can be
achieved (Appels et al., 2008).

The implementation of microanoxic or microaerobic conditions during digestion by air/oxygen or
nitrate/nitrite injection is a very simple process-level strategy for hydrogen sulphide control. This
method is possible due to the presence of SOB in the feedstocks (Weiland, 2010). In contrast to
air/oxygen addition, nitrate/nitrite addition has been hardly evaluated, and the results are fairly
equivocal (Cirne et al., 2008). According to Diaz et al. (2010a), applying microanoxic conditions in
the reactor can be an ineffective solution for biogas desulphurisation due to heterotrophic
denitrification can prevail over the mechanism of sulphide removal (chemolithoautotrophic
denitrification).

Besides simple, the introduction of air/oxygen to bioreactors is an economical method for hydrogen
sulphide control (Abatzoglou and Boivin, 2009; Diaz, 2011). It neither requires harmful reagent
utilisation nor produces secondary wastes needing for disposal. Moreover, as the rest of biological
systems, this method results in harmless and odorless (even valuable) by-products. Importantly,
although the mixtures of methane-oxygen formed inside microaerobic reactors are far from being
explosive, safety measures need to be taken into consideration to prevent the formation of explosive
mixtures in case of a failure of the dosing equipment (Speece, 2008).
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MICROAEROBIC DIGESTERS
Mechanisms and reactions involved

The basic mechanisms and reactions involved in the biogas desulphurisation in microaerobic reactors
are all the same as in the other biological methods. After absorption (Eq. 1), species of aerobic SOB
such as Halothiobacillus, Sulfurimonas and Thiofaba (Rodriguez et al., 2012; Kobayashi et al., 2012)
consume sulphide according to Eg. 4 and 5 (Rodriguez et al., 2013; Lohwacharin and Annachhatre,
2010). The ratio between the available electron acceptor and electron donor, namely, the
oxygen/sulphide ratio, is the key parameter determining the sulphate/elemental sulphur produced
ratio (Fortuny et al., 2008). At this point, it should be noted that the biologically produced sulphur is
often called biosulphur in order to highlight its different (positive) properties in relation to the
sulphur obtained from other sources (Kleinjan, 2005).

2HS + 0, — 28° + 20H AG®= -210.8kJ/mol (4)
2HS + 40, — 280,% + 2H* AG®= -796.5kJ/mol (5)
2HS + 20, — S,03% + H,0 AG®= -387.3kJ/mol (6)
S%+ H,0 +3/2 0, — SO4% + 2H" AG"= -587.1kJ/mol 7)
$,03% + Hy0 + 20, — 280, + 2H* AG®= -818.3kJ/mol (8)

In case of highly loaded bioreactors, chemical sulphide oxidation to thiosulphate becomes relatively
important due to the limitation in biological activity (Eg. 6) (Lohwacharin and Annachhatre, 2010).
Any metal ion present in the reactor can function as a catalyst of this reaction (Kleinjan, 2005). SOB
can effectively compete with the chemical oxidation mechanisms at low oxygen and sulphide
concentrations (Robertson and Kuenen, 2006). Elemental sulphur and thiosulphate can be also
biologically oxidised to sulphate according to Eq. (7) and (8), respectively (Fortuny et al., 2011;
Tang et al., 2009). Although sulphide oxidation proceeds through several intermediates, elemental
sulphur, sulphate and thiosulphate have been reported to be the stable by-products (Duan et al.,
2005).

Oxygen effects on digestion

Traditionally the introduction of oxygen in anaerobic reactors has a negative perception due to this
agent is toxic for strictly anaerobic microorganism (acetogens and methanogens). However, these
microbial groups have several deterrence mechanisms to tolerate microaerobic conditions with no or
minor inhibitory effects (Botheju and Bakke, 2011).

The potential of oxygen to remove sulphide from the liquid and the gas phase is its most popular
benefit of micro-aeration/micro-oxygenation during digestion, since has been investigated by several
authors (Diaz et al., 2010a, 2010b; Duangmanee, 2009; Fdz-Polanco et al., 2009; Janssen et al.,
1998; Jenicek et al., 2008, 2010, 2011; Khanal and Huang, 2003a, 2003b; van der Zee et al., 2007,
Zhou et al., 2007). Under microaerobic conditions, sulphide removal has been proved to effectively
compete for oxygen versus other processes, and to be faster than the re-reduction of oxidised sulphur
compounds (van der Zee et al. 2007; Fdz-Polanco et al., 2009). Fdz-Polanco et al. (2009), Diaz et al.
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(2010Db), and Zhou et al. (2007) confirmed the feasibility of removing dissolved and gaseous sulphide
concurrently by applying microaerobic conditions during digestion of different feedstocks. In
addition, micro-aeration alleviated a severe sulphide inhibition in the study of Zhou et al. (2007),
which resulted in a great improvement in the digestion performance and productivity both.

Recently, a number of studies have reported other important benefits of oxygen on the digestion
process. Several researchers have achieved higher hydrolysis rates by applying oxygen-limiting
conditions during digestion, or even subjecting the waste to an aerobic or microaerobic pre-
treatment, without causing toxicity towards anaerobic microorganisms (Hasegawa et al., 2000;
Johansen and Bakke, 2006; Zhu et al., 2009; Jagadabhi et al., 2010). The basis of this effect resides
in the increased cell growth rates, synthesis and activity of the hydrolytic enzymes (Charles et al.,
2009: Zhu et al., 2009), and the augmentation of microbial species diversity (Jenicek et al., 2010). As
a result, higher methane yield and/or and improved effluent quality can be achieved (Lim and Wang,
2013; Botheju et al., 2010; Jenicek et al., 2008, 2010, 2011). Nonetheless, taking into account the
findings of Charles et al. (2009) and Ye et al. (2006), the benefits of oxygen on digestion would not
be recognisable under stationary conditions, but only under unbalanced circumstances.

Conversely, oxygen supply to reactors can lead to lower methane yield due to the fact that facultative
biomass consumes easy-to-degrade components of the feedstock, such as volatile fatty acids, which
would otherwise have been used by methanogens to produce biogas (Charles et al., 2009; Johanssen
and Bakke, 2006). Similarly, the presence of methanotrophes in microaerobic reactors, which are
strictly aerobic bacteria capable of oxidising methane (Madigan et al., 2003), can induce a negative
effect on the methane productivity (Zitomer and Shrout, 1998). This highlights the importance of a
precise adjustment of the air/oxygen flow rate or the micro-aeration/micro-oxygenation regime
during (or prior to) digestion, which has been already suggested by Zhu et al. (2009) and Lim and
Wang (2013). In fact, Botheju et al. (2010) revealed the possibility of the existence of an optimum
micro-oxygenation level corresponding to maximum methane yield in a specified digestion system.

The impact of oxygen on the microbial communities has been investigated by some authors in order
to achieve better understanding and predictability of microaerobic reactors, which in turn can be the
basis to improve the performance of these systems. For this purpose, Jenicek et al. (2011) evaluated
the specific activity of various microbial groups under both anaerobic and microaerobic conditions.
At the beginning of the experiment, the methanogenic activity of the microaerobic biomass was
slightly lower; however, in the long-term, under increasing dissolved sulphide concentration, it
surpassed that of the anaerobic biomass. In contrast to the anaerobic sludge, the methanogenic
activity of the microaerobic sludge was found to be independent on sulphide concentration.
Additionally, Jenicek et al. (2011) also reported a slight and a several increase in the levels of
sulphate-reducing and sulphide-oxidising activity (respectively) under microaerobic conditions.

Shifts in the microbial communities due to micro-aeration/micro-oxygenation have been also
monitored by molecular techniques. The results of Tang et al. (2004) indicated that the presence of
oxygen in municipal solid waste (MSW) reactor did not cause a dramatic shift in the structure of the
microbial community. Nonetheless, they reported a dramatic rise in the ratio of hydrogenotrophic to
acetoclastic methanogens, and indicated that SRB were not repressed under microaerobic conditions.
This latter finding was consistent with the results obtained by Jenicel et al (2011). Similarly, Zhou et
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al. (2007) observed that the rod-shaped methanogens almost disappeared and were replaced by cocci-
shaped after imposing microaerobic conditions.

Oxidative reactants and doses

The findings of Diaz et al. (2010a) and Jenicek et al. (2010) suggest that, though expensive, oxygen
is the most profitable oxidative reactant when applying microaerobic conditions, as micro-aeration
dilutes further the biogas due to the presence of nitrogen. Due to mass transfer limitations, some
oxygen can also remain in the biogas (Diaz et al., 2010a, 2010b). This can considerably reduce the
energetic efficiency of some applications, such as engines, or even prevent the biogas use, thereby
giving rise to the need for nitrogen removal (such as vehicles). Nevertheless, the economic analysis
carried out by Diaz (2011) showed that, despite the losses of energetic efficiency in the combustion
engine resulting from biogas dilution by nitrogen, the most favorable microaerobic scenario was the
introduction of air due to lower operational costs. However, unless the biogas is used for CHP or
boilers, pure oxygen is recommended because nitrogen removal is difficult and expensive (Petersson
and Wellinger, 2009). Therefore, for the most restrictive applications, the use of an oxygen
concentrator could be an attractive alternative.

Despite the multiple definitions or the term “micro-aeration”, “micro-oxygenation” and
“microaerobic” included in literature, none of them indicate a range of air/ oxygen flow rates. The
micro-aeration/micro-oxygenation level to reactors should be adjusted according to the objective/s of
the microaerobic treatment. Nonetheless, in any case, lack or surplus of nitrogen and/or oxygen in
biogas should be avoided in order to preserve the biogas methane content. Both nitrogen and oxygen
are expensive to remove (Pettersson and Wellinger, 2009). Moreover, the higher the accuracy in the
micro-aeration/micro-oxygenation adjustment, the lower the sulphate/elemental sulphur produced
ratio. ORP has been reported as an accurate regulation parameter of oxygen dosing in order to
eliminate sulphide toxicity (Khanal and Huang, 2003a; 2003b), maximise elemental sulphur recovery
(Janssen et al., 1998), and even desulphurise biogas (Duangmanee, 2009). However, its response to
micro-oxygenation can be insufficient (Diaz et al., 1010a). Hence, Diaz et al. (2011) proposed to
regulate the oxygen flow rate according to the biogas production, as they found a linear correlation
between the ratio of the oxygen supply to the biogas flow rate, and the biogas sulphide content.
Similarly, Jenicek et al. (2008), Tang et al. (2004) and Kobayashi et al. (2012) adjusted the air flow
rate at approximately 10, 7.5 and 5%v/v of the biogas production (respectively). According to Pérez
et al. (2012), at full-scale, micro-aeration is regulated manually by plant operators.

Configurations

Microaerobic conditions can be implemented using different air/oxygen dosing points and mixing
methods (Fig. 1):

a) Air/oxygen injection into the headspace and mechanical mixing and/or liquid recirculation
and/or biogas recirculation

b) Air/oxygen injection into the feed stream and mechanical mixing and/or liquid recirculation
and/or biogas recirculation
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c) Air/oxygen injection into the liquid recirculation and mechanical mixing and/or biogas
recirculation

d) Air/oxygen injection into the biogas recirculation and mechanical mixing and/or liquid
recirculation

e) Air/oxygen injection into the liquid phase and mechanical mixing and/or liquid recirculation
and/or biogas recirculation

(@) \

()
©

=)
i o

Fig. 1. Alternative configurations of microaerobic reactors.

On full-scale, due to the “oxygenophobia” of plant operators, the lack of full-scale (and even pilot-
scale) studies, and the fact that air is costless, microaerobic conditions are generally applied by
injecting air in the gas space, and the reactor’s content is mixed mechanically (Abatzoglou and
Boivin, 2009; Pérez et al., 2012; Weiland 2010). Thus, the oxygen transfer to the liquid phase is
minimised. According to Abatzoglou and Boivin (2009), Pérez et al. (2012), and Weiland (2010), in
Europe, this technique is applied in agricultural and on-farm reactors. However, Kobayashi et al
(2012) are the only reference with regard to this. They reported the results obtained during operation
of a full-scale reactor treating dairy cow manure under the aforementioned microaerobic
configuration. Elemental sulphur was found to accumulate on the reactor walls, on the ceiling, and
on the plastic net and the stainless catwalk that were installed in the gas space of the reactor in order
to provide additional surface area for SOB. Nonetheless, according to Weiland (2010), sulphide
oxidation also occurs at the liquid interface, and the installation of specific supports made of wood
and fabric in the headspace is a frequent practice. Additionally, Kobayashi et al. (2012) indicated that
the levels of sulphide-oxidising activity at the different locations in the headspace depended on the
water and nutrients availability and, as a result, they are expected to be higher at the areas nearest the
liquid phase.

When air/oxygen is injected into the liquid phase, or when it is introduced to the gas space and
biogas recirculacion is implemented as the mixing method, the oxygen transfer rate to the liquid
phase increases (Diaz et al., 2010b). As highlighted, this can be a more attractive option, since other
benefits of oxygen on the process can be achieved. However, under such conditions, the air/oxygen
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demand of the reactors has been reported to increase due to oxygen is partially consumed in other
oxidatives processes (Diaz et al., 2010b; Jenicek et al., 2008). As a result, elemental sulphur has been
reported to leave the reactor with the effluent, and/or to accumulate therein (Cirne et al., 2008;
Jenicek et al., 2011). Jenicek et al. (2008; 2010) are the only reference of full-scale microaerobic
digestion with air injection into the liquid phase. They reported the results obtained during operation
of a full-scale microaerobic reactor treating a mixture activated sludge from a municipal WWTP and
bone flour (50:1). Its content was mixed by a paddle-wheel stirrer and sludge recirculation, and
micro-aeration was introduced to the recirculation stream.

Both Kobayashi et al. (2012) and Jenicek et al. (2008; 2010) achieved high efficiencies of biogas
desulphurisation, which is consistent with the results obtained by Diaz et al. (2010b) on lab-pilot-
scale. They reported similar performances of hydrogen sulphide removal under various
configurations (different oxygen dosing points and recirculation methods both), which was attributed
to the fact that the biogas desulphurisation took place in the gas space independently of the oxygen
transfer rate to the liquid phase. Furthermore, Diaz et al., (2010b) found that, when biogas
recirculation was applied as the mixing method, the oxygen consumption in undesired processes
rose. In the meantime, gaseous and dissolved sulphide was removed simultaneously, which was
indeed consistent with the previous results (Fdz-Polanco et al., 2009). Accordingly, Diaz et al.,
(2010b) indicated that biogas recirculation could be an interesting alternative in reactors suffering
from sulphide inhibition; however, in reactors aiming only for biogas recirculation, the configuration
ensuring the minimum costs would consist of air/oxygen injection into the headspace and sludge
recirculation.

Besides on the similar REs achieved under the various configurations tested, the hypothesis proposed
by Diaz et al. (2010b) that the hydrogen sulphide removal from biogas occurred in the headspace was
supported by microbial analysis. Although oxygen was introduced from the bottom of the reactor,
SOB were not identified in the samples retrieved from the liquid phase. Conversely, genera
belonging to this microbial group were found in the sulphur-rich biomass attached to the gas space.
These results were consistent with those obtained by Rodriguez et al. (2012).

Economic feasibility

The economic feasibility of applying microaerobic conditions in order to remove hydrogen sulphide
in an already built and a new WWTP were both evaluated by Diaz (2011). They considered four
different scenarios: three microaerobic scenarios involving the implementation of microaerobic
conditions by pure oxygen (from a cryogenic tank), concentrated oxygen, and air, and the existing
scenario consisting in ferric chloride dosing. Diaz et al. (2011) concluded that the profitability of
implementing microaerobic conditions during digestion in an already built WWTP depended on the
required intervals of time at which the headspace of the reactor must be cleaned. The cost arising
from cleaning intervals shorter than 10 years could be prohibitive. Conversely, in newly constructed
WWTPs, they indicated that, even with cleaning intervals of slightly less than 3 years, the
microaerobic treatment of biogas would be a more profitable method for hydrogen sulphide control
than ferric chloride addition.
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The general objective of this thesis is TO CONTROL THE HYDROGEN SULPHIDE CONTENT
IN THE BIOGAS PRODUCED DURING DIGESTION BY MICROAEROBIC PROCESSES. For
this purpose, two different strategies are investigated:

a. Biogas desulphurisation at process level by imposing microaerobic conditions in the reactor

b. End-of-pipe desulphurisation of biogas by reproducing the conditions present in the gas space
of microaerobic reactors in an additional treatment unit called microaerobic desulphurisation
unit (MDU)

The main aims of the section of this thesis dealing with process-level control of hydrogen sulphide
(strategy (a)) are:

1. to recognise and describe the possible effects that oxygen can provide during digestion,
including on the microbial communities

2. to explore the possible alternatives to accurately regulate the oxygen flow rate in order to
achieve a precise control the biogas sulphide content

3. to estimate the optimum oxygen dose of operation under different configurations

4. to locate and characterise the SOB growing in the gas space

5. to study both the impact of headspace cleaning and the operation time on the efficiency of
biogas desulphurisation

6. to clarify where the process of biogas desulphurisation predominantly takes place

7. to test the feasibility of the process of hydrogen sulphide removal from biogas during
digestion under different configurations

The main objectives of the section of this thesis dealing with end-of-pipe control of hydrogen
sulphide (strategy (b)) are:

1. to evaluate the feasibility of the process and the effect of various operating parameters in
its performance
2. to investigate the basis for design and scale-up

This thesis is organised as a compendium or eight research articles, which are arranged in eight
chapters. The six first chapters focus on strategy (a), and Chapter 7 and 8 on strategy (b). Table 1
links the above objectives with the different chapters of the work. In addition, the scale at which the
different objectives are implemented is indicated.
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STRATEGY SPECIFIC OBJECTIVE SCALE CHAPTER

1. to recognise and describe the possible effects .
g P Lab-pilot

that oxygen can provide during digestion, N 1,6
including on the microbial communities Industrial-pilot
2. to explore the possible alternatives to accurately L ab-oil
regulate the oxygen flow rate in order to achievea —2°P! ot 2
precise control the biogas sulphide content
3. to estimate the optimum oxygen dose of Lab-pilot 26
operation under different configurations Industrial-pilot
(a) Process-level 4. to locate and characterise the SOB growing in  Lab-pilot
control the gas space 3
5. to study both the impact of headspace cleaning L ab-pil
and the operation time on the efficiency of biogas ~ -20-PIl0t 3
desulphurisation
6. to clarify where the process of biogas Lab-pilot 34
desulphurisation predominantly takes place 45
7. to test the feasibility of the process of hydrogen L ab-oil
sulphide removal from biogas under different ad Pi .Otl i 2,6
configurations Industrial-pilot
1. to evaluate the feasibility of the process and the L ab-pil
. effect of various operating parameters on its ab-pilot 7,8
(b) End-of-pipe ’
performance
control '
2. to investigate the basis for design and scale-up  -aP-Pilot 8

Table 1. List of objectives and chapters of the thesis organised into the two possible strategies of
hydrogen sulphide control. The scale of the experiments included in each chapter is indicated.
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This thesis is developed at two different scales: lab-pilot and industrial-pilot scale. Table 1 (included
in the *“Objectives” section) indicates the scale/s of operation in the different chapters. The
characteristics and equipment of the pilot plants are described below. Subsequently, the analytical
techniques used for digestion and sulphur-compounds monitoring are indicated.

PILOT PLANTS
Lab-pilot reactors

The experiments presented in Chapter 1-5 are carried out in a lab-pilot plant comprising two
continuous stirred tank reactors (CSTRs) operated under mesophilic conditions (35+1°C).
Temperature is maintained by an electric resistor surrounding their walls, which are in turn covered
with insulation. In Chapter 1-3, they have a working and a total volume of 200 and 250L,
respectively. In Chapter 4 and 5, one CSTR is modified; the flat ceiling is replaced by a conical one
with a transparent cylindrical piece on top. Thus, the total reactor volume is 266L. The working
volume varies between almost 266 and 216L, depending on the experiment. Most of the chapters
include a diagram of the digester/s.

Mixed sludge with variable organic load and sulphur load is collected weekly from the WWTP of
Villalonquéjar (Burgos) and stored at 4°C. Feed is supplied to both digesters from continuously
stirred tanks at ambient temperature by peristaltic pumps. The specific hydraulic retention time
(HRT) maintained in every experiment is indicated in the respective “Materials and Methods”
section of the different chapters. Sludge recirculation is applied at 50L/h by peristaltic pumps.
Microaerobic conditions are implemented by supplying pure oxygen from a cylinder by mass flow
controllers (Bronkhorst EL-FLOW Select). Oxygen is injected into the sludge recirculation or into
the gas space, depending on the chapter.

Digestion pressure and temperature are monitored by using a sensor and a probe, respectively. The
pressure control of the reactor is performed hydraulically. Biogas is transported by flexible Tygon®
tubing to an inverted cylinder equipped with an electrovalve, where the flow rate is measured by
water displacement (550+5mL). Biogas is characterised online in terms of methane, carbon dioxide,
nitrogen, oxygen, hydrogen sulphide and hydrogen by gas chromatography (GC) in a CP-4900
Micro-GC according to Diaz et al. (2010b). This is equipped with a thermal conductivity detector
(TCD) and two modules: CP-Molsieve 5A PLOT (10mx32mm, df=30um) for oxygen and nitrogen
analysis, and CP-PoraPLOT Q (10mx32mm, df=10um) for methane, carbon dioxide and hydrogen
sulphide quantification. Helium is used as the carrier gas. All the aforementioned data are displayed
and stored in real-time in a computer. Only in Chapter 5, biogas composition is determined in a CP-
3800 GC by manual injection with a 100uL-syringe, as described by Diaz et al. (2010a). This
chromatograph is equipped with a TCD and two capillary columns: CP-Molsieve 5A (15mx0.53mm,
df 15=um) for oxygen, nitrogen and methane analysis, and a CP-PoraBOND Q (25mx0.53mm, df
10=pm) for carbon dioxide and hydrogen sulphide quantification. Helium is the carrier gas.
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Industrial-pilot reactor

A CSTR with a working volume of 5m® and a total volume of 7m® located at the aforementioned
WWTP (Villalonquéjar, Burgos) is operated. Temperature (35+£1°C) is maintained by heating the
recirculation stream with a water heat exchanger. Mixed sludge produced on site (hamely, the same
sludge used as the feed in the lab-pilot plant) is continuously pumped to the digester by a screw
pump. HRT is approximately 20d. The reactor’s content is recirculated by a peristaltic pump at
approximately 25m®/d. Biogas recirculation is implemented by compressor at a rate of 21m®/d.
Microaerobic conditions are implemented by an oxygen concentrator (PRECISE 6000). The
concentrated oxygen purity is permanently monitored on an ultrasound basis, and introduced
intermittently at different points of the reactor. A diagram of the digester and the different
configurations implemented is included in Chapter 6.

Digestion pressure and temperature are monitored by sensors and probes, respectively. Biogas
production is quantified by a BROOKS thermal mass flow meter, and its composition is determined
by a CP-4900 Micro-GC according to Diaz et al. (2010b) and a GA3000 Range Gas Analyser,
depending on the operational stage. All this data, along with recirculation rate, are displayed and
stored in real-time in a computer. SCADA software is used for monitoring.

Lab-pilot microaerobic desulphurisation unit

Biogas produced during pilot-scale digestion is desulphurised in an external process unit (MDU). In
Chapter 8, a bottle is used as the source of the hydrogen sulphide. Oxygen and hydrogen sulphide
both are injected by the means of mass flow controllers (Bronkhorst EL-FLOW Select). The system
is kept in a thermostated chamber in order to regulate temperature. The inlet and the outlet biogas
stream are characterised by a CP-4900 Micro-GC according to Diaz et al. (2010b), as described
above. Digested sludge was used as the reaction media. The biogas flow rate leaving the system was
measured by water displacement in an inverted cylinder (550+5 or 120+2mL, in Chapter 7 and 8,
respectively).

CHEMICAL ANALYSIS
Pilot-scale reactors

Digestion performance is evaluated at least weekly by the conventional parameters for sludge
digestion. The feed and the digestate are analysed in terms of total and soluble chemical oxygen
demand (TCOD and SCOD) total and volatile solids (TS and VS) by standard methods (APHA,
1998). Total kjeldahl nitrogen (TKN) and ammonium are also measured according to APHA (1998).
Specifically, they are quantified by digestion-titration and distillation-titration, respectively.
Moreover, nitrate, nitrite and chloride are determined by ion chromatography (APHA, 1998). At
industrial-pilot scale, these anions are analysed by ultraviolet (UV)-visible spectrophotometry.

Carbon is analysed occasionally by infrared (IR) spectroscopy in a LECO CS-225. As chemical
indicators of the bioreactor state, pH is monitored by a pH-meter with a temperature probe, and the
alkalinity measurements (total alkalinity and partial alkalinity, TA and PA, respectively) are based on
standard methods (APHA, 1998), and the methodology proposed by Ripley et al. (1986). Volatile
fatty acids (VFAs) are determined separately (acetic, propionic, butyric, isobutyric, valeric,
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isovaleric and hexanoic acids) by GC. At industrial-pilot scale, VFAs are quantified as acetic acid by
titration.

In order to evaluate the impact of oxygen on the sulphur balances, sulphate and thiosulphate are
determined by ion chromatography (APHA, 1998) and high-performance liquid chromatography
(HPLC), respectively. Thiosulphate is quantified according to the methodology described by van der
Zee et al. (2007). In addition, dissolved sulphide concentration is measured by potentiometric
titration with a silver/sulphide ion selective electrode (APHA, 1998). Sulphur is quantified
occasionally by IR spectroscopy (LECO CS-225).

Pilot-scale microaerobic desulphurisation unit

The inoculum is characterised in terms of TS and VS according to APHA (1998). The content of
carbon and sulphur in the inoculum and sulphur-rich biomass accumulated inside the MDU is
determined in a LECO CS-225 by IR spectroscopy. Additionally, sulphate and thiosulphate are
analysed by ion chromatography (APHA, 1998) and HPLC (van der Zee et al., 2007), respectively.

MICROBIAL ANALYSIS

Sample collection, DNA isolation, and 16S rRNA gene amplification

Samples are stored at -20°C for further analysis. The V6-V8 regions of the bacterial 16S rRNA genes
are amplified by polymerase chain reaction (PCR) using the universal primers 968-F-GC and 1401-R
(Sigma- Aldrich, St. Louis, MO, USA) (Nubel et al., 1996). The primers A 109(T)-F and 515-GC-R
(Sigma-Aldrich, St. Louis, MO, USA) (Muyzer and Stams, 2008; GrolRkopf et al. 1998) are used for
the PCR amplification procedure of the VV2-V3 regions of the archaeal 16S rRNA genes. The PCR
mixture (50uL) contains 1L of each primer (10ng/uL each primer), 25uL of BIOMIX ready-to-use
2xreaction mix (Bioline, Ecogen), PCR reaction buffer and deoxynucleotide triphosphates (ANTPs),
2uL of the extracted DNA, and Milli-Q water. PCR is performed in an iCycler Thermal Cycler (Bio
Rad Laboratories, Inc.) applying the thermo-cycling program described by Rodriguez et al. (2012).

DGGE analysis, sequencing and DNA sequence analysis

Denaturing gradient gel electrophoresis (DGGE) of the bacterial and archaeal amplicons are
performed according to Rodriguez et al. (2012). DGGE profiles are compared using the GelCompar
IITM software (Applied Maths BVBA, Sint-Martens-Latem, Belgium). The Shannon-Wiener
diversity index of every sample and the pair-wise similarity coefficient were both calculated
according to Lebrero et al. (2013). Similarity dendrograms were constructed by using UPGMA
clustering with error resampling (500 resampling experiments).

Individual bands were excised from the DGGE gels. Both DNA extraction and purification of PCR
products are carried out according to Rodriguez et al. (2012). The taxonomic position of the
sequenced DGGE bands is obtained using the ribosomal database project (RDP) classifier tool
(Wang et al., 2007). Moreover, the closest matches to every band are obtained from the BLAST
search tool at the National Centre for Biotechnology Information (NCBI) website (McGinnis and
Madden, 2004). Along with BLAST, DECIPHER is used as the chimera checking tool (Wright et al.,
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2012). Sequences are deposited in the GenBank database (NCBI). Alignment (ClustalwW) and
phylogenetic analysis are performed using the MEGA software (version 6.0). The phylogenetic trees
are constructed using the neighbor-joining method (1,000-fold bootstrap analysis).
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This thesis is organised into two sections, according with the two strategies of hydrogen sulphide
control. The first one focuses on process-level control of hydrogen sulphide, namely, microaerobic
reactors, and includes six chapters (Chapter 1-6). The second section focus on end-of-pipe control of
hydrogen sulphide, that is, MDUs, and comprises two chapters (Chapter 7 and 8).

In Chapter 1, the potential benefits of oxygen on the digestion process are investigated by subjecting
a lab-scale reactor to a hydraulic overload. Only a mild imbalance is caused, which is overcome
without deterioration in the digestion performance or productivity. In fact, biogas and methane yield
both are slightly higher during the period of imbalance. Under anaerobic conditions, hydrogen partial
pressure rose, and acetic acid formation became less favourable. Therefore, oxygen seems to form a
more stable digestion system, which means increased ability to deal successfully with overloads. In
the meantime, micro-oxygenation improves the biogas quality independently of the HRT, due to it
minimises the hydrogen sulphide concentration and reduces negligibly the methane content, while
maintaining the oxygen surplus around zero. This chapter highlights the importance of precisely
adjust the micro-oxygenation level during digestion in order to maximise the benefits of oxygen
injection.

Chapter 2 investigates the suitability of using biogas production and hydrogen sulphide
concentration in biogas as the parameters to precisely regulate the oxygen flow rate during
microaerobic digestion for the development of efficient control strategies. The micro-oxygenation
level is automatically adjusted according to the biogas sulphide content by a feedback Proportional-
Integral-Derivative (PID) controller. The target hydrogen sulphide concentration is rapidly achieved
(in 5.5h at most), and the oxygen supply reached is considered to be the optimum in the short-
medium term, since it keeps high REs (around 100%) and oxygen concentrations in the biogas of
approximately 0.09%v/v during the days following the controller application. As an alternative, two
different relationship of oxygen flow rate to biogas production (depending on the biogas sulphide
content) are used to adjust the micro-oxygenation level under two different configurations: oxygen
injection into the gas space and into the sludge recirculation. REs around 99% and biogas oxygen
contents of less than 0.08%v/v are achieved. Under steady sulphur load and variable organic load,
biogas production can be used to accurately regulate the oxygen supply, independently of the oxygen
dosing point. Conversely, this parameter is proved to be an inefficient regulating parameter under
variable sulphur load. Therefore, under such circumstances, biogas sulphide content should be used
instead.

In Chapter 3, the SOB governing the gas space of two lab-pilot scale microaerobic reactors are
characterised after 7 and 15 months of operation. The composition, species richness and the size of
the sulphide-oxidising population is found to depend on the location, and more specifically, moisture
availability. Moreover, the SOB richness seems to increase with time. Sulphur-rich deposits are
found all over the headspace. They are separately sampled, and next, the walls, the ceiling and the
dip tube are exhaustively cleaned. After restarting micro-oxygenation, the biogas is entirely
desulphurised within 6-24h, and the oxygen demand of the reactor that operated for longer decreases
substantially. This highlights that cleaning the headspace is needed in order to minimise the micro-
oxygenation costs. The ceiling of one reactor is removed 1 month after once again, and all the
hydrogen sulphide removed during this period is recovered from its headspace as elemental sulphur.
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Chapter 4 and 5 describe two lab-pilot scale experiments designed to clarify where the hydrogen
sulphide removal takes place during microaerobic digestion. Biogas is entirely desulphurised when
the headspace volume is higher than 4% of the total reactor volume. However, when the headspace
volume is lower than 1% of the reactor volume, the efficiency of hydrogen sulphide removal rapidly
drops up to 15%, which is consistent with the decrease in the oxygen consumption. Thus, Chapter 4
and 5 conclude that the biogas desulphurisation occurs predominantly in the gas space.

The findings obtained from lab-pilot scale experiments are tested at industrial-pilot scale in Chapter
6. At the early stage of the microaerobic operation, the RE of hydrogen sulphide is low, and the
oxygen demand of the reactor is relatively high. They increase and decrease over time (respectively).
After approximately one HRT, biogas was efficiently desulphurised by imposing microaerobic
conditions under various configurations: different mixing methods and injection points of
concentrated oxygen. Although the hydrogen sulphide removal from biogas seems to occur in the
headspace, elemental sulphur, which is found to be the main oxidation product, hardly accumulates
there. This is related to the low moisture levels maintained on the different surfaces of this area.
Oxygen has not a significant impact on the digestion performance. However, the higher oxygen
transfer rate to the sludge maintained by biogas recirculation increases the bacterial and archaeal
richness and evenness, and causes an important shift in the structure of the microbial communities in
the long term.

Taking into account the important limitations in operation of other biological technologies, and based
on the findings described in Chapter 3-5, a new external process is presented in Chapter 7. The
desulphurisation conditions present in microaerobic reactors are reproduced inside an external
chamber called a microaerobic desulphurisation unit (MDU). Biogas produced in a lab-pilot scale
reactor is treated in a 10L-MDU using 1L of microaerobic digested sludge as the reaction media. The
MDU proves to be robust against rapid fluctuations in biogas residence time (BRT), inlet hydrogen
sulphide concentration, oxygen/hydrogen sulphide supplied ratio and temperature, although neither
nutrients nor water are added, and the digestate is not changed during the 128 days of the experiment.
The biogas sulphide content remains around 0.02%v/v, and the average RE is 94%. Importantly, at
the lowest oxygen/hydrogen sulphide supplied ratios (around 2.5 (v/v)), the oxygen concentration in
the outlet biogas stream is 0.30%v/v on average. The biogas injection point does not affect
significantly the system performance. Elemental sulphur is the main by-product, which accumulates
in the form of extremely pure multilayered sheets, which settles to the bottom of the system. After
the system shutdown, the inoculum presents high bacterial diversity, and three genera of SOB are
identified.

In Chapter 8, a 1L-MDU is operated under significantly higher inlet concentrations and mass
loading rates (MLRs) of hydrogen sulphide, and lower BRTs and oxygen/hydrogen sulphide
supplied ratios than in the previous chapter, thus subjecting the system to more demanding and
changing operational conditions. Moreover, the effect of temperature and the type of inoculum
(anaerobic and microaerobic) on the system performance is investigated. Though higher in the
presence of the microaerobic inoculum, REs higher than 94% are achieved under all the conditions
set. At inlet hydrogen sulphide concentrations of approximately 0.48%v/v, MLR of 0.7kg/m®d, BRT
of 12min, oxygen/hydrogen sulphide supplied ratio (v/v) of 1.8, and 35°C, almost equal REs are
achieved in a 0.5L.-MDU with 0.1L of microaerobic inoculum. Although temperature (20-35°C) has
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not a significant effect on the steady state RE, relatively high temperatures at the start-up period
seems to be key to achieving successful operation, in addition to faster start-up. The MDU proves to
be sensitive to starvation episodes. Hydrogen sulphide is converted into elemental sulphur at the
liquid interface and on the walls of the gas space.

Table 2 lists the four articles that have been already published in JCR journals. Three of them are
published in Bioresource Technology, and one in Water Science and Technology. They are included
in Chapters 1, 3, 4 and 7 in the specific format of the journal. The year of publication and the authors
are also indicated in Table 2. In addition, worthy of noting is that the research article included in
Chapter 2 is under review in Chemical Engineering Journal.

CHAPTER TITLE ‘(J\(();ERI,\I)AL AUTHORS
The potential of oxygen to improve the stability of Bi
; . e D ioresource
anaerobic reactors during unbalanced conditions: I. Ramos,
1 ) i ) Technology
Results from a pilot-scale digester treating sewage (2013) M. Fdz-Polanco
sludge
The headspace of microaerobic reactors: sulphide- Bioresource I. Ramos,
3 oxidising population and the impact of cleaning on the  Technology R. Pérez,
efficiency of biogas desulphurisation (2014) M. Fdz-Polanco
Water Science | Ramos
4 The role of the headspace in hydrogen sulfide removal and I. Diaz ’
during microaerobic digestion of sludge Technology ' '
M. Fdz-Polanco
(2012)
7 Microaerobic desulphurisation unit: A new biological _I?loLesolurce IR RPa,mos,
system for the removal of H,S from biogas echnology - Ferez,
(2013) M. Fdz-Polanco

Table 2. List of articles published in JCR Journals and their respective chapters. The year of
publication and the authors are indicated.

The MDU unit is protected by the following patent:

- Title: Sistema microaerobio para controlar la concentracion de sulfuro de hidrogeno en
reactores de biometanizacion (“Microaerobic system for controlling the hydrogen sulphide
concentration in biomethanisation systems”)

- Authors: Fernando Fdz-Polanco, Maria Fdz-Polanco, Israel Diaz, Iris Ramos, Sara Isabel
Pérez

- Application number: P 201100721

- Application date: June 27", 2011

- Country: Spain
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HIGHLIGHTS

« The benefits that oxygen can provide under unbalanced conditions are studied.
« A microaerobic digester is subjected to a hydraulic overload.

« Micro-oxygenation seems to prevent a severe imbalance.

« The reactor’s productivity increases during the imbalance.

« Micro-oxygenation improves the biogas quality independently of the HRT.
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A well-functioning pilot reactor treating sewage sludge at approximately 4.4 NL/m3/d of oxygen supply
and 18 d of hydraulic retention time (HRT) was subjected to a hydraulic overload to investigate whether
oxygen benefits successful operation in stressful circumstances. Only a mild imbalance was caused, which
was overcome without deterioration in the digestion performance. Volatile solids (VS) removal was 45%
and 43% at 18 and 14 d of HRT, respectively. Biogas productivity remained around 546 NmL/gys, but it
was slightly higher during the period of imbalance. Thereafter, similar performances were achieved. Under
anaerobic conditions, VS removal and biogas productivity were respectively 41% and 525 NmL/gys, hydro-
gen partial pressure rose, and acetic acid formation became less favourable. Oxygen seemed to form a more
stable digestion system, which meant increased ability to deal successfully with overloads. Additionally, it
improved the biogas quality; methane concentration was negligibly lower, while hydrogen sulphide and
oxygen remained around 0.02 and 0.03% v/v, respectively.
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1. Introduction

Anaerobic digestion is an established technology for the treat-
ment of many wastes from different origins. Recent European
policies encourage its application seeking environmental and so-
cio-political targets (P6schl et al., 2010). However, low methane
yield and poor operational stability still hinder its widespread
application (Chen et al., 2008).

Several authors have identified hydrolysis as the rate-limiting
step in anaerobic digestion of particulate substrates, such as sew-
age sludge (Appels et al., 2008). Recent studies have demonstrated

Abbreviations: AN14, anaerobic period at 14 d of HRT; MA14, microaerobic
period at 14 d of HRT; MA18, microaerobic period at 18 d of HRT; ORR, organic
removal rate; PA, partial alkalinity; TA, total alkalinity.

* Corresponding author. Tel.: +34 983423166.
E-mail addresses: irisrc@iq.uva.es (1. Ramos), maria@iq.uva.es (M. Fdz-Polanco).

0960-8524/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.biortech.2013.04.066

that it can be enhanced by introducing limited amounts of oxygen
(or air) directly into the anaerobic digester (Jenicek et al., 2008) or
during a pre-treatment step (Jagadabhi et al., 2010). In fact,
Botheju et al. (2010a) managed to raise methane yield by micro-
aeration. Nonetheless, only the hydrolysis of carbohydrates and
proteins have reported improvements (Johansen and Bakke, 2006).

According to Zhu et al. (2009), the basis of the hydrolytic effect
of oxygen resides in the increased synthesis and activity of extra-
cellular hydrolytic enzymes. Similarly, Botheju and Bakke (2011)
pointed to enhanced growth rates of facultative acidogens and
the consequent larger release of these enzymes. Cellular growth
stimulation is indeed a well-known oxygen benefit that has been
exploited to raise the yield of some biochemical conversions (Chen
et al., 2003).

It is an accepted issue that strict anaerobes (acetogens and
methanogens) have several deterrence mechanisms to tolerate
microaerobic conditions with no or minor inhibitory effects
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(Botheju and Bakke, 2011). Nevertheless, the presence of oxygen
can induce other negative effects on methane potential, such as
excessive oxidation of readily available substrates by fermentative
(acidogenic) biomass (Johansen and Bakke, 2006) or methane con-
sumption by aerobic methanotrophs (Zitomer and Shrout, 1998);
hence the need for micro-oxygenation optimisation. Zhu et al.
(2009) showed that the efficiency of the hydrolysis depends on
the micro-aeration level. On the other hand, oxygen can cause po-
sitive effects on the digesters’ productivity by alleviating sulphide
inhibition (Zhou et al., 2006). Furthermore, under certain condi-
tions, simultaneous sulphide removal from both the gas and liquid
phase is feasible (Diaz et al., 2010b). Therefore, microaerobic con-
ditions can also be applied to enhance biogas quality.

Obviously, the specific operational conditions that have been
applied in every research have determined the overall oxygen im-
pact on digestion; hence the different results reported. Nguyen
et al. (2007) achieved higher methane yield by micro-aeration
without evidence of improvement in hydrolysis. Conversely, Diaz
et al. (2010a) effectively desulphurised biogas from a sewage
sludge digester without affecting substrate conversion or methane
yield, which is consistent with Ye et al. (2005). They found that,
while pre-aeration of the biofilm carriers of three anaerobic at-
tached film expanded reactors did not lead to improved digestion
performance under normal circumstances, its resistance and recov-
ery speed from hydraulic and organic overloads, as well as start-up
rapidity, rose in comparison with the anaerobic ones. Moreover,
they reported significantly lower VFA concentrations in the efflu-
ents from the pre-aerated reactors. This is consistent with Botheju
et al. (2010b), who pointed out that oxygen could help digesters to
confront shock loads by VFA oxidation, and the consequent preven-
tion of pH instabilities. In fact, Zitomer and Shrout (1998) observed
faster recovery from a pH drop under microaerobic conditions.

The main objective of this study was to recognise and describe
the possible benefits that oxygen can provide under stressful cir-
cumstances. Therefore, the performance and stability of a pilot
sludge digester treating sewage sludge at non-standard (short)
hydraulic retention time (HRT) were evaluated under both micro-
aerobic and anaerobic conditions.

2. Methods
2.1. Pilot-scale digester

Digestion was carried out in a continuous stirred tank reactor
(CSTR) of 250 L total volume and 50 L headspace. It was heated
at 35 °C by an electric resistor; temperature was maintained by
insulating the walls of the digester. Mixed sludge with a variable
organic load was collected weekly from a wastewater treatment
plant, and stored at 4 °C. It was pumped to the bioreactor from a
continuously stirred tank at ambient temperature. HRT ranged
from 14 to 18 d depending on the operational stage (Table 1). As
a result, organic loading rate (OLR) fluctuated between 1.4 and
2.9 kgys/m>/d. Microaerobic conditions were implemented by sup-
plying pure oxygen into the sludge recirculation, which was set at
50 L/h. Pure oxygen has been proved to be more profitable than air
when applying microaerobic conditions (Diaz et al., 2010a).

Table 1

Operational conditions.
Period MA18 MA14 AN14
Duration (d) 23 54 35
HRT (d) 18 14 14
OLR (kgys/m>/d) 1.7 2.1 1.9
Conditions Microaerobic Microaerobic Anaerobic
Oxygen flow rate (NL/m3/d) 4.4 5.8-6.2 0
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2.2. Monitoring and experimental analysis

Digestion pressure and temperature were monitored by using a
sensor and a probe, respectively. Biogas production was measured
volumetrically by water displacement, and its composition in
terms of methane, carbon dioxide, nitrogen, oxygen, hydrogen sul-
phide and hydrogen was determined by gas chromatography (GC)
according to Diaz et al. (2010b). All this data was displayed and
stored in real-time in a computer.

In order to evaluate digestion performance, the feed and the
digestate were analysed in terms of total and soluble chemical oxy-
gen demand (TCOD and SCOD), total and volatile solids (TS and VS)
by standard methods (APHA, 1998). Additionally, total Kjeldahl
nitrogen (NKT) and ammonium were measured according to APHA
(1998).

As chemical indicators of the bioreactor state, pH was moni-
tored by a pH-meter with a temperature probe, and the alkalinity
measurements (total alkalinity and partial alkalinity, TA and PA,
respectively) were based on standard methods (APHA, 1998), and
the methodology proposed by Ripley et al. (1986). Acetic, propi-
onic, butyric, isobutyric, valeric, isovaleric and hexanoic acids were
analysed by GC.

In order to keep track of the sulphur inputs and outputs, sul-
phate and thiosulphate were determined by ion chromatography
and high-performance liquid chromatography (HPLC), respectively.
This last method was applied according to van der Zee et al. (2007).
Additionally, dissolved sulphide concentration was measured by
potentiometric titration with a silver/sulphide ion selective elec-
trode (APHA, 1998).

2.3. Experimental procedure

The digester operated under 18 d of HRT and microaerobic con-
ditions during the 40 d preceding this study (before MA18). There-
fore, data obtained in MA18 was considered the baseline of the
stationary state (Table 1). Oxygen supply was interrupted from
the 23rd to 25th day, to approximate more accurately the hydro-
gen sulphide flow rate removed in the adjacent microaerobic
stages. Once it was restarted, the HRT was sharply lowered to
14 d by increasing the feeding rate (MA14). That value was set
according to Diaz et al. (2011), who reported that the maximum
methane production under oxygen-limiting conditions is reached
within approximately 14 d. It must be noted that the micro-oxy-
genation was adjusted at the beginning of both MA18 and MA14
to achieve a high biogas desulphurisation performance and mini-
mum oxygen flow rate leaving the reactor. Thus, the capacity of
the digestion system to tolerate shock loads and return to a sta-
tionary state (robustness) was evaluated. Finally, the role of oxy-
gen in the performance and stability of the process under short
HRT (14 d) and anaerobic conditions was assessed (AN14).

3. Results and discussion
3.1. Digestion performance

The bioreactor adapted immediately to the shorter HRT and
consequent increase in OLR (Table 1), thereby demonstrating a
great hydrolytic capability. Higher organic removal rates (ORR)
were reached in MA14 (0.92 against 0.75 kgys/m>/d), and as a re-
sult, the biogas production rose from an average of 0.97-
1.13 Nm?/m3/d (Fig. 1a). Considering the profile of both SCOD
(Fig. 1b) and total VFA concentration (Fig. 2a), higher hydrolysis
rates were definitely reached.

The ORR decreased in AN14 (0.78 kgys/m>/d) (Fig. 1a); hence
the lower average biogas production in relation to MA14
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(1.00 Nm3/m?/d). Nevertheless, it was attributed to the reduction (Fig. 1a), which in turn explained the increasing removal of TCOD
in the OLR rather than to the absence of oxygen (Table 1). On the (Fig. 1b). Considering the findings of Botheju and Bakke (2011), it
other hand, although this parameter remained fairly stable all pointed to lower growth rates of facultative biomass under anaer-

through that stage, the digester’s VS content was declining obic conditions. In fact, it is possible that the increased rates in this
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bacterial group in the presence of oxygen helped the digester to
overcome the shock load without any deterioration in its produc-
tivity (see below). Furthermore, it must be taken into account that
higher OLRs were confronted in MA14 (Fig. 1a).

The biogas methane content was slightly higher under anaero-
bic conditions, which suggested that some soluble substrate
(including VFA’s) could be aerobically oxidised during the micro-
aerobic periods (Table 2). In this regard, it is noteworthy that the
ratio of methane to carbon dioxide was especially variable in the
first half of MA14 (Fig. 1c). This was attributed to the pH fluctua-
tions, which regulated the solubility of the gases (Fig. 2c). Nonethe-
less, brief rises in aerobic activity or alkalinity consumption could
also explain the momentary increases in carbon dioxide concentra-
tion, and the resulting lower biogas methane content.

On the other hand, taking into account that the highest VFA lev-
els were reached in MA14, the lowest average of both biogas pro-
ductivity and methane yield were expected at this point. However,
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Table 2

Digestate and biogas quality, and digestion productivity.
Period MA18 MA14 AN14
TCOD (g/L) 25.6 26.0 244
SCOD (g/L) 2.5 2.4 2.2
VS (g/L) 16.1 16.7 16.0
Methane (%v/v) 64.7 64.5 65.2
Hydrogen sulphide (%v/v) 0.03 0.02 0.34
Oxygen (% v/v) 0.02 0.03 0.01
Biogas productivity (NmL/gys) 547 546 525
Methane yield (NmL/gys) 354 352 342

they were obtained in AN14, while similar average values were
reached in MA18 and MA14 (Table 2). Nonetheless, it must be
noted that both parameters varied more during the first half of
MAT14 than in the rest of the stages, and they remained fairly stable
from approximately the 50th day. Accordingly, it was shown that
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oxygen enhanced digestion performance only under stressful con-
ditions, which indeed agreed with Ye et al. (2005). Similarly, previ-
ous research has demonstrated that digestion performance is not
affected (neither positively nor negatively) by oxygen injection
during steady-state operation at 20 d of HRT (Diaz et al., 2010a,
2010b).

3.2. Digestion stability

Acetic acid was the only VFA detected during MA18, and its
concentration remained fairly stable below 128 mgacetic/L
(Fig. 2a). Along with the low biogas hydrogen content (11 %
4 ppmv) (Fig. 1¢), it was indicative of a well-balanced methanogen-
ic system (Schink, 1997). Once the overload was imposed, larger
amounts of both VFAs and hydrogen were released due to in-
creased hydrolysis, acidogenesis, and acetogenesis. Almost all the
extra hydrogen released was promptly consumed, which was con-
sistent with the research pointing to the hydrogen availability
being the factor limiting the hydrogenotrophic methanogens
(Demirel and Scherer, 2008). Along with sulphate-reducing bacte-
ria, they are the main hydrogen-utilising microorganisms. Never-
theless, since sulphate was provided only occasionally and in low
concentrations and thiosulphate was not fed to the digester, the
sulphate-reducing activity was considered to be substrate-limited
(Stams et al., 2003). Accordingly, the methanogenic archaea were
presumably the responsible for that result.

Hydrogen concentration in biogas started to increase instantly
after the micro-oxygenation was stopped; it stabilised at approxi-
mately 100 ppmv (Fig. 1c). According to Tang et al. (2004), it could
be due to the decreasing population size of hydrogen-consuming
methanogens, which indeed consisted with the declining VS con-
centration. In their study, this microbial group proved to highly tol-
erate oxygen by considerably increasing its population size under
microaerobic conditions. Additionally, it is worth highlighting that
the lower pH maintained in AN14 could certainly have resulted
from the higher hydrogen levels (Fig. 2c).

Stephenson et al. (1999) found increased hydrogen-scavenging
activity under oxygen-limiting conditions, which they attributed to
a higher release of growth factors to methanogens by facultative
microorganisms. Accordingly, the declining concentration of acido-
genic biomass in AN14 (Fig. 1a) could result in decreasing rates of
hydrogenotrophic methanogenesis. Furthermore, considering that
at higher hydrogen partial pressure this reaction is thermodynam-
ically favoured (Boe, 2006), those substances definitely played a
key role in stabilising the process at short HRT (see below). As
shown in Fig. 1c, the hydrogen concentration remained at baseline
values when the oxygen supply was interrupted at standard HRT
(23rd-25th days). On the other hand, the aforementioned hydro-
genotrophic effect was reported to disappear at increasing micro-
oxygenation levels (Stephenson et al., 1999). Therefore, the mi-
cro-oxygenation rates set were probably crucial in achieving this
effect.

According to Fig. 2a, an imbalance between the kinetics of pro-
duction and the consumption of VFAs (basically propionic and ace-
tic) took place in MA14 (Fig. 2a). The propionic acid accumulation
agreed with Pind et al. (2002), who found that propionic-degraders
were the acetogenic bacteria with the lowest specific growth rates.
However, these microorganisms adapted surprisingly rapidly;
although acetotrophic methanogens have significantly faster
growth rates (Angedilaki et al., 1999), propionic was entirely de-
graded when acetic acid returned to the baselines. On the other
hand, though in low concentrations, valeric and isovaleric were
only detected when the highest ratios of propionic to acetic were
reached (Fig. 2b). Hence, as Nielsen et al. (2007) indicated, this
parameter was found to be a reliable indicator of the status of
the process.

While VFAs accumulated, PA was gradually consumed to neu-
tralise additional VFAs; hence the decrease in TA (Fig. 2a and c).
It was indeed sufficiently high enough to avoid a pH drop. From
the 37th day, the VFA consumption rates started to equal the pro-
duction ones, leading to a gradual alkalinity regeneration. Accord-
ing to Fig. 2, the system re-stabilised from approximately the 66th
day. However, only 2 d after the micro-oxygenation was stopped
(around THRT before the process re-normalisation), the total VFA
concentration doubled, and the contribution of all the VFAs in-
creased, apart from acetic (Fig. 2a and b). Similarly, Botheju et al.
(2010b) found that the higher the oxygen load, the lower the con-
centration of every measured VFA. Although the total VFA concen-
tration remained close to the baseline levels thereafter, its
composition continued to be more diverse. Along with acetic and
propionic, butyric acid was the most important VFA during
AN14. In fact, it accounted for 25% on the last day of the study,
while acetic contribution dropped to 55%. Based on the above
observations, it indicated the formation of a more unstable diges-
tion system.

The shift in VFA distribution was linked to the higher content of
hydrogen in the biogas. According to Boe (2006), acetogenic reac-
tions and the fermentation pathway from simple substrates to ace-
tic acid (that is, the formation of direct substrate to aceticlastic
methanogens), carbon dioxide and hydrogen became less thermo-
dynamically favourable in AN14. Since VFA levels re-normalised
prior to the micro-oxygenation stop, its diversification did not af-
fect digestion performance. However, the hydraulic overload in
the absence of oxygen could have resulted in increasing accumula-
tion of “other” VFAs at the expense of a reduction in acetic acid for-
mation, which in turn could have brought on a much more severe
process imbalance, or even the reactor failure. Moreover, insuffi-
cient hydrogen-scavenging activity could also have cause a pH
drop. Hence, oxygen could sustain both acetoclastic and hydro-
genotrophic methanogenesis in MA14, which could certainly pre-
vent pH instabilities and help to maintain digestion performance
during the imbalance.

3.3. Biogas quality

Obviously, the increased degradation rate of organic com-
pounds (including those containing sulphur, such as proteins)
maintained at 14 d of HRT led to a rise in hydrogen sulphide pro-
duction; hence the higher oxygen demand in order to achieve
equivalent desulphurisation efficiencies in MA14 (~6.0 against
4.4 NL/m?/d). It was indeed confirmed in AN14 (Fig. 1d).

As illustrated in Fig. 1d, the digester’s sulphide content deter-
mined the hydrogen sulphide concentration in biogas according
to the liquid-gas equilibrium; hence the high similarity between
the profiles of these variables in AN14 (Fig. 1d). Likewise, negative
correlation was found between dissolved sulphide and biogas oxy-
gen content in MA14.

The average removal efficiency of hydrogen sulphide was esti-
mated as 90% in MA20 and MA14 (Table 2). This percentage was
consistent with the tight micro-oxygenation levels set, which were
insufficient to prevent some of the concentration peaks (Fig. 1d). It
should be noted that some of them (circled with a dotted line) ar-
ose from clogging problems in the recirculation stream. Hence, the
biogas was successfully desulphurised independently of the HRT.
Besides, considering both its negligibly lower methane concentra-
tion and the minute content of oxygen during the microaerobic
periods (Table 2), it could be affirmed that the biogas quality was
enhanced in relation to AN14. As a result, considering the above
conclusions, benefits of micro-oxygenation on the digestion
process and the biogas quality could be achieved simultaneously
with oxygen supplies aiming for efficient hydrogen sulphide
removal from biogas, thereby maximising the profit from micro-
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oxygenation. Therefore, in full-scale, where oxygen concentrators
could be employed in order to apply microaerobic conditions, the
supply of limited amounts of oxygen could certainly be cost-
effective.

As indicated above, most of the oxygen supplied was consumed
inside the digester (90-95%) (Fig. 1d). Elemental sulphur was con-
sidered to be almost the only desulphurisation product accumulat-
ing in the headspace during both MA18 and MA14 (Diaz et al,,
2010Db). In fact, negligible concentrations of both sulphate and thio-
sulphate were infrequently found in the effluent. Thus, it was esti-
mated that most of the oxygen supplied (60-70%) was consumed
in unidentified processes at both 14 and 18 d of HRT. Among them,
dissolved sulphide oxidation did not occur, which agreed with the
mixing mode of the digester (Diaz et al., 2010b).

4. Conclusion

Oxygen could increase the ability of reactors to handle over-
loads by forming more stable digestion systems. It was hypothe-
sised that micro-oxygenation prevented a severe imbalance
resulting from the hydraulic overload by promoting growth of
hydrogenotrophic methanogens, which in turn could favour acetic
formation and could help to maintain pH. Furthermore, higher bio-
gas productivity and methane yield were obtained during the per-
iod of imbalance, which was related to increased activity rates of
acidogens. However, during steady-state operation, oxygen had
impact only on the biogas quality. It hardly affected the content
of methane and oxygen, while hydrogen sulphide concentration
decreased by 90%.
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Microaerobic control of biogas sulphide content during sewage sludge digestion
by using biogas production and hydrogen sulphide concentration

Abstract

This paper presents the potentials of using biogas production and hydrogen sulphide concentration as
the parameters to regulate the oxygen supply to microaerobic reactors in order to control the biogas
sulphide content, thereby ensuring safe and efficient use of the biogas. Research was carried out in
two identical bioreactors of 200L at 35°C and 19d of hydraulic retention time. The feed consisted of
mixed sludge from a municipal wastewater treatment plant with variable organic and sulphur load.
The oxygen flow rate was automatically adjusted according to the biogas sulphide content (which
ranged from 0.62 to 0.24%uv/v) by a feedback Proportional-Integral-Derivative controller. The target
hydrogen sulphide concentration (0.01%v/v) was achieved in 4.0-5.5h, and the micro-oxygenation
level reached was considered to be the optimum in the short-medium term, since it kept the removal
efficiency above 99% and minimised the oxygen concentration in the biogas during the days
following the controller application; specifically, the average biogas oxygen content was 0.09%vV/v.
Subsequently, biogas production was used as the parameter to regulate the oxygen supply. An
average sulphide removal efficiency of 99% and oxygen concentrations in the biogas of less than
0.08%v/v were achieved when operating at around 0.33 and 0.50%v/v of biogas sulphide content by
supplying approximately 3.5 and 5.0NL of oxygen per Nm® of biogas, respectively. Biogas
production could be employed to develop precise control strategies during microaerobic digestion
under variable organic load and steady sulphur load. Under unstable sulphur load, biogas sulphide
content should be used instead.
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1. Introduction

Biogas is a versatile and renewable energy source produced mainly by the anaerobic digestion of
sewage sludge [1]. Methane and carbon dioxide are the main constituents, but it also contains
significant quantities of undesirable compounds such as hydrogen sulphide, whose concentration can
reach 1.0%v/v [2]. It is produced by sulphate-reducing and acidogenic bacteria mainly from sulphate
and proteins, respectively [3]. Hydrogen sulphide escapes with the biogas, and has detrimental
impacts on society and health, environment, and installations for biogas utilisation. Namely, it causes
bad odour and eye damage below 0.01%v/v, and even death when above 0.03%v/v [4].
Manufacturers of combined heat and power (CHP) production units recommend limiting values
between 0.01 and 0.03%v/v in order to prevent corrosion in piping systems and equipment. However,
short peaks can occasionally be accepted [5]. Therefore, biogas sulphide content has to be controlled
in order to prevent damage and fulfil the quality standards required according to the final application
of the biogas.

Recently, there has been wide interest in desulphurisation biotechnologies as being an effective and
environmentally friendly solution to the large investments and operational costs of the
physicochemical processes [6]. Inside them, hydrogen sulphide is removed by sulphide-oxidising
bacteria (SOB), which obtain energy by employing sulphide as the electron donor and oxygen as the
electron acceptor [7]. The pathway of sulphide biological oxidation inside bioreactors has been
suggested as: H,S—S°—5S,05% 8,06 —S306° —S03°—S0,> [8]. Sulphide can be also
chemically oxidised [9]. Among the bioprocesses, many investigators have turned to microaerobic
removal, which consists of supplying limited amounts of oxygen (or air) directly into the anaerobic
bioreactor. It is possible because SOB are present in numerous substrates treated by anaerobic
digestion [2]. Thus, no additional unit (such as a bioscrubber, a biofilter or a biotrickling filter) is
needed. Importantly, these (microaerobic) reactors yield just like the anaerobic ones [10], or even
further [11].

During digestion under microaerobic conditions, SOB colonise the headspace of the reactor and
oxidise hydrogen sulphide by using the oxygen that reaches this area independently of both the
oxygen dosing point and mixing method [12]. Diaz et al. [12] demonstrated that the most efficient
reactor configuration in order to microaerobically desulphurise biogas involves injecting the oxidant
agent into the headspace and implementing liquid recirculation as the mixing method. Thus, the
oxygen consumption in undesired processes was minimised. As a result, elemental sulphur
accumulates all over the gas space [13]; it must be taken into account that both reactants (air or
oxygen) are supplied in limited amounts in order to minimise their concentration in the biogas and
the operating costs. With regard to this, it is worth noting that the mixtures of methane-oxygen
formed inside microaerobic reactors are far from being explosive, since the limits of methane
flammability in air are 5.0-15.0%v/v. Additionally, it should be considered that gases such as carbon
dioxide reduce this concentration range [4].

The digester response to the presence of limited amounts of oxygen in terms of biogas composition
and, more specifically, in terms of hydrogen sulphide and oxygen concentration, has been proved to
be really rapid [14]. Moreover, Jenicek et al. [15] and Diaz et al. [16] highlighted the steady dynamic
behaviour of microaerobic reactors treating solid wastes and sewage sludge, respectively, within a
wide range of hydrogen sulphide concentrations, and pointed out that microaeration decreases the
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heating value of the biogas (that is, methane concentration) due to the presence of nitrogen.
Accordingly, though expensive, the most profitable oxidant agent is pure oxygen. Nonetheless, it
must be taken into account that not all the oxygen supplied to a digester is generally used therein [16,
17]. With regard to this, it is worth noting that unless the biogas is used for CHP or boilers, the
presence of oxygen should be avoided; it is expensive to remove [18]. In Europe, if biogas is to be
used as vehicle fuel or injected into fuel cells or natural gas networks, its oxygen content must not
exceed concentrations of 1.0 and 3.0%V/v, respectively [5].

In full-scale, since hydrogen sulphide production can vary according to the feeding composition, the
micro-oxygenation rate must be periodically regulated in order to avoid lack or surplus of oxygen in
biogas while maintaining the biogas quality standards required. For this purpose, the key issue is to
find a variable capable of providing a precise control of the oxygen supply; little research efforts
have been made within this context. Oxidation-reduction potential (ORP) has been reported as an
accurate regulation parameter of oxygen dosing in order to eliminate sulphide toxicity [19],
maximise sulphur recovery [20], and even desulphurise biogas [21]. Nonetheless, its response to
micro-oxygenation can be insufficient to develop a reliable control of the hydrogen sulphide
concentration in biogas during digestion [16]. Therefore, and on the basis that the gaseous sulphide
and the biogas production both increase and decrease concurrently with the organic loading rate
(OLR) as a result of rises and decreases (respectively) in fermentative activity, Diaz et al. [22]
proposed to regulate the oxygen flow rate according to the biogas production. They found a linear
correlation between the ratio of the oxygen supply to the biogas flow rate, and the biogas sulphide
content. Under steady hydrogen sulphide concentration, biogas production would be used to develop
a reliable and consistent control strategy. Otherwise, biogas sulphide content could be an efficient
regulating parameter of the micro-oxygenation.

Since the performance of oxygen utilisation inside a bioreactor is expected to vary with time due to
increasing elemental sulphur accumulation in the headspace, which could alter the oxygen transfer
conditions and affect biological oxidation rates as a result of the change in the growing conditions, a
control approach utilising hydrogen sulphide concentration in biogas as the regulating parameter of
the oxygen supply would automatically absorb changes in both performance of oxygen utilisation in
the digester and biogas production. Proportional-Integral-Derivative (PID) control is the standard
automatic controller in industrial settings. Among this type of control systems, the feedback PID
controller determines an input variable to the control process by using the measurement of an output
variable [23]. Besides being applicable to many real-world control problems, the PID controller is
simple, intuitive, efficient, and reliable for processes with steady dynamic behaviour [24]. Therefore,
it could be successfully applied to control the biogas sulphide content in microaerobic digesters by
using biogas sulphide content as the regulating parameter of the oxygen flow rate.

The aim of this study is to investigate the feasibility of using biogas production and hydrogen
sulphide concentration in biogas to regulate the oxygen flow rate and thereby achieving a consistent
and efficient control of the hydrogen sulphide concentration during microaerobic digestion.
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2. Materials and methods
2.1. Pilot-scale digesters

Two identical continuous stirred tank reactors called R1 and R2 with a working volume of 200L and
a headspace of 50L were operated under mesophilic conditions and 19+1d of hydraulic retention
time (Fig. 1). Temperature was maintained by an electric resistor. The pressure control was
performed hydraulically; an electro-valve regulated the biogas outflow.

BIOGAS

DIGESTED SLUDGE

=

MASS FLOW
CONTROLLER
51-52 (M1-C2)

s2 (Marca)l
OXYGEN CYLINDER

SEWAGE SLUDGE

Fig. 1. R1 and R2 diagram.

Mixed sludge with variable composition was transported weekly to the pilot plant from a municipal
wastewater treatment plant. It was stored at 4°C, and was fed continuously from two stirred tanks at
room temperature into both digesters by peristaltic pumps. Sludge recirculation at a rate of 50L/h
ensured mixing. Pure oxygen from a cylinder was injected by means of two mass flow controllers
(Bronkhorst EL-FLOW Select) into the headspace or the recirculation stream, depending on the
operational stage (Fig. 1).
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2.2. Monitoring and experimental analysis

Pressure was monitored by a sensor. Temperature was measured by probes. Biogas was quantified by
the displacement of a fixed liquid volume, and its composition was determined by a CP-4900 Micro-
GC[12].

The feed and the digested sludge were sampled weekly for total and soluble chemical oxygen
demand, total solids, volatile solids (VS), volatile fatty acids, total kjeldahl nitrogen, ammonia,
sulphide, sulphate and thiosulphate analysis. This last anion was measured by high performance
liquid chromatography, according to the procedure described by van der Zee et al. [9]; the rest of the
parameters were determined according to standard methods [25].

2.3. Design of the feedback PID controller

The object of the feedback PID controller was to control the microaerobic process of biogas
desulphurisation. Therefore, it was used to set the oxygen flow rate according to the error (e)
between the measurement of hydrogen sulphide concentration and the target concentration of
hydrogen sulphide according to the Eq. (1), It was implemented using macros of Microsoft Office
Excel.

Oxygen flow rate(t) = Oxygen flow rate(t—T)+ g,e(t) + g,e(t—T)+g,e(t—2T) (1)

The sampling time of the controller (T) was set at 30min. It was fixed according to the well-known
dynamic behavior of the digester (which was steady) and the lax control of the biogas sulphide
content required in this study; a lower value of T was considered unnecessary, whereas a larger value
could be insufficient to achieve an efficient control of hydrogen sulphide concentration in biogas due
to the controller acting too infrequently. The target biogas sulphide content or setpoint was set at
0.01%v/v, which is the lowest concentration limit recommended in CHP [5].

The control parameters? (Kp, Ti, and Tq) were set at 1, 100 and 15min, respectively. They were
estimated manually based on the vast experience of the authors in operating the pilot plant, and the
individual effects of the three actions of the PID controller on the performance thereof®. In order to
minimise the surplus of oxygen, and to operate as close as possible to the linear range, K, must be
low, and T; must be fairly high. Although the steady state error decreases with decreasing T;, since
the process to be controlled in this study was not expected to present steady-state error (it could be
eliminated), a low value of T; was considered to be unnecessary; besides, it could have degraded the
stability of the controller. On the other hand, due to high values of T4 improving both the stability
and the drop time both, and taking into account that the reactor presented a steady dynamic
behaviour, T4 was set relatively high.

Regarding the preceding paragraph, it should be mentioned that a wide range of tuning methods exist
[27]; however, they were not applicable to this study due to the fact that the model of the process
(oxygen supply=f(biogas sulphide content)) was not estimated and the relationship between
hydrogen sulphide concentration and oxygen supply was obviously inverse (which did not permit the
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application of tuning rules based on empirical procedures). As a result, the accuracy range of the
linear relationship between the oxygen supply and the biogas sulphide content could not be
estimated. However, it was considered to be unnecessary for the adjustment of the control parameters
ensuring the achievement of the research objective due to the great experience of the authors in
operating the digester. Moreover, it must be highlighted that the linearity premise was the basis for
the estimation of the control parameters (see above).

2.4. Experimental procedure

The research was divided into two stages, S1 and S2. In S1, the oxygen flow rate was regulated
according to the biogas sulphide content by implementing the PID controller presented above. In S2,
biogas production was used as the parameter to regulate the oxygen supply. Both stages were in turn
divided into several periods, which were designated with A (anaerobic periods), M (microaerobic
periods in which the oxygen flow rate was maintained constant or regulated arbitrarily) and C
(microaerobic periods in which the oxygen supply was regulated according to the biogas production
or the hydrogen sulphide concentration).

2.4.1. Stage S1

The first stage of the study (S1) was carried out in R1 (Table 1). The oxygen supply was always
injected into the headspace. As shown in Table 1, the controller was tested six times over
approximately 168d in order to evaluate its performance in the long term and at different starting
concentrations of hydrogen sulphide; hence the pauses introduced between the last three trials.
Substantial changes in both the biogas sulphide content (which arose from the variability of the
feeding) and the dynamic of the desulphurisation process were not expected in the short term. It is
worth noting that the bioreactor was operated most of the time under microaerobic conditions during
the pause periods; as a result, the amount of elemental sulphur attached to the headspace presumably
increased.

Except for C1, the rest of the C periods (from C2 to C6) were started after a 2-day anaerobic period
in which the hydrogen sulphide concentration remained stationary; namely, oxygen flow rate(t-T)=0
and e(t)~e(t-T)~e(t-2T). Conversely, a concentration peak of hydrogen sulphide was induced at the
beginning of C1 (that is, e(t-2T)<e(t-T)<e(t)) by stopping the oxygen supply shortly before the start
of the controller (namely, oxygen flow rate(t-T)=0) in order to evaluate the suitability thereof in
dealing with concentration peaks.
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Table 1. Sequence of variations applied to R1 during S1 and digester response. A: anaerobic period,
M: microaerobic period in which the oxygen supply was maintained constant, C: microaerobic
period in which the oxygen supply was regulated according to the hydrogen sulphide concentration,
HS: headspace.

Trial  Period Oxygen Oxygen supply VS  Biogas production Hydrogen sulphide Oxygen Methane
dosing point  (NL/NM3yiogss)  (9/L) (Nm*/m®/d) (%vIv) (%viv)  (%Viv)
1 Al* - 0 19 075 0.17 0.02 65.3
Cl HS 4.8-12.6 19 0.5 0.00in 4.5h 0.04 65.6
A2° - 0.0 16  0.60 0.58 0.02 67.1
2 C2 HS 6.1-19.1 16 061 0.01in 4.0h 0.05 67.1
M2 HS 12.6 15 0.58 0.00 0.05 65.9
A3 - 0 21 0.77 0.58 0.02 61.8
3 C3 HS 4.4-12.3 22 081 0.01in 4.5h 0.05 62.0
M3 HS 7.9 22 081 0.00 0.05 64.2
A4? - 0 22 084 0.52 0.02 62.5
4 C4 HS 3.8-10.7 27 092 0.00 in 4.5h 0.05 62.2
M4 HS 7.3 27 0.89 0.00 0.05 62.4
52-d pause HS
A5? - 0 23 061 0.58 0.02 63.8
5 C5 HS 4.2-15.9 23 0.59 0.00 in 5.0h 0.15 63.4
M5 HS 12.1 23  0.60 0.00 0.19 63.5
69-d pause HS
A6° - 0 3% 104 0.26 0.02 61.2
6 C6 HS 1.8-7.3 3% 101 0.00 in 5.5h 0.03 61.3
M6 HS 5.9 34 094 0.00 0.12 62.0

#Includes the three measurements for the calculation of the first oxygen supply (see Fig. 2a, b, d, f, hand j).

2.4.2. Stage S2

As shown in Table 2, S2 was divided into three trials, according to the different hydrogen sulphide
concentrations in biogas during the A periods, and the oxygen dosing point during the C and M
periods. It included a total of eight operational periods. During the first two trials, R1 and R2 were
operated in parallel and were subjected to the same variations in the operational conditions in terms
of presence or absence of oxygen. During M1, C1 and C2, the oxygen was injected into the
headspace (Fig. 1). Thus, only R1 was operated with oxygen supply to the recirculation stream (last
trial).
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Table 2. Sequence of variations applied during S2 and response of the digesters. A: anaerobic
period, M: microaerobic period in which the oxygen supply was adjusted arbitrarily, C: microaerobic
period in which the oxygen supply was regulated according to the biogas production, HS: headspace,
RS: recirculation stream.

. . Oxygen Oxygen suppl VS  Biogas production Hydrogen Oxygen Methane

Trial Period Reactor dosyigg point (Nz/gNm%iopqzs)y (/L) (Nn?S/mg/d) suylphic?e (vIv) (%\3//?\/) (%vIV)
Al R1 - 0 35 1.03 0.25 0.01 62.9
R2 - 0 36 1.01 0.37 0.01 61.1
1 M1 R1 HS 5.7 35 0.95 0.00 0.11 62.2
R2 HS 7.9 31 0.89 0.00 0.23 61.3
c1 R1 HS 3.9 28 0.77 0.03 0.03 62.4
R2 HS 3.9 26 0.72 0.01 0.04 61.9
A2 R1 - 0 28 0.75 0.54 0.01 62.5
5 R2 - 0 22 0.57 0.47 0.01 62.0
c2 R1 HS 5.0 31 0.88 0.00 0.02 63.1
R2 HS 4.9 29 0.82 0.00 0.06 62.5
A3 R1 - 0 33 - 0.39 0.01 62.5
3 M3 R1 RS 9.4 33 0.95 0.00 0.03 63.7
C3 R1 RS 3.8 32 0.90 0.02 0.02 64.5

3. Results and discussion

3.1. Stage S1: control based on biogas sulphide content

As illustrated in Fig. 2a, b, d, f, h and j, the controller started injecting oxygen at t=1h according to
the last three measurements of hydrogen sulphide concentration recorded in the respective A periods
(Table 1). Even in C1, when the controller was confronted with a sudden increase in hydrogen
sulphide concentration, biogas sulphide content dropped below the setpoint (0.01%v/v) in a time
range from 4.0 to 5.5h; it stabilised at zero thereafter. Meantime, the biogas oxygen content rose
from 0.02%v/v (minute amounts of oxygen entering the digester are inevitable under anaerobic
conditions) to, at most, 0.21%v/v (C5 in Table 1); it remained around 0.05%vV/v during most of the C
periods. Hence, the controller performance was successful, since the biogas was rapidly
desulphurised and accurately adjusted (or equivalently, optimised) the micro-oxygenation level
independently of the hydrogen sulphide flow rate (which varied widely, as shown in Table 1).
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Fig. 2. Sulphide (A) and oxygen (o) content of biogas, oxygen supply (continuous line) and biogas
production (o) in trial 1 (a), 2 (b and ¢), 3 (d and e), 4 (fand g), 5 (h and i) and 6 (j and k) during S1.
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Although the hydrogen sulphide production was significantly higher in C3 than in C2, and the
starting concentration was 0.58%v/v in both periods, the optimum micro-oxygenation levels adjusted
and the resulting biogas oxygen contents were almost equal (Table 1). Therefore, although the
performance of oxygen utilisation inside the digester certainly changed, the controller continued
providing successful results. Presumably the longer biogas residence time increased the oxygen
transfer to the liquid phase during C2. Thus, the oxygen consumption in unidentified processes rose,
thereby reducing the amount available to SOB in the headspace, where the process occurred; hence
the higher oxygen demand and consequently larger oxygen amount supplied by the controller. At this
point, it is worth noting that neither the concentration of dissolved sulphides decreased nor the
sulphate or the thiosulphate content rose in S1 (data not shown). This was indeed as expected,
according to Diaz et al. [12], and the presumably low oxygen transfer rate to the liquid phase; it
should be considered that a limited contact area existed between the liquid media and the oxygen-
rich biogas. Besides, the methane concentration was not negatively affected (Table 1).

The controller response (oxygen flow rate) outlined a similar profile in all the C periods (Fig. 2a, b,
d, f, h and j); it corresponded to a perfectly predicted PID controller behaviour. Besides, both oxygen
supply and hydrogen sulphide concentration (even biogas oxygen content) reached the stationary
state simultaneously. As shown in Fig. 2a, b, d, h and j, once the setpoint was achieved, the
controller set oxygen flow rates which were negligibly different as a result of the minute variations in
biogas sulphide content (namely, due to the steady dynamic behaviour of the reactor). Therefore, the
micro-oxygenation level reached once the gaseous sulphide concentration decreased below the
setpoint was considered to be the optimum in order to maintain, at least in the short term, high
removal efficiencies of hydrogen sulphide and low surpluses of oxygen; hence the shorter duration of
C4 in relation to C1, C2, C3, C5 and C6. In C4, the controller was stopped once the setpoint was
achieved (Fig. 2f).

As noted, the oxygen supplies reached in C2, C3, C4, C5 and C6 just after achieving the setpoint
were considered to be the optimum. Therefore, they were maintained during M2, M3, M4, M5 and
M6, respectively (Fig. 2c, e, g, i and k). Although the hydrogen sulphide flow rate presumably
fluctuated during M2, M5 and M6, which was deduced from the variations in biogas production and
oxygen concentration, the putative optimum oxygen flow rates effectively sufficed to maintain the
removal efficiency over 99% after all the C periods (Table 1). Furthermore, they were also low
enough to maintain biogas oxygen contents below 0.23%v/v. As a result, the biogas methane content
was preserved. Is it worth highlighting that M2 was prolonged for 19d, while M3, M4, M5 and M6
lasted only 4-6d. After the putative optimum oxygen supply was confirmed to be over 1 hydraulic
retention time (M2), a 4-day M period was considered to suffice in order to conclude that it could
have maintain a successful performance in the short-medium term.

Though unnecessary during this study, due to the successful results obtained from the application of
the PID controller, the refinement of some or all the control parameters could become necessary in
the longer term in order to maintain the efficiency of the control. For example, the oxygen demand
could rise due to the increasing deposition of elemental sulphur in the headspace and the consequent
reduction in oxygen transfer rate, thus requiring (for instance) a rise in Kp.
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3.2. Stage S2: control based on biogas production

As illustrated in Fig. 3a and ¢, R1 and R2 operated under anaerobic conditions (period Al in Table 2)
until the 4™ day, and the hydrogen sulphide concentration in biogas was around 0.25 and 0.37%v/v,
respectively. Thereafter, oxygen was injected into the headspace of both reactors (M1); the flow rate
was set according to the ratio of oxygen supplied to hydrogen sulphide produced adjusted in the last
trial of S1, which was approximately 2.0 (v/v). In R2, the micro-oxygenation level was reduced
stepwise during M1 in order to minimise further the oxygen concentration in biogas, while
maintaining the biogas sulphide content below 0.01%v/v. It was achieved on the 10" day by
injecting 3.5NL of oxygen per Nm?® of biogas. As a result, the oxygen supply to both reactors during
C1 was readjusted daily (or occasionally every two or three days) based on the biogas flow rate
measured over the previous 24h and according to that relationship.

R2 apparently utilised the oxygen more efficiently; as noted, the hydrogen sulphide concentration in
R2 during Al was significantly higher than in R1. Nevertheless, since both digesters were fed with
the same sludge and operated under almost the same conditions (slight differences occurred due to
the significant variability in feeding), very similar biogas compositions were generally recorded. In
fact, considering the profile of both the concentration and the flow rate of oxygen in R2 during M1,
as well as the subsequent results (presented below), the hydrogen sulphide concentration in R2
presumably approached that in R1 after the 4™ day (Fig. 3c). Unfortunately, sulphur-containing
anions were not determined during M1. That presumable delay in the change in the hydrogen
sulphide concentration was related to the variability of the sewage sludge, which is reflected in Table
2, Fig. 3b and d.

Until the 17" day, the biogas produced in both digesters was entirely desulphurised (Fig. 3a and c).
Moreover, although the oxygen flow rate was significantly reduced (by approximately 62%) due to
the significant decrease in the feeding VS content and the resulting lower biogas production, the
oxygen concentration remained fairly stable around 0.04 and 0.05%v/v in R1 and R2, respectively,
which suggested that the hydrogen sulphide production certainly varied concurrently with the biogas
production and the OLR both (Table 2). Accordingly, and considering the above observations, the
optimum ratio of oxygen supplied to gaseous sulphide produced was estimated at around 1.4 (v/v)
for both digesters.

From the 17" day, some peaks of hydrogen sulphide concentration were detected, while the biogas
oxygen content decreased appreciably. This pointed to a rise in the hydrogen sulphide concentration,
which was confirmed in A2; it was around 0.54 and 0.47%v/v in R1 and R2, respectively (Table 2).
This was at least partially attributed to the increase in the feeding sulphate content and the
consequent rise in the sulphate-reducing activity, which was indeed consistent with the rise in the
dissolved sulphide concentration observed on the 24™ day (Fig. 3b and d). It should be noted that
thiosulphate was rarely detected in the feed sludge, and its concentration did not exceed 10mg/L;
therefore, it was not depicted in Fig. 3.
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Fig. 3. Sulphide (A) and oxygen (o) content of biogas, biogas production (0), oxygen flow rate
(continuous line), sulphate (®) concentration in feed sludge, and sulphate (©), thiosulphate (A ) and
sulphide (¢) concentration in R1 (a and b) and R2 (c and d) during S2.
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After almost two days in the absence of oxygen (period A2 in Table 2), microaerobic conditions
were restored. In C2, the oxygen supply to both digesters was regulated according to a relationship of
5.ONL0Xygen/Nm3biOgas in order to operate under an oxygen/hydrogen sulphide ratio similar to that
maintained until the 17™ day. This micro-oxygenation relationship proved to be the optimum, since
the average removal efficiency was 100%, and minute amounts of oxygen remained unused in the
biogas (Fig. 3a and c). Furthermore, similarly to C1, the oxygen concentration remained fairly stable
despite the substantial change in the oxygen supply; it was raised by approximately 65% in order to
maintain the aforementioned micro-oxygenation relationship (Table 2). With regard to this, it is
worth noting that the excess of oxygen was slightly higher in R2, which was related to the somewhat
lower starting concentration of hydrogen sulphide in the biogas (see period A2).

Micro-oxygenation was interrupted for maintenance from the 41 to the 59™ day (period A3 in Table
2). Once biogas sulphide content stabilised at approximately 0.33%v/v, the micro-oxygenation was
restarted (period M3); it was supplied to the recirculation stream instead of to the gas space.
Accordingly, a higher oxygen demand was expected in order to maintain performances similar to
those achieved until then; hence the relatively larger initial dose (Fig. 3a). In fact, considering the
oxygen concentrations in the biogas resulting from the significantly lower oxygen supplies
maintained in the preceding microaerobic periods under very similar starting values of both hydrogen
sulphide concentration and biogas production, the oxygen consumption effectively increased.
Nevertheless, since the biogas’s oxygen content was slightly higher than in those periods, and the
removal efficiency was 100%, the micro-oxygenation level was gradually lowered. A relationship of
3.5N Lmq,@,en/Nm%iOgas was able to be eventually reached (65" day); it was used to regulate the oxygen
flow rate during C3. Hence, the oxygen transfer to the liquid phase was minimised, thereby reaching
rates similar to those maintained with oxygen supply to the headspace. Furthermore, as in the
previous M and C periods, the methane concentration was not negatively affected.

At this point, it should be noted that Diaz et al. [22] found that the optimum micro-oxygenation
relationship at 0.33%v/v of hydrogen sulphide concentration was 6.4NLoxygen/Nm3biogaS. The higher
oxygen demand in comparison with this study was due to they operated with biogas recirculation
instead of sludge recirculation, which resulted in an increased O, transfer to the liquid phase. In fact,
in contrast to this research, dissolved sulphide was also removed, which was consistent with the
previous findings [12].

In the last control period (C3 in Table 2), the mean removal efficiency was 95% (Fig. 3a); several
peaks of hydrogen sulphide concentration were recorded. Some peaks, such as those detected around
the 98™ day, were ascribed to an insufficient regulation frequency of micro-oxygenation. The others
probably resulted from a higher sulphate-reducing activity; a substantial rise in the feeding sulphate
content was recorded between the 73" and the 80" day (Fig. 3b). In the meantime, the oxygen
concentration in the biogas did not exceed 0.03%v/v, and remained even more stable than in the
previous C periods (C1 and C2), which supported the assumption that the biogas and the hydrogen
sulphide production both varied concurrently with the OLR. At this point, it should be highlighted
that the oxygen supplies maintained in S2 were significantly tighter than in S1; hence the lower
oxygen concentrations and larger amount of peaks of hydrogen sulphide concentration in the biogas
produced during S2.
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As shown in Fig. 3b and d, similarly low concentrations of thiosulphate were maintained all through
S2. This suggested incomplete reduction of the sulphate contained in the feed sludge. Consequently,
its presence inside both reactors in the M and C periods could not be attributed to the further
oxidation of sulphide. On the other hand, sulphate was detected only inside R1 and in concentrations
lower than 10mg/L from the 80™ day, which was linked to the change in the oxygen dosing point.
Therefore, as in S1, elemental sulphur was presumably the main by-product of the hydrogen sulphide
oxidation during S2; it was indeed consistent with the really limited micro-oxygenation levels
maintained during the research.

3.3. Application proposals

The parameter to regulate the oxygen supply during microaerobic digestion in order to control the
biogas sulphide content must be selected according to the operational conditions of the bioreactor.
Under variable organic and sulphur loading rate both, biogas sulphide content could be the basis for
the development of a precise and consistent control strategy. A feedback PID control could be
employed as the tool to continuously adjust the oxygen supply according to the hydrogen sulphide
concentration. On the other hand, biogas production could be the basis for regulate the oxygen flow
rate during digestion under variable OLR and steady sulphur load. Although biogas sulphide content
could also be used under such conditions, it must be considered that monitoring the biogas flow rate
is cheaper due to lower costs of the measuring equipment.

The optimum micro-oxygenation relationship (oxygen supply/biogas production) at a particular
hydrogen sulphide concentration is specific for every plant, since it depends on the feedstock, the
operational conditions, and even the reactor configuration. A readjustment of the micro-oxygenation
is recommended at least daily; obviously, the higher the frequency, the lower the probability of
surpassing the concentration limit of hydrogen sulphide and of wasting oxygen, thereby ensuring an
optimum biogas quality. Evidently, the readjustment periodicity would depend on the stringency
required in the control. Similarly, the PID control could be run in discontinuous mode; after the
oxygen flow rate was adjusted, the controller could be kept on standby, while the micro-oxygenation
level could be maintained constant. Meantime, hydrogen sulphide concentration in biogas would be
determined with the required periodicity; thus, in the event of an increasing concentration or
successive zeros, the controller would be restarted in order to re-optimise the oxygen supply.

4. Conclusions

The suitability of using biogas production and hydrogen sulphide concentration in biogas in order to
regulate the oxygen supply during microaerobic digestion for the development of precise and
consistent control strategies was studied. Biogas production could be an efficient regulating
parameter under variable OLR and steady sulphur load, independently of the oxygen dosing point.
Under non-steady sulphur load, biogas sulphide content should be used instead. A feedback PID
controller could be implemented in order to accurately adjust the oxygen flow rate according to the
hydrogen sulphide concentration.
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Appendix
Description of a feedback PID control

The basic structure of the feedback (or closed loop) PID controller in parallel form is shown in Fig.
A.Ll. It assumes a linear relationship between the input and the output variable to the process (u and
y) within a limited operational range involving small values of both variables and around an
equilibrium point [26], and acts (u) according to the control error (e), which is the difference between
the process output or controlled variable (y) and the desired process output or setpoint (r).

PID CONTROLLER

r(KT) —~ekT) "= u(kT) u() y(0 y(KT)

CONTROLLER PROCESS

A

+

I[\4
A 4

Fig. A.1. Feedback PID controller in parallel form.

The algorithm of this version of the PID controller is shown in Eq. (A.1), where K, (proportional
gain), T; (integral time), and T4 (derivative time) are the control parameters [23]. It combines three
types of actions; one of them (P in Fig. A.1) is proportional to e (y-r), another (I) is proportional to
the integral of e, and the last one (D) is proportional to the derivative of e.

1] de(t)
u(t) = Kp(e(t) +T—i ! e(t)dt+T, TJ (A1)

In order to digitally implement this continuous-time control law, Eq. (A. 1) must be discretised by
defining a sampling time (T) [23]. So, it can be rewritten as:

u)=u(t-T)+g.e()+g,e(t—-T)+g,et—-2T) (A.2)

where go, g1 and g, are the control constants, which depend on the control parameters according to
Eq. (A. 3), (A. 4) and (A. 5). Therefore, the PID controller set the oxygen supply at every T based on
the current control error, the accumulated control error, and the tendency of the control error.

T T
0o = KP(1+T__+de (A3)

g, = K{_l_[z.riﬂ (A.4)

9, = KP[T_d] (A.5)
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The individual effects of the three functionalities of the PID control on three of the most important
characteristics of the closed loop response of the controller are shown in Table A.1. “Drop time”
reflects the time required to achieve the setpoint, “steady-state error” is the residual error (namely,
that which remains after the controlled variable stabilises around the setpoint), and the concept
“stability” refers to operation within the linear range (see below). As suggested, the controller must
keep the process variables within a range (that is, stable).

Table A.1. Effects of independent P, | and D tuning (adapted from [24]).

Drop time Steady-state error  Stability
Increasing K,  Decrease Decrease Degrade
Decreasing T;  Small decrease  Large decrease Degrade
Increasing T Small decrease ~ Minor change Improve
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The headspace of microaerobic reactors: sulphide-oxidising population and the impact

of cleaning on the efficiency of biogas desulphurisation
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Abstract

O,-limiting/microaerobic conditions were applied in order to control the H,S content of
biogas. The S’-rich deposits found all over the headspace of two pilot reactors (R1 and R2) as
a result of operating under such conditions for 7 and 15 months (respectively) were sampled
and removed. After restarting micro-oxygenation, H,S-free biogas was rapidly obtained, and
the O, demand of R2 decreased. This highlighted the need for a cleaning interval of less than
14 months in order to minimise the micro-oxygenation cost. The H»S removed from R2 after
approximately 1 month was recovered from its headspace as S°, thus indicating that the biogas
desulphurisation did not take place at the liquid interface. Denaturing gradient gel
electrophoresis indicated that the composition, species richness and size of the sulphide-
oxidising bacteria population depended on the location, and, more specifically, moisture
availability, and indicated increasing species richness over time. Additionally, a possible

succession was estimated.

Abbreviations: DGGE, denaturing gradient gel electrophoresis; HS, headspace; PCR,
polymerase chain reaction; SOB, sulphide-oxidising bacteria; TS, total solids
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1. Introduction

H,S is a common biogas compound arising from the anaerobic digestion of proteins and S-
containing compounds. It can exceed concentrations of 0.05%v/v and up to 2.0%V/v, which
inevitably causes corrosion problems in combustion engines, and the release of SOx in flue
gases (Fortuny et al., 2008). Therefore, most manufacturers of combined heat and power
installations recommend a biogas sulphide content of less than 0:01 or 0.03%v/v, depending

on the equipment concerned (Peu et al., 2012).

H;S can be controlled either at the source, by controlling the feedstock, at the end, by
desulphurising the biogas in a later stage, or at process level, directly inside the anaerobic
digester (Peu et al., 2012). The first solution is not realistic, and it is in fact the latter H,S
removal from biogas which is the most established method in practice, as it can be carried out
during digestion or in an-additional unit (Cirne et al., 2008). The most common end-of-pipe
techniques for HoS' removal are based on physical-chemical processes. However, their high
costs of both-operation and by-product disposal have encouraged research and the application
of biological processes (Park et al, 2011). Specifically, biological desulphurisation has been
reported to be approximately 62% cheaper than chemical absorption (Burgess et al., 2001).
Furthermore, it can achieve more complete removal due to the extremely high affinity of
sulphide-oxidising bacteria (SOB) for the substrate (Kobayashi et al., 2012).

The most widespread biotechnologies for H,S removal are biofilters, biotrickling filters and

bioscrubbers, in which aerobic species of chemolitotrophic SOB oxidise the sulphide mainly
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to S or SO,%, depending on the O, availability (Tang et al., 2009). Besides requiring fourfold
less O,, the conversion of H,S into S%is preferred over conversion to SO42' due to the fact that
S? is harmless and can be recovered from liquid streams and reused in bioleaching and
agriculture (Kleinjan, 2005). Inside these biological systems, sulphide can be also chemically
oxidised to 82032' (Lohwacharin et al., 2010). Importantly, this oxidation mechanism can be
catalysed by any metal ion present in the bioreactor (Kleinjan, 2005). As a result,'SOB have
to contend with chemical sulphide oxidation for O,. According to Robertson'and Kuenen
(2006), they compete effectively at very low O, and sulphide concentrations. However, the
contribution of the chemical mechanisms increases at high sulphide loads due to limitations in

biological activity.

As an economically attractive alternative to employing additional units (that is, a process-
level solution), H,S can be removed from biogas simply by imposing microaerobic conditions
in the anaerobic reactor. In Europe, this technique has been applied by injecting air directly
into the headspace (HS) of the digester in order to maintain 4-6% of air in the biogas, and as a
result, S° deposits have been found at the liquid interface and on other surfaces of the gas
space (Abatzoglou and Boivin, 2009). This is partly consistent with the results of Diaz et al.
(2010), who demonstrated that the desulphurisation process basically occurs in the HS
independently of both the O, (or air) dosing point and the mixing method, but in this case
neither S° nor SOB were found at the liquid interface . Similarly, Rodriguez et al. (2012) only
identified representatives of this microbial group in the S’-rich biomass attached to the HS,

although micro-oxygenation was introduced from the bottom of the reactor.

It is essential to know how the increasing accumulation of S” in the headspace over time
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affects the O, transfer conditions and, therefore, the performance of the biogas
desulphurisation, since this could lead to a reduction in the intervals of time at which the
digester must be cleaned. Although the S” accumulation could also significantly reduce the
volume of the gas space in microaerobic reactors in the long-term, Ramos et al. (2012)
demonstrated that a biogas residence time of approximately 1h sufficed to achieve H,S
removal efficiencies similar to those obtained at around 7h. Diaz and Fdz-Polanco (2012)
reported that the desulphurisation performance in a microaerobic digester treating sewage
sludge was very similar just before HS cleaning and 30h later, after almost 21 months
intercalating anaerobic and microaerobic experiments. Moreover, they highlighted the rapidity
with which the H,S was removed from the biogas just after cleaning the HS, which suggested
extremely high activity levels of SOB at the liquid interface and/or a great contribution by the
chemical oxidation mechanisms. With regard to this, it must be noted that Ramos et al. (2012)

provided evidence that this process is predominantly biological.

Likewise, it is of utmost importance to know how SOB grow in the HS to optimise the

efficiency of H,S remoyval from biogas in microaerobic reactors. However, only Kobayashi et
al. (2012) have provided valuable information in this area. They showed that both cell density
and bacterial-activity in the HS were much higher in the areas nearest the liquid phase, which

was attributable to an increased availability of water and nutrients.

Based on the points outlined above, the main objectives of this study were:
- to evaluate the impact of HS cleaning on the efficiency of biogas desulphurisation
- to investigate where exactly the biogas desulphurisation takes place in the HS

- to characterise and locate the SOB population that is removing H,S during sewage

78/188



MICROAEROBIC REMOVAL OF HYDROGEN SULPHIDE FROM BIOGAS I. Ramos

sludge digestion

- to approach the temporal differences in the SOB population

2. Materials and Methods

2.1. Pilot plant scale reactors

Research was carried out in two continuous stirred tank reactors (R1 and R2) with 200L
(250L of total volume) treating sewage sludge with a variable organic and sulphur load at 19d
of hydraulic retention time. A diagram of the digesters is shown in Fig. 1. Temperature (35°C)
was monitored by probes and was regulated by electric resistors-surrounding their walls,
which were in turn covered with insulation. Mixing was carried outat approximately S0L/h by
peristaltic pumps. Microaerobic conditions were implemented by making a single-point
injection of pure O; into the HS using mass flow controllers. Biogas composition was
determined by gas chromatography (Diaz et al., 2010), and its production was measured

volumetrically.

2.2. Digestion monitoring

Digestion performance was assessed by measuring total and soluble chemical oxygen demand
(COD), total solids ('TS), volatile solids (VS), volatile fatty acids, total kjeldahl nitrogen and
ammonia according to APHA (1998). Total dissolved sulphide and SO, concentrations were
measured by the potentiometric and the chromatographic method, respectively (APHA, 1998).
$,05” was measured by high liquid performance chromatography according to the procedure
described by van der Zee et al. (2007). A LECO CS-225 was utilised to determine elemental

composition in terms of S and C.
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2.3. Experimental procedure

The operational sequence is schematised in Fig. 2. The HS of R2 was cleaned at t=0 (Fig. 2);
however this reactor was operated for several months before beginning this research under the
aforementioned conditions. Seven months afterwards (at t=8), R1 was started up with sludge
from R2. Thereafter, both digesters operated in parallel and under the above conditions. Until
t=15, they basically operated under microaerobic conditions; micro-oxygenation was rarely
interrupted.

At t=15, the ceiling of both reactors was removed. Six samples (A, B, C, D, E and F) were
taken from different points of the HS for TS, elemental, and microbial analysis (Fig. 3a). As
indicated in Fig. 2, A1, B1, C1, D1, E1 and F1 were retrieved from R1, and A2, B2, C2, D2,
E2 and F2 belonged to R2. The A and B samples were taken from the walls (the lowest and
the upper area, respectively), the C samples were taken from the ceiling, the D and E samples
were taken from the dip tube (the upper and the lowest area, respectively), and the F samples
were taken from the liquid interface (Fig. 3a). After sampling, all the surfaces were cleaned,

and the liquid interface (approximately 250mm of sludge from the surface) was removed.

Once sealed, the digesters were operated under anaerobic conditions for 1 month (Fig. 2).
Micro-oxygenation was restarted at t=16. At t=17, R2 was uncovered again, and the S’-rich
deposits accumulated in the HS were retrieved separately according to Fig. 3a. As shown in
Fig. 2, those samples were called A3, B3, C3, D3 E3 and F3. After drying them, they were
weighed and characterised in terms of S and C percentages in order to estimate the amount of

S? deposited.

2.4. Bacterial analysis
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The bacterial community established in the HS of the reactors at t=15 was characterized by
denaturing gradient gel electrophoresis (DGGE) analysis. Samples were stored at -20°C.
Extraction of genomic DNA, polymerase chain reaction (PCR) amplification and DGGE

analysis were performed according to Lebrero et al. (2013).

The DGGE profiles were processed by GelCompar IITM software (Applied Maths BVBA,
Sint-Martens-Latem, Belgium). The Shannon-Wiener diversity index (H) of every sample and
the pair-wise similarity coefficient were both calculated according to Lebrero et al. (2013).
The desired bands were excised from the gels according to the procedure described by
Lebrero et al. (2011). The taxonomic position of the sequenced DGGE bands was obtained by
the RDP classifier tool at a confidence level of 50% (Wang et al. 2007). Moreover, the closest
matches to every band were obtained from the Blast search tool at the National Centre for
Biotechnology Information (McGinnis and Madden, 2004). Sequences alignment (ClustalW)
and phylogenetic analysis were performed using the MEGA software (version 6.0). The
phylogenetic trees were constructed using the neighbor-joining method (1,000-fold bootstrap
analysis). The sequences were deposited in the GenBank database under accession numbers

KF148033-KF148052.

3. Results and Discussion

3.1. Deposition of s

3.1.1. Medium-long term operation

Fig. 3b, c and d show the state of different surfaces of the HS of R1 at t=8 (Fig. 2). As in R2,
S° was present all over the HS; however, it was not observed at the liquid interface of either of

the two digesters. The S content of the samples F1 and F2 (Fig. 3a) were indeed negligible in
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comparison with most of the rest of the samples (Table 1). In this regard, it must be noted that
although the digesters were continuously recirculated, an inefficient mixing was maintained in
the highest area of the liquid phase due to the fact that both the recirculation and the effluent
streams left the reactor below the interface level (Fig. 1). This explains the great difference in
TS content between F1 and F2 (which both contained approximately 60g/kg) and the
respective effluents of R1 and R2 (containing around 19g/kg). Therefore, if H,S had been

oxidised there, presumably some S would have been observed at the liquid interface.

The S"-rich deposits covering the walls of R2 were thicker than in R1, which was consistent
with the operation time. By contrast, the S’-rich deposits that-accumulated on the ceiling and
the dip tube of R2 were inexplicably thinner than in R1. The aspect of the walls and the dip
tube of R1 was similar to that of the walls of R2 in terms of the proportion of S° (yellow part)
to digested sludge (black part) againstheight. Obviously, the lowest parts of the HS were more
frequently touched by sludge as a result of droplets and even momentary liquid level rises;
hence the stratification pattern shown in Fig. 3b. This was indeed analytically proved; in
general, the shorter the distance from the liquid surface, the higher the C content and the

lower the S percentage (Table 1).

Regarding the dip tube in R2, it inexplicably did not present the aforementioned stratification
pattern. In fact, although both samples D2 and B2 were taken at approximately the same
height, D2 had a significantly lower S content, and its C concentration was approximately the
double. Conversely, C1 and D1 had more similar S and C contents (90 and 8%w/w compared
with 82 and 11%w/w, respectively). At this point, it should be highlighted that the digestate

and the S were intercalated in the different deposits (Fig. 3d); nevertheless, and in contrast to
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Kobayashi et al. (2012), no specific stratification pattern was identified.

The different moisture levels maintained in both HS corresponded only partly to the above
reasoning, that is, the larger the distance from the liquid phase, the lower the moisture content,
or equivalently, the higher the level of dryness. The dryness of the samples is expressed as TS
content in Table 1. The TS concentration in the samples taken from the walls and the ceiling
of both reactors was fairly similar, and it was in turn considerably higher than in their
respective dip tubes. Presumably, the moisture and sludge reaching these surfaces gradually
dried. Regarding the relatively high moisture content in the samples taken from the ceiling
(where the sludge made hardly, if any, contact), this was attributed to water condensation

since this area was less well insulated than the walls.

3.1.2. Short-term operation

The total amount of H,S removed from t=16 to t=17 was estimated according to the daily
biogas production and the H,S concentration recorded just before t=16 (under anaerobic
conditions) (Fig. 2). Considering the weight and the elemental composition of the different S°-
rich deposits (A3, B3, C3, D3 and E3 in Table 1), all the H,S removed during that period
(approximately 26g) was deposited equivalently in the form of S° on both the walls
(excluding the highest area, as shown in Fig. 3e) and the ceiling. Namely, it was specifically
accumulated where TS concentration was higher at t=15. A negligible amount of S was
recovered from the dip tube. Furthermore, S” was not observed at the liquid interface. In fact,
as at t=15, comparison of the S concentration in F3 and in the effluent pointed to negligible (if
any) H,S oxidation in this area. Consequently, nutrient accessibility did not seem to be a

limiting factor for biogas desulphurisation; it presumably decreased with the increasing
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distance from the liquid interface. Moisture level could indeed be the key factor for the
process, which could be in turn related to the O, availability, since dryness may increase O,

transfer.

3.2. Recovery after cleaning

As noted, microaerobic conditions were restored at t=16 (Fig. 2). The O, flow rate was
frequently adjusted according to the evolution of the O, and the H»S concentrations in the
biogas (Fig. 4a and b); the objective was to achieve the minimum amount of O, leaving the
reactor and at least a 97% H,S removal efficiency. In R1, a biogas flow rate of 201NL/d
containing approximately 0.27%v/v of H,S was entirely desulphurised within 6h (Fig. 4a). By
then, the biogas O, content was 0.08%v/v, and the average molar ratio of O, supplied to H,S
produced was approximately 2.0. Nonetheless, this relationship was further reduced during
the following days; as shown in Table 2, an O,/H,S molar ratio of about 0.9 was achieved. As
a result, the O, content of the biogas decreased to 0.02%, which implied that only 3% of the
O, supplied left the digester (Table 2). Assuming that all the H,S oxidised was converted into
S° due to the limited O, availability, it was estimated that around 54% of the O, injected was

consumed in H,S removal from biogas, and 43% was employed in other oxidative processes.

In R2, the biogas production at t=16 was similar to that inR1 (194NL/d). However, the H>S
concentration recorded under anaerobic conditions was significantly higher (0.37%v/v); hence
the higher O, flow rate reached (Fig. 4b). Nevertheless, the response of R2 to O, injection was
slower than that of R1; the O,/H,S molar ratio after 10h ofmicro-oxygenation was 7.6, while
the H,S removal efficiency was only 65%. However, the next day, the biogas was entirely

desulphurised and, therefore, the O, supply to R2 was reduced. Equivalent efficiencies were
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eventually achieved in both digesters; an O,/H,S molar ratio of approximately 1.0 was
achieved, and approximately 47 and 45% of the O, supplied was consumed in the H,S

removal from biogas and in unidentified processes, respectively (Table 2).

Although faster in R1, the rapidity with which the biogas was desulphurised in both reactors
at t=16 suggested an important contribution of the chemical mechanisms of sulphide
oxidation. Although the proportion of H»S removed by each of the mechanisms (chemical and
biological) could not be estimated, at least at that point the biological oxidation rate was
considered to be negligible. Due to the tasks carried out at t=15 (Fig. 2), the presence of a
significant population of SOB in the HS or at the liquid interface at t=16 were ruled out. It
should be taken into account that the absence of O, (electron-acceptor) during the preceding

anaerobic period (from t=15 to t=16) prevented SOB growth.

3.3. Desulphurisation performance.over time

The impact of the operation time on the process of biogas desulphurisation was evaluated by
comparing the H»S removal efficiency achieved just before and after cleaning the HS in R1
and R2 (Fig. 2). Att=14, 100 and 97% of the H»S produced in R1 and R2, respectively, was
oxidised (Table 2). The performance of R2 was more unstable than in the same period in R1,
howeyver, due to the variability of the feed sludge, this could not be unequivocally attributed to
the longer operation time. At t=16, the H,S removal efficiency in R1 and R2 remained stable

at around 100 and 99%, respectively.

The efficiency of O, usage in R2 increased substantially after cleaning the HS, and a similar

yield was observed in R1 (Table 2). In both reactors, the amount of O, consumed in
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unidentified processes at t=16 was slightly lower than at t=14, probably as a result of the
removal of the O,-using microorganisms growing on the HS and at the liquid interface (Fig.
2). Considering the inefficient mixing conditions maintained in this area, it is possible that
uniform mixing would have reduced the O, demand of the digesters. Besides, the amount of
O, leaving the digester decreased, especially in R2, where it declined by 19%, while in R1, a
decrease of only 6% was estimated. This suggested improved O, transfer in R2, and
highlighted the need for a cleaning interval of less than 14 months in order to minimise the

micro-oxygenation cost.

3.4. Composition and structure of the microbial communities

3.4.1. Bacterial diversity

In general, the HS of both digesters showed a high species evenness and richness at t=15; H
typically ranges from 1.5 to 3.5 (McDonald, 2003). In R1, H ranged from 3.2 to 3.6 (Fig. 5a),
while it varied between 2.5 and 3.5.in R2 (Fig. 5b). The diversity indices of the samples A2,
B2 and C2 were considerably higher than those of the samples D2, E2 and F2. Moreover, C1
and C2 presented the highest and the lowest H, respectively. With regard to this, it should be
mentioned that the samples taken from the ceilings were expected to present significantly less
H, even lower thanin C2, due to the large distance from the liquid phase and the presumably
deficiency in-nutrients availability. Hence, taking into account that A2, B2 and C2 presented
the highest TS concentrations in relation to the rest of the samples (including those taken from
R1), it was hypothesised that the moisture levels maintained on the walls and the ceiling of
R2 limited the bacterial community diversity (Table 1). Maybe the O, transfer was highest
there, which certainly could prevent the growth of a wide group of microorganisms (those

with no or low tolerance to O,).
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3.4.2. Analysis of the DGGE profiles

Overall, the pair-wise similarity indices indicated a low-moderate correspondence between
the bacterial communities growing inside each HS at t=15 (Table 3). In R1, the highest
similarity coefficients were found between samples A, B and C (68-72%), and between D, E
and F (58-64%). C1 presented a similarity of 48-54% with D1, E1 and F1, while the rest of
the samples presented low coefficients (13-28%). The samples with similar TS content were
found to have the highest similarity. Hence, taking into account Table 1, it was the moisture
level that determined the bacterial community. In fact, although the similarity indices
calculated for R2 did not present so much variability, they.roughly led to this conclusion. The
similarity coefficients between A2 and C2 (59%), B2 ‘and C2 (66%), and E2 and F2 (84 %)

were the highest.

As shown in Table 3, the pair-wise similarity indices of A1 and B1 (68%) and D1 and F1
(65%) were considerably higher than those of A2 and B2 (28%) and D2 and F2 (39%).
Conversely, the similarity between A and D, B and F, and E and F was between 26 and 29%

lower in R1. The rest of the sample pairs presented relatively low differences (1-13%).

3.4.3. DGGE analysis

According to the RDP classifier tool, from the 19 bands sequenced from the DGGE gel of R1
(Fig. 5a), 6 and 7 and were assigned to the Proteobacteria and Firmicutes phylum,
respectively (Table 4). In addition, the phyla Actinobacteria (3 bands) and Verrucomicrobia (1
bands) were identified. It is worth noting that 2 bands could not be classified. From the

bacterial DGGE profile of R2 (Fig. 5b), 8, 9 and 5 bands were placed within the
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Proteobacteria, Firmicutes, and Actinobacteria phylum, respectively (Table 5). Only 1 band
remained unclassified. Fig. 6a and b depict the phylogenetic relationships between the bands
sequenced from the DGGE gel of R1 and R2 (respectively) and their closest relatives in

GenBank (obtained by the Blast search tool).

The RDP classifier tool affiliated all the SOB genera found in R1 (DGGE bands 3; 4 and 6 in
Fig. 5a) to the Proteobacteria phylum. They were members of two families:
Epsilonproteobacteria (Arcobacter sp., Sulfuricurvum sp.) and Gammaproteobacteria
(Acidithiobacillus sp.). Hence, at least three SOB species grew in the HS of R1 (Table 4).
Both Arcobacter sp. and Acidithiobacillus sp. were found by Kobayashi et al. (2012) growing
on the HS of a microaerobic digester. Sulfuricurvum was indicated by Kodama and Wanatabe
(2004) as a chemolithoautotrophic and sulphur-oxidising genus capable of thriving under
microaerobic and anaerobic conditions. Nonetheless, the Blast search tool also identified the
genus Alyciclobacillus (band 13, within the Firmicutes phylum); it indicated a similarity of up
to 100% with the specie reported in the study of Diaz et al. (2010). It must be highlighted that

Alyciclobacillus was the only SOB genus found in F1.

According to the RDP classifier, five genera of SOB grew in the HS of R2. Nonetheless, the
genus Alyciclobacillus was also identified by the Blast search tool. Along with the four SOB
genera found in R1, Acinetobacter sp. (bands 10-12 in Fig. 5b) and Rhodococcus sp. (band
20), which are representatives of the Proteobacteria and Actinobacteria phyla, respectively,
were found (Table 5). Acinetobacter sp. was reported by Omri et al. (2011) to be instrumental
in desulphurising the air stream in a biofiltration system. Zhang et al. (2009) utilised a strain

of Rhodococcus sp. to successfully remove H,S in a biotrickling filter. It should be
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highlighted that Rhodococcus sp., Acinetobacter sp. and Acidithiobacillus sp. were found in

F2.

In R1, the highest species richness of SOB was concentrated on the walls and the ceiling; only
the genera Arcobacter and Alicyclobacillus were identified in the samples taken from the dip
tube and the liquid interface, respectively (Table 4). Additionally, the intensity of the bands
representing SOB in the lanes of the samples D1, E1 and F1 was substantially lower than in
Al, Bl and C1 (Fig. 5a), which suggested that the size of the sulphide-oxisiding population

was significantly larger in the walls and the ceiling.

According to Table 4 and 5, the species richness of SOB at the different locations in the HS
was higher in R2, which could be at least partially related to the longer operation time.
Sample A2 presented the highest SOB species richness; two or three SOB genera were found
in the rest of the samples taken from R2 (Table 5). It must be noted that the genus
Rhodococcus was found onlyin D2, E2 and F2, whereas Alicyclobacillus sp. was present only
in A2, B2 and C2. Furthermore, although the difference between the samples was not as
significant as in R1, the intensity of the bands representing SOB in A2 and C2 was higher
than in the rest of the samples (Fig. 5b). Therefore, the moisture level seemed to determine the
composition; species richness, and size of the SOB population, which is indeed consistent

with the previous observations.

Obviously, the growing conditions in both HS changed over time as a result of H,S oxidation.
Along with the availability of water and O,, pH, trophic property, and the ability to utilise

different S-compounds probably conditioned the order of appearance of the SOB species in
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the HS. So, although both reactors operated normally under O,-limiting conditions in order to
completely convert H,S into SO, some 82032' and SO42' could also be formed as a result of
occasional increases in sulphide load or in O; availability, respectively, especially in R2,
which operated for longer. Hence, presumably the genera of SOB found in R1 was more
accurate in representing the population carrying out the H,S oxidation at the early stage‘of the
microaerobic operation than those identified in R2. Namely, it was possible to estimate a

succession of SOB.

4. Conclusions

Biogas desulphurisation took place in the HS of both reactors; excluding the liquid interface.
A cleaning interval of less than 14 months was found to be necessary in order to minimise the
micro-oxygenation cost. Once microaerobic conditions were restored after the HS cleaning,
all the H,S was rapidly removed from the biogas, which suggested chemical oxidation. The
moisture level determined the composition, species richness and size of the SOB population at

the various locations within the HS.
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Figure Captions

Fig. 1. Digesters diagram.

Fig. 2. Operational sequence. [l : microaerobic period; = : anaerobic period.

Fig. 3. HS diagram and samples codes (a). Walls of the HS (b), ceiling and dip tube (c and d)
of R1 at t=15. Walls of the HS and liquid interface of R2 at t=17 (e).

Fig. 4. O, flow rate (discontinuous line), and concentrations of H,S (A) and O, (0) in the
biogas from R1 and R2 at t=16.

Fig. 5. Bacterial DGGE profiles of the 16S rRNA amplicons of the samples retrieved from the
HS of R1 (a) and R2 (b) at t=15 with their respective diversity indices.

Fig. 6. Bacterial phylogenetic tree based on neighbour-joining analysis of 16S rRNA
sequences from the HS of R1 (a) and R2 (b) (in boldface) and their closest relatives
(similarity > 97%) in GenBank obtained by the Blast search tool. Accession numbers are
indicated. Numbers on the nodes indicate bootstrap values of 50% and higher (1,000

replicates). The scale bar indicates 10% sequence difference.
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1. Ramos
Tables and Figures
Table 1. Elemental composition of the samples retrieved from the HS of the reactors.
R1 R2
Time t=15 t=15 t=17
Sample Al B1 Cl1 D1 El Fl1 A2 B2 C2 D2 E2 F2 A3 B3 C3 D3 E3 F3 Effluent
TS (g/rkg) 296 279 297 150 114 63 425 387 371 167 126 57 - - - - - & 14

S(%w/w) 26 90 89 82 1 <l 10 84 97 62 3 <l 28 90 8 8 7 «l <1
C@%w/w) 22 8 5 11 20 26 25 6 2 13 8 28 24 8 12 12 26 30 27

22

96/188



MICROAEROBIC REMOVAL OF HYDROGEN SULPHIDE FROM BIOGAS L. Ramos
Table 2. Assessment of the desulphurisation performance before and after t=15.
Reactor  Time Biogas production ~ H,S*N O»/H,S HS"™ 0™ 0,t08° 0,in biogas O, other
(NL/d) (%ov/v) (mol/mol) (%viv) (%vIv) (%) (%) processes (%)
R1 t=14 176 0.55 1.3 0.00 0.05 36 9 55
R1 t=16 173 0.53 0.9 0.00 0.02 54 3 43
R2 t=14 139 0.48 25 0.02 0.20 20 27 53
R2 t=16 141 0.48 1.0 0.00 0.05 47 8 45

AN f e MA - f e
anaerobic conditions; microaerobic conditions
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Table 3. Similarity indices (%R1/%R2) between the samples taken from the HS of the

reactors at t=15.

Sample B C D E F
A 68/28 68/59 13/39 16/25 16/17
B - 72/66  28/25 21/30 18/47
C - - 54/51 43/37 48/35
D - - - 64/54  65/39
E - - - - 58/84

98/188
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Table 4. Taxonomic placement of the bacterial DGGE bands of the gel obtained from the

samples taken from R1 at t=15 according to the RDP classifier at 50% of confidence level,

and closest relatives in GenBank obtained by the Blast search tool showing sequence

similarity and environments from which they were retrieved. “x” indicates presence of the

band in the sample; high-intensity bands are depicted with a bold cross.

1. Ramos

Taxonomic placement BamAi n o Al B1 C1 D1 El F1 ClosestA relatolves in Blast gimilagity Source of origin
(accession n°) (accession n°) (%)
Phylum Proteobacteria 1 (KC306914) X Uncultured bacterium 95 Activated sludge
(AB286499)
Class Epsilonproteobacteria
Order Campylobacterales 2 (KF130769) X Uncultured epsilon 99 Floating microbial mat in
proteobacterium (DQ295695) sulfidic groundwater,
Movile Cave
Uncultured bacterium 98 Activated sludge
(AB286499)
Family Campylobacteraceae
Genus Arcobacter® 3 (KC306915) X X X X X Uncultured Arcobacter sp. 99 Headspace of a digester of
(HQ392829) sewage sludge under
microaerobic conditions
Uncultured Arcobacter sp. 99 Headspace of a digester of
(HQ392823) sewage sludge under
microaerobic conditions
Family Helicobacteraceae
Genus Sulfuricurvum® 4 (KC306917) X X X Uncultured bacterium 99 Activated sludge
(AB286499)
Uncultured bacterium 97 Floating microbial mat
(EU662592) from sulfidic water
Class Deltaproteobacteria
Order Syntrophobacterales
Family Syntrophaceae
Genus Syntrophus 5 (KC130770) X X X X X X Uncultured 99 Mesophilic anaerobic
Deltaproteobacteria bacterium digester which treats
(CU926874) municipal wastewater
sludge
Uncultured bacterium 99 Anaerobic digester
(JQO85713)
Class Gammaproteobacteria
Order Acidithiobacillales
Family Acidithiobacillaceae
Genus Acidithiobacillus® 6 (KC130771) X X X Thiobacillus sp. (AJ459802) 99 Culture collection
Acidithiobacillus sp. 99 Culture collection
(FI915156)
Phylum Firmicutes
Class Clostridia
Order Clostridiales 7 (KC306921) X X X X Uncultured bacterium 96 Feces
(FI978625)
Family Syntrophomonadaceae
Genus Thermohydrogenium 8 (KC130772) X X X Uncultured bacterium 95 Bioreactor
(GQ259594)
9 (KC306923) X X X X Uncultured bacterium 96 Bioreactor
(GQ259594)
10 (KC306924) % X X X X Uncultured bacterium 96 Bioreactor
(GQ259594)
Family Peptostreptococcaceae
Genus Clostridium XI 11 (KC306922) % X X X X X Uncultured soil bacterium 99 Soil
(IX489929)
Uncultured bacterium 99 Activated sludge
(FI660495)
Family Lachnospiraceae 12 (KC306925) x X X X Clostridium sp. (GU247219) 93 Waste water of a
25
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Class Bacilli
Order Bacillales®

Phylum Actinobacteria
Class Actinobacteria
Subclass Actinobacteridae
Order Actinomycetales
Suborder Corynebacterineae
Family Dietziaceae
Genus Dietzia

Family Mycobacteriaceae
Genus Mycobacterium

Family Nocardiaceae
Genus Gordonia

Phylum Verrucomicrobia
Class Optitutae
Order Optitutales
Family Optitaceae
Genus Alterococcus

Unclassified bacteria

13 (KC306927) X X X X

14 (KC306928) %  x  x X

15 (KF130773) x x
16 (KF130774) x x
17 (KC306929) x x

18 (KC306930) x

19 (KC306931) X X X X

Uncultured Alicyclobacillus sp.
(HQ392831)

Bacillus solfatarensis
(AY518549)

Dietzia sp. (F1529029)

Uncultured bacterium
(EU677397)

Gordonia hirsuta
(NR_026297)
Uncultured bacterium
(CU925412)

Uncultured bacterium
(FN985251)

Uncultured Verrucomicrobia
bacterium (CU918353)

Uncultured bacterium
(FN985598)

Uncultured bacterium
(AB175392)

Uncultured Firmicutes
bacterium (CU923016)

100

98

95

97

99

99

99

99

99

99

97

1. Ramos

pesticides firm

Headspace of a digester of
sewage sludge under
microaerobic conditions
Culture collection

Excess sludge of
municipal wastewater
treatment plant

Soil

Biofilter of an animal
rendering plant
Mesophilic anaerobic
digester which treats
municipal wastewater
sludge

Long-term biogas
completely stirred tank
reactor

Mesophilic anaerobic
digester which treats
municipal wastewater
sludge

Long-term biogas
completely stirred tank
reactor

A mesophilic anaerobic
BSA digester

Mesophilic anaerobic
digester which treats
municipal wastewater
sludge

“Putative SOB
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Table 5. Taxonomic placement of the bacterial DGGE bands of the gel obtained from the

samples taken from R2 at t=15 according to the RDP classifier at 50% of confidence level,

and closest relatives in GenBank obtained by the Blast search tool showing sequence

similarity and environments from which they were retrieved. “x” indicates presence of the

band in the sample; high-intensity bands are depicted with a bold cross.

1. Ramos

Taxonomic placement Banq " o B2 C2 D2 E2 F2 ClosestArelat:ves in Blgg Similarity Source of origin
(accession n°) (accession n°) (%)
Phylum Firmicutes
Class Clostridia
Order Clostridiales 1 (KF148033) X Uncultured bacterium 99 Anaerobic fluidized
(JF937217) bed reactor treating
vinasse
Family Syntrophomonadaceae
Genus Thermohydrogenium 2 (KF148034) X X X X X Uncultured bacterium 95 Bioreactor
(GQ259594)
3 (KF148035) X X X X X Uncultured bacterium 96 Bioreactor
(GQ259594)
Family Lachnospiraceae 4 (KF148036) X X Uncultured bacterium 99 Every municipal
(CR933122) wastewater
treatment plant
Uncultured bacterium 99 Membrane
(JX627844) bioreactor treating
acetone, toluene,
limonene and
hexane
Genus Hespellia 5 (KF148037) X X Uncultured bacterium 99 Every municipal
(CR933122) wastewater
treatment plant
Uncultured bacterium 99 Membrane
(JX627844) bioreactor treating
acetone, toluene,
limonene and
hexane
Family Peptostreptococcaceae
Genus Clostridium XI 6 (KF148038) X X X X X Uncultured soil bacterium 99 Soil
(JX489929)
Uncultured bacterium 99 Activated sludge
(GQ480145) from wastewater
treatment plant
Family Clotridiales_incertae sedis III 7 (KF148039) X Uncultured bacterium 100 Anaerobic fluidized
(JF937217) bed reactor treating
vinasse
Class Bacilli
Order Bacillales® 8 (KF148040) X Uncultured Alicyclobacillus sp. 99 Headspace of a
(HQ392831) digester of sewage
sludge under
microaerobic
conditions
Bacillus solfatarensis 98 Culture collection
(AY518549)
9 (KF148041) X Uncultured Alicyclobacillus sp. 100 Headspace of a
(HQ392831) digester of sewage
sludge under
microaerobic
conditions
Bacillus solfatarensis 98 Culture collection
(AY518549)
Phylum Proteobacteria
Class Gammaproteobacteria
Order Pseudomonadales
Family Moraxellaceae
27
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Genus Acinetobacter”

Order Acidithiobacillales
Family Acidithiobacillaceae
Genus Acidithiobacillus®

Order Enterobacteriales
Family Enterobacteriaceae
Genus Raoultella

Class Epsilonproteobacteria
Order Campylobacterales
Family Helicobacteraceae
Genus Sulfuricurvum®

Family Campylobacteraceae
Genus Arcobacter®

Phylum Actinobacteria
Class Actinobacteria
Subclass Actinobacteridae
Order Actinomycetales
Suborder Corynebacterineae
Family 'Nocardiaceae
Genus Gordonia

Family Nocardiaceae
Genus Rhodococcus®

10 (KC306918) X

11 (KF148042)  x

12 (KC306919)  x x

13 (KF148043) %  x x

14 (KF148044) %  x x

15 (KF148045)  x x

16 (KF148046)  x

17 (KF148047) % X x

18 (KF148048)

19 (KF148049) x

20 (KF148050)

102/188

Acinetobacter johnsonii
(NR_044975)

Acinetobacter johnsonii
(NR_044975)

Acinetobacter johnsonii
(NR_044975)

Uncultured bacterium
(JX040380)

Uncultured Acinetobacter sp.
(IN679102)

Thiobacillus sp. (AJ459802)

Uncultured Acidithiobacillus
sp. (EF612419)

Uncultured bacterium
(JQ906816)

Thiobacillus sp. (AJ459802)

Uncultured bacterium
(JQ906816)

Uncultured bacterium
(JF689907)
Enterobacteriaceae bacterium
(HQ259701)

Uncultured epsilon

proteobacterium (DQ295695)

Uncultured bacterium
(AB248647)

Uncultured Arcobacter sp.
(HQ392829)

Uncultured Arcobacter sp.
(HQ392823)

Uncultured Actinobacteria
bacterium (CU925412)

Gordonia hirsuta
(NR_026297)

Uncultured Actinobacteria
bacterium (CU925412)

Gordonia hirsuta
(NR_026297)

Rhodococcus sp. (AJ007001)
Rhodococcus sp. (FR690460)

95
97

99
99

99

99
98

97

99
97

97

97

99

99

100

99

99

98

98

98

99
98
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Culture collection

Culture collection

Culture collection
‘Wastewater

Membrane
bioreactor

Culture collection

Mine tailings

Hydrogen sulfide
biofilter

Culture collection

Hydrogen sulfide
biofilter

MFC anode biofilm

Activated sludge

Floating microbial
mat in sulfidic
groundwater,Movile
Cave

A mesophilic
anaerobic butyrate
degrading reactor

Headspace of a
digester of sewage
sludge under
microaerobic
conditions
Headspace of a
digester of sewage
sludge under
microaerobic
conditions

Mesophilic
anaerobic digester
which treats
municipal
wastewater sludge
Biofilter of an
animal rendering
plant

Mesophilic
anaerobic digester
which treats
municipal
wastewater sludge
Biofilter of an
animal rendering
plant

Compost biofilter
Sludge of a
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bioreactor
Family Mycobacteriaceae
Genus Mycobacterium 21 (KF148051) X Uncultured bacterium 99 Soil
(EU677397)
Uncultured bacterium 98 Membrane
(JX627819) bioreactor treating
acetone, toluene,
limonene and
hexane
Unclassified bacteria 22 (KF148052) Uncultured bacterium 99 Long-term biogas
(FN985598) completely stirred
tank reactor
Uncultured bacterium 929 A mesophilic
(AB175392) anaerobic BSA
digester

“Putative SOB
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ACCEPTED MANUSCRIPT
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HS cleaning and
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Fig. 2.
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Fig. 3.

32

106/188



1. Ramos

MICROAEROBIC REMOVAL OF HYDROGEN SULPHIDE FROM BIOGAS

<

(A/A95) UOTIRIIUAOUOD ¢

(A/A9) UOTIRIIUAIUOD ¢

° N *® = ° N *® =
— — o o —

L 1 L 1 —O

r T T T f T4 T T T =]
b < “@ N b < “@ N - S
(=] (=] (=] (=] (=] (=] (=] (=] (=]

(™1/IN) A1ddns 20
‘(AJA9,) UOTIRIIUIOUOD SCH

S

(*17IN) Arddns <o
‘(AJA9,) UOTRIUIDIUOD SCH

t (h)

Fig. 4.

33

107/188



MICROAEROBIC REMOVAL OF HYDROGEN SULPHIDE FROM BIOGAS I. Ramos

a. b.
sampe Al B1 Cl1 D1 El Fl A2 B2 C2 D2 E2 F2

H 32 34 36 34 34 32 30 28 25 35 35 33

Fig. S.

34

108/188



MICROAEROBIC REMOVAL OF HYDROGEN SULPHIDE FROM BIOGAS

99

DGGE band 7 - KC306921
DGGE band 11 - KC306922
Uncultured soil bacterium - JX489929
Uncultured bacterium - FJ660495

DGGE band 12 - KC306925

100— DGGE band 8 - KC130772
4[( DGGE band 9 - KC306923
ol 95\ DGGE band 10 - KC306924
|_— DGGE band 19 - KC306931
100 Uncultured Firmicutes bacterium - CU923016
]](l){ DGGE band 13 - KC306927

Uncultured Alicyclobacillus sp.- HQ39283 1
100 Bacillus solfatarensis - AY518549

EEE—— DGGE band 14 - KC306928
DGGE band 15 - KF130773
—
100 100 — Uncultured bacterium- EU677397

100

9]

Fig.

69 10

62; DGGE band 16 - KF130774
[T Uncultured bacterium - CU925412
101 Gordonia hirsuta- NR026297
——DGGE band1 - KC306914
o5~ DGGE band 2 - KF130769
¢ [|PGGE band 4 - KC306917
8! Uncultured epsilon proteobacterium - DQ295695
100 N Uncultured bacterium - AB286499
Uncultured bacterium - EU662592
DGGE band 3 - KC306915
Uncultured Arcobactersp.- HQ392823
Uncultured Arcobactersp.- HQ392829

100 PGGE band 5 - KC130770
4& Uncultured Deltaproteobacteria bacterium - CU926874
92 'Uncultured bacterium - JQ085713

88 DGGE band 6 - KC130771
100 6A£idithiobacilluxsp.— FJ915156
80" Thiobacillus sp.- AJ459802

100 DGGE band 17 - KC306929

100

75'Uncultured bacterium - FN985251
4 DGGE band 18 - KC306930
100 Ll Uncultured bacterium - FN985598

76 'Uncultured bacterium - AB175392

0.1

6.

109/188

Uncultured Verrucomicrobiabacterium - CU918353

SOINOTWLIL]

BLIDPRQOUNOY

BLI910R02)01]

BIGOIOTUWOONLIDA

63

98

1. Ramos

58 DGGE band 10 - KC306918
DGGE band 11 - KF148042
DGGE band 12 - KC306919
Acinetobacterjohnsonii- NR044975
100|Uncultured bacterium - JX040380

98

Uncultured Acinetobactersp.- IN679102

DGGE band 15 - KF148045
Wbaderiaceae bacterium - HQ259701
100 - Uncultured bacterium - JF689907
100 DGGE band 16 - KF148046
4{ Uncultured bacterium - AB248647
Uncultured epsilon proteobacterium - DQ295695
DGGE band 17 - KF148047
4{ Uncultured Arcobactersp.- HQ392829
101 Uncultured Arcobacter sp.- HQ392823
99, DGGE band 13 - KF148043
93| 'DGGE band 14 - KF148044
r Thiobacillus sp. - AJ459802
Uncultured Acidithiobacillus sp.- EF612419
Uncultured bacterium- JQ906816
70 DGGE band 18 - KF148048
100[L—— DGGE band 19 - KF148049
Uncultured Actinobacteria bacterium - CU925412
62 79[ Gordonia hirsuta - NR026297
76’_{DGGE band 20 - KF148050

Rhodococcus sp.- AJ007001
1001 Rhodococcus sp. - FR690460

58— DGGE band 21 - KF148051
Uncultured bacterium - EU677397
1001 Uncultured bacterium - JX627819

DGGE band 4 - KF148036
DGGE band 5 - KF148037

371 Uncultured bacterium - CR933122

68'Uncultured bacterium - JX627844

DGGE band 6 - KF148038
4]0‘)[Uncullured bacterium- GQ480145
78'Uncultured soil bacterium - JX489929

100 - DGGE band 2 - KF148034

00| 7

100

100[

L DGGE band 3 - KF148035
DGGE band 1 - KF148033

4]00{ Uncultured bacterium - JF937217
DGGE band 7 - KF148039

DGGE band 9 - KF148041

]’%» DGGE band 8 - KF148040
—mgnculluredAlicyclnbacillux sp.-HQ392831
Bacillus solfatarensis - AY518549
‘DGGE band 22 - KF148052
Uncultured bacterium - FN985598

100] Uncultured bacterium - AB175392

0.1

35

BLI1ORQ02)01]

BLIO)ORQOUTDY

SOOI ]



MICROAEROBIC REMOVAL OF HYDROGEN SULPHIDE FROM BIOGAS I. Ramos

110/188



MICROAEROBIC REMOVAL OF HYDROGEN SULPHIDE FROM BIOGAS I. Ramos

The role of the headspace in hydrogen sulfide 4
removal during microaerobic digestion of sludge
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The role of the headspace in hydrogen sulfide removal
during microaerobic digestion of sludge
I. Ramos, I. Diaz and M. Fdz-Polanco

ABSTRACT

The role of the headspace (HS) in the microaerobic removal of hydrogen sulfide from biogas
produced during sludge digestion was studied. Research was carried out in a pilot reactor with a total
volume of 265 L, under mesophilic conditions. Biogas was successfully desulfurized (99%) by
introducing pure oxygen (0.46 NL/Lseq) into the recirculation stream when the HS volume was both
50.0 and 9.5 L. The removal efficacy dropped sharply to ~15% when the HS was reduced to 1.5 L. The
system responded quickly to the operational changes imposed: micro-oxygenation stops and
variations in supply, as well as HS volume reductions and increases. As the final result, the
microaerobic process required a minimum surface into the gas space to occur, which along with the
elemental sulfur deposition in this area indicated that the oxidation took place there. Additionally, the
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pattern of sulfur accumulation suggested that the removal occurred preferentially on certain

materials, and pointed to a significant biological contribution.
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INTRODUCTION

The energy sector accounts for 64% of the world’s green-
house-gas emissions (IEA 2009). Biogas is a versatile and
renewable energy source that can be used for the replace-
ment of fossil fuels in several applications (Weiland 2010).
Consequently, anaerobic digestion (AD) is gaining increas-
ing attention worldwide as one of the most promising
biotechnologies to produce it (Jagadabhi ef al. 2010).

AD is considered an essential part in a wastewater treat-
ment plant (WWTP), as it reduces the sludge volume,
improves its character, and reduces the associated health
problems (Appels ef al. 2008). Many industrial wastewaters
have high concentrations of sulfur compounds, such as sul-
fates (Zhou et al. 2007). This anion is not a direct threat to
the treatment process; however, sulfate-reducing bacteria
(SRB) use it for the oxidation of organic compounds and
hydrogen under anaerobic conditions, thereby producing
sulfide (Hulshoff Pol et al. 1998). As shown in equilibriums
1 and 2, dissolved sulfide exists in undissociated and disso-
ciated form according to pH (Deublein & Steinhauser
2007). At pH characteristic of methanogenic systems,
between 20 and 50% of the dissolved sulfide is in the undis-
sociated form (Colleran ef al. 1995), which is released to the

doi: 10.2166/wst.2012.457

gas phase according to a coefficient o (Hulshoff Pol et al.
1998). As the final result, this biogas component is in waste
gases, wastewaters and sewage sludge:

H,S <> H" + HS™(K; = 1.0x1077) (1)
HS < H" +8% (K, =1.0x 10714 )
[H2S];= a[H,S], ©)

Gaseous hydrogen sulfide causes malodour, contami-
nation, energy performance deterioration, toxicity, and
corrosion. Therefore, biogas desulfurization is required in
order to prevent damage and standardize its quality accord-
ing to the final biogas application (Appels et al. 2008).
Physicochemical methods are widely employed for this pur-
pose. Nonetheless, biological processes such as
bioscrubbers, biotrickling filters, and biofilters are gaining
attention as a result of their competitive performance and
lower operational costs. These methods are based on the
biological sulfur cycle; specifically, on the dissolved sulfide
oxidation (Kleinjan 2005).
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Among the biodesulfurization techniques, the direct
micro-oxygenation (or micro-aeration) of anaerobic reactors
can be a more interesting alternative. Sulfide oxidation takes
place both biologically and chemically, and the end product
formation depends on the oxygen availability (van der Zee
et al. 2007). Sulfate production involves the production of
intermediate compounds such as polysulfide, thiosulfate, tet-
rathionate, and sulfur, which is the final product under
oxygen limited conditions (Kleinjan 2005).

Under microaerobic conditions, sulfide removal com-
petes effectively for oxygen versus other processes, and is
faster than the re-reduction of oxidized sulfur compounds
(van der Zee et al. 2007; Fdz-Polanco et al. 2009). So,
biogas desulfurization efficacies higher than 97% have
been achieved by both oxygen and air at equivalent rates
with none impact on digestion performance (Diaz et al.
2010a). Jenicek et al. (2010), in contrast, reported that
methane production could decrease because of aerobic sub-
strate  consumption. Nonetheless, that could be
compensated by improved hydrolysis and increased biogas
production (Johansen & Bakke 2006; Jenicek et al. 2008).
Other oxygen benefits have been reported: sulfide toxicity
suppression (Khanal & Huang 2003), improved degradation
of recalcitrants organics (Jenicek ef al. 2008), and reduction
of volatile fatty acid (VFA) (Botheju et al. 2010).

Diaz et al. (2010b) demonstrated that oxygen transfer to
the liquid phase was not required to achieve sulfide-free
biogas, and observed elemental sulfur deposition in the
walls and ceiling of the reactor headspace (HS), where differ-
ent sulfide oxidizing bacteria (SOB) were found. Obviously,
the contact between the oxygen and the liquid media is
really restricted when it is injected into the HS, therefore
almost all the oxygen is only accessible to microorganisms
present in the gas space. However, Diaz et al. (2010b)
achieved similar desulfurization efficacies by supplying
oxygen into the HS, the recirculation stream and with the
feed sludge. Thus, they deduced that the hydrogen sulfide
removal took place in the HS. This is consistent with Fdz-
Polanco et al. (2009), who suggested an oxidation mechan-
ism in the liquid-gas interface. They reported similar
biogas desulfurization performances when oxygen was
injected into the recirculation stream and the feed stream,
independently of the mixing method. Nevertheless, dissolved
sulfide removal occurred only with biogas recirculation. It
certainly resulted in larger contact area between the
oxygen and the liquid phase, as the size of bubbles that
entered into the digester rose. That led to increased oxygen
flow across the gas-liquid interface and consequent higher
intake by microorganisms. Accordingly, the oxygen mass
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transfer was indicated as the limiting step for hydrogen sul-
fide removal. In contrast, Jenicek et al. (201) reported
sulfur accumulation in the sludge as a result of hydrogen sul-
fide removal by introducing limited amount of air into the
liquid media. Furthermore, that increase was consistent
with the biogas desulfurization efficacy observed. Therefore,
the oxidation seemed to occur in the liquid phase.

Considering the inconclusive results relative to the oxi-
dation place, it is of interest to explore where the biogas
desulfurization is carried out really. The aim of this study
is to investigate the role of the HS in the microaerobic
removal of hydrogen sulfide.

MATERIALS AND METHODS
Digester

Research was performed in a continuous stirred-tank reac-
tor (CSTR) with a total volume of 265 L, whose top
consisted of a conical cover with a detachable and transpar-
ent cylinder in the uppermost part (Figure 1). Mesophilic
conditions were applied by an electric resistance. The bio-
reactor was operated under variable hydraulic retention
time (HRT) because of the changes in the HS volume
(20-26d). It was fed with sewage sludge from a WWTP.
The liquid phase was recirculated at a constant rate of
50 L/h by a peristaltic pump. Oxygen from a cylinder was
supplied by a mass flow controller into the recirculation.
Due to the variability of the feeding in terms of organic
matter content, the organic loading rate (OLR) fluctuated
throughout the study.

Monitoring and experimental analysis

Pressure and temperature were monitored on-line by probes.
Tygon tubing led the biogas produced to an inverted cylin-
der, where it was measured by a fixed liquid volume
displacement (550 + 5mL), and then released by an
electro-valve. A gas chromatograph (VARIAN CP-4900
MicroGC) was used for on-line analysis of biogas compo-
sition, as described by Diaz et al. (2010b).

Digestion performance was evaluated by conventional
parameter analysis according to the standard methods
(APHA 1998): total and soluble chemical oxygen demand
(COD), total solids (TS) and volatile solids (VS).

Sulfate concentration was measured by ion chromato-
graphy. Thiosulfate was analyzed by high performance
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Figure 1 | Digester diagram with HS of 50.0 (a) 9.5 and 1.5 L (b) effluent represented by a thick and thin line, respectively; liquid level indicated by a yellow dotted line. (The full colour
version of this figure is available in the online version of this paper, at http://www.iwaponline.com/wst/toc.htm.)

liquid chromatography (HPLC), according to the procedure
described by van der Zee ef al. (2007). Sulfide was measured
by potentiometry with selective electrode according to the
standard method (APHA 1998).

Experimental procedure

The study was divided into two phases (Table 1). At the
beginning of the first phase, the digester operated under
anaerobic conditions with a HS volume of 50.0 L (ANO).
Once the hydrogen sulfide concentration remained station-
ary, the micro-oxygenation was started (MAO) according to

Table 1 | Sequence of variations applied during the study, and digester response

Figure 1(a). Supply was raised gradually until the pollutant
was removed.

At the beginning of phase 2, the reactor was operated
under anaerobic conditions with a HS volume of 9.5L
(AN1). Microaerobic conditions were implemented at day
3 (MA1). As in the previous phase, oxygen was injected
into the recirculation stream (Figure 1(b)). Once the residual
hydrogen sulfide concentration was negligible (MA2), the
liquid level of the reactor was increased until the HS was
reduced to ~1.5 L. After almost two days under such con-
ditions (MA3), the HS volume was raised again to 9.5 L
(MA4). Finally, the reactor worked under anaerobic con-
ditions (AN2).

Phase 1 Phase 2

ANO MAO AN1 MA1 MA2 MA3 MA4 AN2
Time (d) 0-2 2-14 0-3 3-4 4-5 5-6 6-7 7-8
HS volume 50.0 50.0 9.5 9.5 9.5 1.5 9.5 9.5
Oxygen flow (NL/Lgcq) 0 0.16-0.46 0 0.43 0.46 0.46 0.46 0
VSteq (g/L) 29.6 32.0 39.0 29.7 29.7 31.6 31.6 31.6
Biogas production (NL/d) 158.2 169.0 207.5 166.4 157.0 173.8 179.0 174.2
Methane yield (NmL/gys) 337.1 325.5 329.4 353.9 335.4 352.0 353.9 341.6
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RESULTS AND DISCUSSION
Phase 1

In ANO, the average hydrogen sulfide concentration was
0.35 £ 0.01%v/v (Figure 2). As a result of the first oxygen
flow introduced to the reactor, the biogas sulfide content
dropped to 0.15%v/v. Subsequently, the micro-oxygenation
was increased by 50%, and the removal efficacy was 88%.
Thereafter, the supply continued being raised to 0.27 NL/
Lted, 0.32 NL/Lgeg, 0.36 NL/Lgeq, 0.39 NL/Lgeq, 0.43 NL/
Lteq, and finally, 0.46 NL/Lgeq. At 0.46 NL/Leq, 99% of the
pollutant produced was removed from the biogas. Therefore,
as the stepwise supply adjustment assured the minimum
biogas dilution, that value was considered the optimum
micro-oxygenation level.

The desulfurization performance decreased slightly
between the fifth and seventh day despite the increasing
oxygen flow; it was raised at the beginning of 5th and 6th
day (Figure 2). The efficacy loss recorded on the 5th day
was attributed to a momentary increase in the OLR to the
digester due to the sewage sludge variability (whose VS con-
centration varied widely throughout the study, as shown in
Table 1). It also explained the biogas production peak
recorded on the fifth day; it rose from 169.8 NL/d on
fourth day to 201.2 NL/d, and decreased on the sixth day
(161.8 NL/d). That is, the larger the amount of VS fed, the
higher the release of sulfur compounds and biogas pro-
duction. As a consequence, hydrogen sulfide generation
and oxygen demand increased. Nevertheless, the biogas pro-
duction fell on the next day and, remarkably, the biogas
sulfide content continued rising. This suggested higher feed-
ing sulfate content, which was detected shortly afterwards

(data not shown). Note that the rise in the hydrogen sulfide
production was verified in MAL.

Phase 2

The first oxygen flow supplied removed 96% of the hydrogen
sulfide produced (Figure 2). Then, it was raised to 0.46 NL/
Lieq (the optimum value in MAO), and the removal efficacy
increased (99%). As in phase 1, the micro-oxygenation
level reached by stepwise adjustment in phase 2 was con-
sidered the optimum. Furthermore, it was estimated that
the hydrogen sulfide flow oxidized in MAO and MA2 at
0.46 NL/Lgq4 of oxygen supply was almost equal. Therefore,
the microaerobic performance was not affected by the sub-
stantial reduction of the HS volume. The determination of
the minimum HS needed to perform efficiently the biogas
desulfurization could be interesting.

The higher working volume in phase 2 could result in
poorer mixing (as recirculation rate was maintained con-
stant) and longer contact time between the oxygen and the
liquid phase. Furthermore, it is noteworthy that mixing
was especially deficient in the upper part of the bioreactor
because of the large distance between the liquid surface
inside the reactor and both the exit point of digested
sludge and the recirculation stream (Figure 1(b)). Whereas
less efficient mixing could lower the oxygen transfer across
the gas-liquid interface, higher contact time between both
phases could improve it. However, as presented, the oxygen
required for similar flows of hydrogen sulfide from biogas
did not change from phase 1 to 2. This could mean that
either the biogas desulfurization efficiency did not depend
on the oxygen transfer to the liquid media, as Diaz et al.
(2010b) suggested, or the reactor configuration set in phase

PHASE 1 PHASE 2
! MA2
AND MAU AN MAT MAZ MAd  AN2
0.7 R ‘ B
A ‘ L1
0.6 ol 4 A o
z T S “ TSV -1 I
g0 oo o 3 ra
] [ LA F12 3
£ U4 e e : =
£l A 5 oo o 0 o oz
Z 03 R = | Lpg 2
g b ;O | $ z
E P P | &
S 02 Poiol H0.
E & O o Lo.4
0l b Lo |
alth o o 3 02
of oo | LA e a s s ag O OF QA 4o,
0 1 2 3 4 5 & 7 & 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24

t{d}

Figure 2 | Hydrogen sulfide (a) and oxygen (O) concentrations in biogas during the study. Vertical continuous lines indicate transition periods between anaerobic and microaerobic
conditions and/or changes in HS volume; vertical discontinuous lines indicate changes in oxygen supply.
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2 led to the same oxygen transfer rate as in phase 1. This will
be clarified by estimating how oxygen was distributed into
the digester in both phases (see below).

At day 5, the HS volume was reduced to 1.5 L, while the
same oxygen flow was maintained. Shortly before, an
increase of 0.37%v/v in the biogas sulfide content was
recorded. The average pollutant concentration in MA3
was 0.44 + 0.03%v/v, which resulted in a removal perform-
ance of ~15%. This is consistent with the observations made
during that experimental period relative to elemental sulfur
deposition in HS (see below). Due to imminent clogging
risks of the biogas outlet from the digester with sulfur, the
liquid level was lowered. As a result, biogas was effectively
desulfurized again (99%). The available surface area of the
gas space seemed the limiting factor of the microaerobic
process in MA3.

Although MA2 and MA4 were operated under the same
conditions, oxygen contained in biogas was significantly
different. Likewise, despite the low removal efficacy
recorded in MAS3, the oxygen concentration remained
close to the values obtained in the previous period. Those
oxygen responses resulted from the continuous changes in
the biogas production due to the variable OLR to the diges-
ter (Table 1).

It must be emphasized that changes in the micro-oxy-
genation level and hydrogen sulfide flow are rapidly
reflected in the biogas composition. Furthermore, the oper-
ating times to reach the stationary state at low biogas
residence times (such as those fixed in this research) are
very short. However, further research is being carried out
in order to reduce safely the gas space (and as much as poss-
ible in an equivalent period to MA3) so that the response of
the digester can be observed over a longer period of time.

Sulfur deposition

During MA3, elemental sulfur accumulating on the sludge
deposited inside the transparent cylinder of the cover
could be seen (Figure 3(b)). One momentary liquid level
rise above the level set just at the beginning of that stage
was the cause of the sludge deposition. Meantime, though
to a much lesser extent, sulfur accumulated in the valve
of the biogas outflow (made of rigid polyvinyl chloride,
PVC-U) and in the tygon tubing (Figure 3(a)). Whereas its
deposition covering the sludge clearly pointed to biological
biogas desulfurization, the possibility of chemical hydrogen
sulfide oxidation in those areas free of sludge could not be
ruled out. However, may be the affinity of SOB for transpar-
ent PVC (PVC-GLAS) was lower, and thus it was not

Figure 3 | Elemental sulfur accumulated in the tygon tubing (delimited by an ellipse),
sludge deposited in the transparent cylinder of the HS (delimited by a square)
in MA3 (a), and sulfur accumulated on it from MA3 to MA4 (b).

deposited wherever sludge did not cover the cylinder,
despite the shorter distance to the liquid surface and conse-
quent higher accessibility to water and nutrients (and carbon
sources to heterotrophic SOB). Overall, the preferential dis-
tribution of sulfur highlighted the predominance of the
biological reactions of sulfide oxidation over the chemical
ones.

When the transparent cylinder was removed for clean-
ing on 23rd day, sulfur was observed on those areas of the
conical cover which were exposed to biogas after MA3
(Figure 1(b)). So, it was specifically deposited over the
sludge that remained there after lowering the liquid level,
which covered sulfur and sludge accumulated presumably
in the preceding stages. Obviously, SOB could be more fre-
quently provided by nutrients and water there when the HS
volume was 9.5 L. Considering the short duration of MA4,
that observation indicated that most of the sulfur shown in
Figure 3(b) accumulated during MA3. Noteworthy is also
that sulfur was not seen covering the surface of the liquid
media on 23rd day; this was considered to be possibly due
to the poor mixing conditions maintained around that area
in phase 2. Moreover, it was not seen in the effluent
either, which was examined daily. Along with the resulting
removal performances, these observations confirmed that
the hydrogen sulfide oxidation occurred in the HS.

Accordingly, the hypothesis is that SOB carried out the
biogas desulfurization in the walls and/or the conical cover
of the HS (both made of polypropylene homopolymer,
PPH), during MAO, MA1 and MA2. SOB were carried
along to those surfaces by biogas and sludge (due to splashes
and even momentary liquid level rises), and once there, they
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oxidized the gaseous sulfide that dissolved in the water
deposited by condensation (droplets can be seen indeed in
Figure 3(a)). Hence, certainly the oxidation process took
place predominantly in the areas of the walls nearest the
liquid media, where the growth conditions stimulated
SOB. It is consistent with Kobayashi et al. (2012), who
found that the shorter the distance from the liquid level of
digested sludge, the higher the sulfide oxidizing activity.
They also reported that SOB proliferated all over HS, includ-
ing ceiling, walls, as well as components made of plastic,
stainless and wooden placed around the middle of it.

Oxygen utilization

The estimation of oxygen utilization into the reactor through
the periods operated at 0.46 NL/Lq of oxygen supply is
illustrated in Figure 4 (MAO includes the results obtained
from the 10th day). Note that neither sulfate nor thiosulfate
were detected; so, elemental sulfur was the sole oxidation
product. On the other hand, according to previous obser-
vations, it was assumed that the biogas sulfide content in
MAO was 0.5%. Likewise, it was considered constant from
the 3th day of the second phase.

Figure 4 illustrates that the amount of oxygen employed
to oxidize hydrogen sulfide in both MAO and MA2 was
almost equal (~9%), which is in accordance with the opti-
mum oxygen flows reached. However, it also shows a
modest decrease in the oxygen consumed in unidentified
processes (from 43 to 39%), which could be the final
result of the poorer mixing and the longer contact time
between phases (gas and liquid). This would imply that the
mixing impact on the oxygen mass transfer was higher
and, more importantly, that it was irrelevant to the desulfur-
ization performance. The trend of the percentage of oxygen
consumed in other processes over the study is indeed con-
sistent with that. It must be noted, however, that it was the
highest in MA4. Inexplicably, it rose by 14% over the

MAO

MA2

MA3

MA4 F

0% 20%  40%  60%  80%  100%

Figure 4 | Oxygen utilization in the digester. Oxygen employed to produce elemental
sulfur (), oxygen consumed in other processes (i), and oxygen in biogas (C)).
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equivalent period (MA2), and in the meantime, a 2%
increase in the percentage of oxygen invested in partial
hydrogen sulfide oxidation was estimated. Nevertheless,
the higher surface providing favorable growth conditions
for SOB as a result of the sludge deposition in most of the
HS area could explain that slight rise.

Only a small amount of the oxygen supply was
employed to remove hydrogen sulfide and, more impor-
tantly, it was the lowest in MA3 (2%). This is consistent
with the low desulfurization efficacy recorded. The oxygen
which ceased to be utilized for that end from MA2 left the
digester with biogas instead of being utilized for other pro-
cesses, which also pointed to hydrogen sulfide oxidation in
HS. That is, there was no competition between other oxidiz-
ing microorganisms present in the liquid phase and SOB
due to sulfide oxidizers only being able to consume the
remaining oxygen that reached the HS, where they
developed.

As noted, most of the oxygen left the reactor in biogas or
was consumed in unidentified processes in all the periods
evaluated. Among these processes, aerobic oxidation of
readily available organic substrates hardly contributed to
that result, as a correlation between microaerobic con-
ditions and lower methane yield was not found (Table 1).

CONCLUSIONS

Biogas was effectively desulfurized into the bioreactor
at 0.46 NL/Lgq of oxygen supply when the HS volume
was 50.0 and 9.5 L. The removal performance dropped
rapidly when the HS volume was lowered to 1.5 L, thereby
showing that it strongly depended on the available surface
area in the gas space. The deposition of elemental sulfur
confirmed it. Moreover, the pattern of sulfur accumulation
indicated that the oxidation occurred preferentially on cer-
tain materials, and suggested a significant biological
contribution to the microaerobic process.
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Where does the removal of H,S from biogas
occur in microaerobic reactors?
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Where does the removal of H,S from biogas occur in microaerobic reactors?

Abstract

In order to maximise the efficiency of biogas desulphurisation and minimise the oxygenation costs
during microaerobic digestion, it is essential to know where the process predominantly occurs. For
this purpose, a reactor with a total volume of 266L, treating around 10L/d of sewage sludge, was
operated with 25.0L and virtually without headspace. Under anaerobic conditions, the H,S
concentration in the biogas varied between 0.21 and 0.38%v/v. Next, O, was supplied from the
bottom of the reactor. At 0.25-0.30NLO,/L+q, the biogas was entirely desulphurised, and its O,
content remained below 1.03%v/v, when the digester had 25.0L of gas space. However, with almost
no headspace, the H,S content in the biogas fluctuated from 0.08 to 0.21%v/v, while the average O,
concentration was 1.66%v/v. The H,S removed accumulated in the outlet pipe of the biogas in the
form of S° due to the insufficient headspace.
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1. Introduction

Anaerobic digestion is a well-established technology that transforms a large part of the organic
matter content of many wastes into a renewable energy source: biogas. It is utilised for heat, steam,
electricity, cooling, chemical and protein production, as fuel for vehicles and fuel cells, and for
injection into natural gas grids (Holm-Nielsen et al., 2009). Though substantially inferior to other
common fuels such as compressed natural gas, which produces approximately 8,600 kcal per m?, it
has a good calorific value (around 5,000kcal/m®) (Abbasi et al., 2012).

Biogas is a mixture of gases whose composition depends on the type of material to be digested, as
well as on the operational conditions in the reactor (Noyola et al., 2006). It is generally composed of
CH,4 and CO; in a ratio of 3:1, and other minor constituents; among them, H,S is of particular
interest due to its corrosive, toxic and environmentally hazardous properties. In fact, along with CH,,
whose concentration in the biogas determines the particular calorific value therein, it has the greatest
impact when the traditional applications of biogas are considered (Rasi et al., 2011). The biogas
sulphide content can vary from 0.01 to 1.00%v/v (Tippayawong and Thanompongchart, 2010).
However, as an example, for trouble free operation of combined heat and power stations, the H,S
concentration in the biogas must be lower than 0.01 or 0.03%v/v, depending on the equipment
concerned (Peu et al., 2012). Besides causing corrosion, H,S also causes the deterioration of the
lubrication oil (Weiland, 2010). Consequently, H,S production must be prevented, or H,S must be
removed from the biogas.

Due to the high technicality and costs of sulphide emission prevention by adding selective inhibitors
of sulphidogenic bacteria or sulphide scavengers to precipitate sulphide directly to the digester, H,S
removal from biogas is the most consolidated strategy in practice (Cirne et al., 2008; Peu et al.,
2012). For this purpose, a wide range of physical, chemical and biological methods exist. The first
two categories include techniques based on absorption and adsorption processes (reactive or non-
reactive), while technologies using microorganisms capable of oxidising sulphide (such as
bioscrubbers, biofilters and biotrickling filters) belong to the third category (Abatzoglou and Boivin,
2009). Though rapid and effective, the physical and chemical methods for H,S removal are costly
and produce secondary wastes, which in turn gives rise to another pollution problem (Lin et al.,
2013). The biological processes have the potential to overcome these disadvantages. Besides, they
can achieve greater depth of desulphurisation (Kobayashi et al., 2012) and generate by-products (S°)
that can be used in other industrial processes (Kleinjan, 2005). In fact, chemical and biological
processes are usually combined. In the system proposed by Ho et al. (2013), the H,S is first oxidised
by ferric iron to generate S° in a chemical reactor, and the resulting ferrous iron is then oxidised in a
biological reactor by iron-oxidising bacteria. Likewise, the only two patented technologies
specifically developed for H,S removal from biogas consist of a chemical scrubber, in which the
H,S is washed from the biogas, and a bioreactor, where the dissolved sulphide is utilised by
sulphide-oxidising bacteria (SOB) (Fortuny et al., 2008). At this point, it should be mentioned that
H,S can also be chemically oxidised in biological reactors, especially if the H,S load is high, and in
this case S,03° is the main by-product (Lohwacharin and Annachhatre, 2010).

The direct injection of O, or air into anaerobic reactors was proposed in order to carry out both the
production and desulphurisation of biogas in a single-unit; SOB are naturally present therein
(Weiland, 2010). In fact, this process has been reported to proceed mainly through biological
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reactions (Ramos et al., 2012). Under fully oxygenated conditions, SOB generate SO4%, whereas
under O,-limiting conditions, they oxidise sulphide to S° (van der Zee et al., 2007). Evidently, both
reactants, O, or air, are supplied in limited amounts in order to minimise both the surplus of O, and
the presence of N, in the biogas leaving the digester, and the operating costs. It must be noted that
O, transfer has been suggested to be the limiting step during H,S removal from biogas in these
reactors, which are usually referred to as microaerobic reactors (Fdz-Polanco et al., 2009). Therefore,
the use of O, is recommended instead of air (Diaz et al., 2010a); thus, additional dilution by N is
avoided (Jenicek et al., 2010; Diaz et al., 2010a). As a result, S° is the main by-product of H,S
oxidation during microaerobic digestion.

Neither the digestion performance nor the productivity or the CH,4 content of biogas are significantly
reduced under microaerobic conditions (Fdz-Polanco et al., 2009); they can even be increased
(Jenicek et al., 2008). In fact, the introduction of limited amounts of O, is a general practice in
agricultural reactors; an air flow rate of 2-6%v/v of the biogas production is introduced in the
headspace (HS) or, occasionally, in the feed stream. As a result, S° has been reported to accumulate
on the different surfaces in the gas space, or to leave the digester with the effluent, respectively
(Cirne et al., 2008). Similarly, Kobayashi et al. (2012) found that the S° generated as a result of O,
injection into the HS of a dairy cow manure digester and the consequent H,S oxidation, was
deposited all over the HS. Likewise, Jenicek et al. (2011) indicated that the H,S conversion into S°
when air was supplied to the recirculation stream of a reactor treating waste activated sludge
occurred the liquid phase; the increase in the digestate S content was consistent with the efficiency of
the biogas desulphurisation. However, Rodriguez et al. (2012) reported that the S° produced during
the microaerobic digestion of synthetic vinasse was deposited in the HS despite the O, being
introduced from the bottom of the system; this compound was indeed the main by-product of the
H,S oxidation. Besides, they found SOB only in the gas space. These contradictory results certainly
point to O, transfer limitations; Rodriguez et al. (2012) detected a considerable part of the O,
injected into the reactor in the biogas, which still contained significant amounts of H,S.
Nevertheless, Diaz et al. (2010b) reported that increasing the O, transfer to the liquid phase of a
sewage sludge digester did not lead to a higher efficiency of biogas desulphurisation, while the O,
consumption in other oxidative processes rose. This was indeed consistent with the previous findings
(Fdz-Polanco et al., 2009). Moreover, they also found SOB only in the HS. As a result, Diaz et al.
(2010Db) indicated that the process of biogas desulphurisation took place in the HS independently of
both the O, dosing point and the mixing method. Accordingly, the optimum configuration of a
microaerobic reactor aiming for biogas desulphurisation consists of O, or air injection into the HS
and liquid recirculation.

Considering the inconsistent results concerning the predominant location for H,S removal from the
biogas during microaerobic digestion, Ramos et al. (2012) designed an experiment which aimed to
clarify this question. Although their results indicate that the process takes place predominantly in the
gas space, they are not conclusive due to the short duration of the experimentation. The research
presented here extends the results obtained in that preliminary study, and proposes the definitive
principles of the process of biogas desulphurisation accordingly.
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2. Materials and methods
2.1. Digester

Digestion was carried out in a continuous stirred tank reactor with 266L of total volume. As shown in
Fig. 1, it consisted of a conical ceiling with a transparent cylindrical piece on top. Before this study,
the digester operated during several months under microaerobic conditions and HRT of 20d. The
present research was conducted at 22 and 24d of hydraulic retention time (HRT) (Fig. 1a and c, and
b, respectively), depending on the liquid level inside the digester, or equivalently, the presence
(25.0L) or the absence (lower than 0.3L) of HS, respectively, while the feeding rate was maintained
constant. The reactor volume was increased with digestate thereof. Mixed sludge from a municipal
wastewater treatment plant was continuously fed to the bioreactor; its composition varied widely
during the research (Table 1). The digestion temperature (35°C) was maintained by an electric
resistor surrounding the walls of the digester, which were in turn insulated. The ceiling was also
covered by the insulator. Microaerobic conditions were implemented by supplying pure O, from the
bottom of the system, just where the streams sludge recirculation and feeding converged. The
recirculation flowed at a rate of approximately 50L/h. As shown in Fig. 1b, the level of the outflow
valve of the recirculation stream was raised when the HS volume was reduced in order to ensure
mixing in the upper part of the liquid phase.

Table 1. Sequence of variations applied, and response of the digester.

Period® HS volume HRT OLR , O, supply Biogas production H,S 0,
(L) (d)  (kgys/m“/d) (NL/Lgq) (NL/d) (%viv)  (%viv)
Al 25.0 22 08 0 77.3 0.31 0.03
M1 25.0 22 09 0.21 95.3 0.03 0.86
M2 0.3 24 1.0 0.25 - 0.14 1.83
M3 25.0 22 14 0.28 - 0.00 0.59
M4 0.3 24 1.0 0.30 - 0.13 1.41
A2 25.0 22 08 0 89.4 0.24 0.03

2 A=anaerobic, M=microaerobic
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Fig. 1. Digester diagram in period Al, M1 and A2 (a), M2 and M4 (b), and MA3 (c).

2.2. Monitoring and experimental analysis

Digestion pressure was monitored by a sensor (Fig. 1a). Temperature was measured by a PT100
probe (Fig. 1a, b and c). Biogas production was quantified volumetrically (Fig. 1a). The CH,4, CO,,
N, O, and H,S content of biogas was determined by gas chromatography (VARIAN CP-3800 GC)
according to Diaz et al. (2010a); a 100pL-syringe was used to sample the biogas.

Total and soluble chemical oxygen demand, total solids, volatile solids (VS), volatile fatty acids,
total kjeldahl nitrogen, ammonia, S,05% and SO4* were measured. Except for S,03%, which was
determined according to the procedure described by van der Zee et al. (2007), the rest of the
parameters were analysed according to APHA (1998).
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2.3. Experimental procedure

This research was divided into six periods, according to the HS volume of the digester (Table 1). In
Al and A2, the reactor operated under anaerobic conditions, and from M1 to M4, it operated under
microaerobic conditions. The digester configuration in A1, M1 and A2 is shown in Fig. 1a; in these
periods, the biogas production was quantified. Fig. 1b shows the reactor configuration maintained
during M2 and M4, and Fig. 1c illustrates the reactor configuration in M3.

3. Results and discussion
3.1. Experimental results
3.1.1. Period Al

During the first 12 days of the research (period Al), the bioreactor operated under anaerobic
conditions, and with 25.0L of HS (HRT=22d) (Fig. 1a). The H,S concentration in the biogas varied
widely (Fig. 2), which was attributed to changes in the relative composition of the sewage sludge in
terms of S-containing organic compounds, such as proteins, and/or variations in the feeding sulphide
content. The concentration of S-containing anions (SO4* and S,03%) in the raw sludge was
negligible (data not shown), while the organic loading rate (OLR) remained almost constant
(0.8kgvs/m®/d), which in turn resulted in fairly stable biogas production (Table 1). Just before
implementing microaerobic conditions, the biogas sulphide content was 0.36%v/v; this value was
considered the baseline for the subsequent calculations.
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Fig. 2. H2S (A) and O, (o) concentration in biogas. The intensity of the shaped area indicates the
micro-oxygenation level: =0.18, =0.23, =0.25, =0.30 (in NL/Ltyg). The vertical lines

indicate the average H,S (continuous lines) and O, concentration (discontinuous lines) in every
period.

3.1.2. Period M1

At day 12 (period M1), O, was supplied to the reactor at a rate of 0.18NL/Lyyq, equalling a ratio of
O2injected/H2Sproduced Of 5.4 (V/v) (Fig. 1a). This was set based on the previous study (Ramos et al.,
2012), and considering the current gaseous sulphide flow rate. On the following day, the H,S
removal efficiency was only 66%, and the O, concentration in the biogas was around 0.82%v/v. This
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highlighted the inefficient O, transfer conditions in the digester, since approximately 48% of the O,
supplied remained unused in the biogas.

On the 13" day, the O, flow rate was raised to 0.23NL/L¢q in order to achieve H,S-free biogas.
Thus, the Oainjected/H2Sproduced ratio rose to approximately 6.5 (v/v), which resulted in a higher
gradient concentration across the gas-liquid interface, thereby increasing the O, transfer rate. The
amount of O, leaving the digester as a percentage of the total O, supply specifically decreased to an
average of 36%. As a result, although the biogas production rose slightly due to the somewhat higher
OLR (0.9kgvs/m®/d), the biogas was entirely desulphurised, and its O, content hardly changed (Fig.
2).

Taking into account the significant fluctuations in the H,S production during Al, the O, supply was
increased further on the 14" day (just before raising the liquid level) in order to ensure a removal
efficiency of 100% from then on (Fig. 2). Moreover, although the reactor’s content would be
increased only by 9% (from 241 to almost 266L) when the liquid level was raised, it was considered
that the amount of O, available per unit of volume of sludge would decrease slightly. On the other
hand, increasing the reactor’s content extended the contact time between the biogas and the liquid
phase, which could slightly improve the O, transfer to the liquid media. At a micro-oxygenation rate
of 0.25NLO,/Lsg, the O, content in the biogas rose slightly due to the biogas production being
somewhat lower; however, the additional O, supplied was consumed in the bioreactor (this being
approximately 70% of the O, injected).

As indicated, the amount of O, consumed in the digester during M1 rose as the micro-oxygenation
level was raised; it was specifically estimated to be about 62% of the O, injected, on average. Thus,
the ratio of accessible O, to H,S produced was increased from approximately 2.2 to 5.9. At such
high O, availabilities, H,S could be converted into SO,%, S,03% and S°. However, the SO4* and
S,03% concentrations in the digestate were both negligible (data not shown). Moreover, although the
absence of S” in the liquid phase was not analytically ruled out, it is worth noting that S° was not
observed when the reactor’s content was sampled This pointed to the removal of H,S from the
biogas in the HS; in this location, these by-products probably accumulated on the areas nearest the
liquid phase due to the greater availability of moisture and nutrients. Kobayashi et al. (2012) reported
that these were the key factors controlling the activity levels of SOB. Although many researchers
have reported the presence of S° all over the gas space (Diaz et al., 2010b; Kobayashi et al., 2012;
Ramos et al., 2012; Rodriguez et al., 2012), it could be expected that the H,S removal from the
biogas in early stages of the process might occur in the areas nearest the liquid phase, where the
growing conditions for SOB are more favorable. In fact, although its characteristic yellowish-white
colour enabled the S° to be visually recognisable, it was not deposited in the cylindrical piece on top
of the digester (Fig. 1a).

3.1.3. Period M2

On the 15" day, the liquid level in the reactor was raised in order to virtually eliminate the gas space
(period M2), while the O, flow rate was maintained at 0.25NL/L¢yq (Table 1). Thus, the HRT was
increased to 24d; and here it should be emphasised that the feeding rate was not changed. Under such
conditions, both the effluent and the biogas left the reactor by the same pipe, and the digestate
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overflowed from the digester 60mm below the uppermost point of the reactor (Fig. 1b).
Consequently, sludge was deposited all over the cylindrical piece of the HS due to splashes, which
made it impossible to see what happened in that area thereafter. For this reason, the HS was
estimated to be 0.3L at most. In order to keep the reactor under pressure, a liquid column was always
maintained in the effluent collection tank.

On day 16, the biogas composition was almost equal to that in M1, which was attributed to the
existence of sulphide-oxidising activity in the outlet pipe of the biogas and the digestate due to the
relatively large amount of S° accumulated therein over the last day (Fig. 1b). This compound was
attached at both shores of the digestate stream, in addition to some S° in the digestate inside the
effluent collection tank. However, it was not observed when the reactor’s content was sampled,
which suggested that it formed in the pipe and was dragged by the effluent stream; in fact, it is
possible that some H,S could be converted into S° inside the effluent tank. Therefore, in order to
obtain a sample which was as representative as possible of the biogas leaving the HS of the digester,
the outlet pipe was cleaned at pressure in order to remove the biomass attached until then, and once
the air was displaced from the pipe (around 20min after cleaning), the biogas was sampled again. As
a result, the H,S and O, content of the biogas both increased significantly in relation to M1 (Fig. 2);
they were 0.21 and 2.22%v/v, respectively. The large increase in the O, concentration suggested that
the H,S was oxidised mainly to SO,* during the preceding period.

The sampling procedure described above was applied daily until the 53 day. H,S concentrations of
up to 0.10%v/v were recorded in M2 (Fig. 2). However, it was proven that the more time that elapsed
since the outlet pipe was cleaned, the lower the concentration of H,S. The highly favourable
growing conditions for SOB in the outlet pipe were considered to be the key factor for the rapidity of
the sulphide oxidation; it must be considered that fresh digested sludge flowed continuously therein
(Fig. 1b). Although the habitat for SOB in the 0.3L-HS was also highly favourable, presumably
negligible amounts of H,S were removed there; S° was not observed in the outlet valve of the biogas
and digestate when the pipe was removed for cleaning. In fact, if this compound had formed in the
0.3L-HS, clogging problems would probably have arisen. Besides, the biogas residence time (BRT)
in the HS was even lower than in the pipe, whose volume was approximately 0.7L.

Considering the OLR (Table 1), the BRT in the outlet pipe during M2 was estimated to be at most
12min, which could certainly limit the transfer of O,, thereby preventing H,S conversion into SO,*
and promoting S° formation. The large amounts of this compound deposited from day to day thus
indicated that S° was indeed the only by-product of the sulphide-oxidising activity. By contrast, the
BRT maintained in M1 (approximately 6h) could certainly suffice to provide the different surfaces of
the HS with the O, required for further oxidation of H,S.

The correlation between the profile of the H,S and the O, concentration in biogas in M2 was high; in
general, the higher the O, concentration, the lower the biogas sulphide content, which suggested
higher consumption of O, due to biogas desulphurisation (Fig. 2). Furthermore, both profiles varied
widely, and this was attributed to fluctuations in biogas production and H,S concentration; these
variables determined both transfer and demand of O,, respectively. Specifically, the higher the biogas
flow rate was, the shorter the BRT, and the higher the turbulence in the digester. Moreover, the lower
the H,S flow rate, the lower the demand of O,, and the higher the efficiency of biogas
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desulphurisation. As in Al, although the content of S-containing anions (SO4* and S,03%) of the
feeding was negligible, the H,S concentration could oscillate during M2. Moreover, since the OLR
increased up to 1.2kgyvs/m*/d from approximately the 25 day, presumably the biogas production
increased significantly; the OLR remained stable around 0.8kgyvs/m*/d until that day (Table 1).

As noted, S° was not observed in the samples retrieved directly from the reactor. Additionally, neither
SO,4% nor S,03% were detected in significant amounts. Therefore, and considering the above
observations, it was concluded that the O, utilised in H,S oxidation during M1 left the HS unused
with the H,S-laden biogas during M2 due to the gas space being insufficient for biogas
desulphurisation. Next, the pipe functioned as an external HS, a concept that has indeed already been
exploited (Ramos et al., 2013). H,S probably dissolved all over the outlet pipe; besides sludge,
presumably water was deposited through the condensation of moisture contained in the biogas.
However, as noted, it was oxidised on the areas surrounding the effluent stream, namely, on both the
sludge remaining attached in the pipe, and the wet areas due to condensation which were
occasionally reached by sludge droplets. This was related to the higher availability of both water and
nutrients for SOB, and also the presence of catalysts (metal ions), which could in turn promote the
abiotic H,S oxidation (Kleinjan, 2005).

3.1.4. Period M3

The liquid level was lowered on the 36™ day in order to increase the HS volume to 25.0L again
(period M3). Importantly, the configuration of the reactor was not modified in order to sample biogas
under identical conditions and by using the same procedure (Fig. 1c). Although the O, flow rate was
maintained at 0.25NL/Lfq, the biogas was entirely desulphurised, and the biogas O, content
decreased to around 0.56%v/v (Fig. 2), which was consistent with the previous results; it suggested
that SO,% was the main by-product of the H,S oxidation during M3. In contrast to M2, S° was not
deposited in the outlet pipe. Nevertheless, this compound was not observed in the samples taken
from the reactor, which either had significant concentrations of SO4> or S,035%".

Although presumably the biogas production in M3 was significantly higher than in the preceding
periods due to the larger OLR, which could certainly result in a higher H,S flow rate to remove, the
O, supply was still sufficient to achieve H,S-free biogas (Table 1). An increased H,S production
could indeed justify the lower O, concentration maintained in M3, in comparison with the last days
of M1 (days 14 and 15), when the digester operated at the same micro-oxygenation level (Fig. 2).
Nonetheless, the presumably larger biogas production could improve the O, transfer to the liquid
phase, which could also explain the lower biogas O, content.

As in M1, the O, flow rate was raised further from the 38" day (Just before raising the liquid level)
in order to ensure H,S-free biogas thenceforth; the micro-oxygenation level was set at 0.30NL/L teg.
The biogas sulphide content remained at 0, and a slight increase in the O, concentration was
detected; however, considering that the OLR rose from approximately 1.3 to 1.5kgys/m*/d during
M3, and the results obtained in M1 (see above), at least a part of the additional O, injected into the
bioreactor could be consumed therein. The larger amount of O, available in the liquid phase was
expected to encourage biogas desulphurisation there. As noted, although a considerable percentage of
the O, supplied was consumed in the liquid phase until then, it did not seem to be utilised in this
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process; it must be considered that many facultative microorganisms grow in the sludge along with
SOB.

3.1.5. Period M4

On the 39™ day, the HS was virtually eliminated by raising the liquid level in the digester again
(period M4). The biogas composition was determined just before and immediately after that; its
content of both H,S and O, rose, from 0 and 0.63%v/v to 0.14 and 1.74%v/v, respectively (Fig. 2).
Moreover, S° was seen once again to accumulate in the outlet pipe of the biogas and the digestate
(Fig. 1b). In fact, the average H,S and O, concentration in biogas during M4 were 0.13 and
1.41%v/v, respectively. In the meantime, as in M2, increasing amounts of S° were deposited from
day to day, and this compound was not observed either in the HS, when the pipe was removed for
cleaning, or in the sludge retrieved from the reactor. Furthermore, the SO, and S,03*
concentrations in the digester were both negligible. Assuming that the amount of H,S produced in
A2 was similar to that produced in M4, at least from the 44™ day, when the OLR remained almost
constant, it was estimated that around 121mg of S° accumulated daily in the pipe (Table 1). At this
point, it is worth mentioning that the significant decrease in the H,S concentration in biogas
occurring on the 44™ day was related to a change in the OLR, which specifically dropped from 1.4 to
0.8kgvs/m*/d (Table 1). Therefore, O, transfer to the liquid phase was proved unnecessary in order to
desulphurise biogas due to the fact that the process did not take place there, but in the gas space.

3.1.6. Period A2

In A2, the digester operated with 25.0L of HS, and under anaerobic conditions and approximately
0.8kgvs/m*/d of OLR (Table 1). The biogas sulphide content was approximately 0.24%v/v (Fig. 2).

3.2. Principles of biogas desulphurisation

The O, supplied from the bottom of the reactor dissolved only partially in the liquid phase due to O,
transfer limitations. Although the resulting O, availability was sufficient for H,S oxidation, the
habitat was more favourable for other microorganisms instead of SOB, such as perhaps facultative
acidogens, for whom O, has been reported to increase the yields (Botheju and Bakke, 2011). Hence,
the unidentified oxidising microorganisms consumed all the dissolved O, more rapidly than SOB
due to their higher activity levels. Additionally, assuming that biogas was also desulphurised by
chemical mechanisms, the reaction rates of the abiotic H,S oxidation should be also lower than the
yields of those facultative microorganisms.

Next, the H,S-laden biogas reached the HS along with the O, not dissolved in the liquid phase. The
gas space (the lower part of the walls, mostly) was covered with sludge due to splashes and even
occasional momentary rises in the liquid level. The upper area (that is, the conical ceiling) could also
contain some moisture from the condensation of water contained in the biogas, due to it being not
surrounded with electric resistor. As a result, H,S and O, both dissolved on different surfaces of the
HS, thereby enabling SOB to develop. Since that environment was more stringent than that existing
in the liquid phase due to much more limited availability of nutrients and organic substrates, the
activity rates of other O,-utilising microorganisms, such as acidogenic bacteria, was limited. Some
SOB seem to have relatively low nutrients requirements indeed (Ramos et al., 2013). As a result,
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H,S was oxidised, preferentially on the area nearest the sludge due to the higher accessibility of
water and nutrients in this area, and maybe also the increased availability of the catalyst for chemical
oxidation. Finally, the biogas laden with the O, unused in either the H,S oxidation or in other
oxidative processes, left the reactor.

4. Conclusions

A 266L-reactor was operated with and virtually without HS in order to investigate where the process
of biogas desulphurisation predominantly took place when O, was injected into the liquid phase.
H,S was entirely removed from the biogas when the digester had 25.0L of HS. However, at equal O,
supplies, and with almost no HS, the H,S concentration approached anaerobic values, and the biogas
O, content doubled. Moreover, the H,S removed under such conditions was not oxidised inside the
reactor due to insufficient HS, but was deposited in the form of S® in the outlet pipe of the biogas.
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Microaerobic digestion of sewage sludge on an
industrial-pilot scale: the efficiency of biogas
desulphurisation under different configurations and
the impact of O, on the microbial communities
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Microaerobic digestion of sewage sludge on an industrial-pilot scale: the
efficiency of biogas desulphurisation under different configurations and the
impact of O, on the microbial communities

Abstract

Biogas produced in an industrial-pilot scale sewage sludge reactor (5m°) was desulphurised by
imposing microaerobic conditions. The H,S removal efficiency was evaluated under various
configurations: different mixing methods and O, injection points. Biogas was entirely desulphurised
under all the configurations set, while the O, demand of the digester decreased over time. Although
the H,S removal seemed to occur in the headspace, S° (which was found to be the main oxidation
product) was scarcely deposited there. O, did not have a significant impact on the digestion
performance; the VS removal remained around 47%. Conversely, DGGE revealed that the higher O,
transfer rate to the sludge maintained by biogas recirculation increased the microbial richness and
evenness, and caused an important shift in the structure of the bacterial and the archaeal communities
in the long term. AIll the archaeal genera identified (Methanosaeta, Methanospirillum and
Methanoculleus) were present under both anaerobic and microaerobic conditions.
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1. Introduction

Anaerobic digestion (AD) is one of the oldest and most widely used processes for wastewater sludge
stabilisation. It successfully reduces the quantity of solids, destroys pathogenic organisms, minimises
odour problems, and produces an agricultural fertiliser, the digestate, and a renewable and versatile
energy source, the biogas (Ward et al., 2008). Thus, AD optimises the costs of wastewater treatment
plants (WWTPs) (Appels et al., 2008).

The biogas produced during AD is commonly used for heat and electricity production (Rasi et al.,
2007) in relatively small and easy-to-manage industrial units (Antoni et al., 2007). A well-operated
anaerobic reactor produces more energy (in the form of biogas) than that required on site, and the
excess is usually sold to a local utility for domestic use (Turovskiy and Mathai, 2006). Alternatively,
it can be fed to the gas grid, or used as a fuel in combustion engines, cars, or fuel cells (Appels et al.,
2008)

Biogas from sewage digesters usually contains around 55-65% of CH4, 35-45% of CO,, and 1% of
N>. Nevertheless, it typically also presents traces of H,S and other S-containing compounds (Rasi et
al., 2007). Besides its bad smell, H,S is highly non-desirable in energy-recovery processes because it
converts into SO, and H,SO4, which are highly corrosive, unhealthy and environmentally hazardous
compounds (Abatzoglou and Boivin, 2009). Besides, H,S itself is reactive with most metals (Appels
et al. 2008); it attacks iron, copper, cement, etc (Noyola et al., 2006). As a result, the biogas quality
in the different technologies for energy recovery is assessed as H,S content.

The biogas generated during AD of sewage sludge can present H,S concentrations above the
technical limits recommended by the facility manufacturers; it can contain up to 10,000ppmv.
Nonetheless, the usual H,S concentration in the biogas produced in WWTPs is about 1,000ppmv.
Therefore, with traditional boilers and internal combustion engines, in most cases the biogas can be
used without any treatment, since the recommendations are that hydrogen sulphide content should
not be more than 1,000 ppmv. Conversely, when the biogas is not used on site, the exhaustiveness
required in the desulphurisation is much higher. The strictest limits of H,S are set for fuel cells,
where its concentration in the biogas must not exceed 0.1ppmv (Rasi et al., 2011).

The removal of H,S from biogas can be carried out by biological and physico-chemical treatments.
Besides being ecologically cleaner, the biological desulphurisation techniques (the most notable of
which are biofilters, biotrickling filters and bioscrubbers) are inexpensive in terms of capital outlay
and operating costs (Burgess et al., 2001). Nevertheless, physico-chemical processes are the most
common methods for biogas desulphurisation. Among them, the dosing of iron chloride to the
digester is one of the most widespread solutions (Persson and Wellinger, 2006), especially for
sewage sludge digesters, where H,S concentrations of below 150ppmv can be achieved (Deublein
and Steinhauser, 2008). However, it implies high costs due to large chemical consumption and iron
sludge production (Abatzoglou and Boivin, 2009). The rest of the popular physico-chemical methods
are applied in the gas stream and in the upgrading process, such as adsorption on activated carbon
(Krischan et al., 2012) and water scrubbing (Appels et al., 2008), respectively.
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As an alternative to internally and inexpensively desulphurise biogas, air/O; can be injected into the
anaerobic reactor; thus, there is no hazardous reagent usage and chemical sludge production and H,S
levels of less than 50ppmv can be achieved (Diaz et al., 2010b). The basis of this method lies in the
presence of sulphide-oxidising bacteria (SOB) in the feedstock (Weiland, 2010), which convert
dissolved sulphide into S° and SO,* (van der Zee et al., 2007). The ratio of SO4*/Syroduced depends
on the dissolved O, concentration; limited O, availability and high sulphide loads favour S°
production (Fortuny et al., 2008). Moreover, under such conditions, SOB can effectively compete
with the chemical sulphide oxidation (Robertson and Kuenen, 2006). In comparison to the other
biological processes, microaeration/microoxygenation of “anaerobic” digesters has a smaller
footprint, and entails lower capital outlay and only a minor modification of the process flowchart.

The feasibility of sulphide oxidation during digestion under microaerobic conditions has been widely
demonstrated; the process successfully competes for O, with other oxidative processes, and is faster
than re-reduction of the oxidised sulphur species (van der Zee et al., 2007). Moreover, the presence
of O, has been proved not to have a negative effect on either the organic matter removal, the biogas
or the methane productivity (Fdz-Polanco et al., 2009; Diaz et al., 2010a; Diaz et al., 2010b). In fact,
the full-scale experiments carried out by Jenicek et al. (2008, 2010) revealed that, besides efficiently
desulphurising biogas, an intimate contact between the O, and the liquid phase can improve organic
matter degradation, digestate quality and productivity of both biogas and CH, during municipal
sludge digestion. This can arise from higher hydrolysis rates (Botheju et al., 2010; Lim and Wang,
2013), alleviation of sulphide toxicity (Jenicek et al., 2010; Zhou et al., 2007), and shifts in microbial
activity and populations (Jenicek et al., 2011; Rodriguez et al., 2012; Tang et al., 2004; Zhou et al.,
2007). Specifically, Zhou et al. (2007) observed that the rod-shaped methanogens almost disappeared
and were replaced by cocci-shaped ones after imposing microaerobic conditions. Tang et al. (2004)
reported a dramatic increase in the population size of Methanoculleus due to microaeration. In the
meantime, they found a significant decrease in the population of Methanosarcina, which suggested
that Methanoculleus sp. out-competed Methanosarcina sp. due to a higher tolerance for O,.

The most profitable oxidative reactant for imposing microaerobic conditions during digestion is O,
since air implies further biogas dilution (Diaz et al., 2010a; Jenicek et al. 2010). On the other hand,
Diaz et al. (2010b) demonstrated that the most economical configuration for desulphurising biogas
during the pilot-scale digestion of sewage sludge consisted of O, supply to the headspace and liquid
recirculation, which is consistent with the fact that the H,S removal takes place in the gas space of
the reactor (Ramos et al., 2012). However, further research is required in order to corroborate these
findings on a larger scale. Hence, the main aims of this research were:

- to investigate the efficiency of the process of biogas desulphurisation in an industrial-pilot
scale digester under different configurations (mixing method and concentrated O, dosing
point)

- to study the impact of micro-oxygenation on the microbial communities
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2. Materials and methods
2.1. Industrial-pilot scale reactor

The research was carried out in a continuous stirred tank reactor with 5m*® (7m* of total volume)
located at the WWTP of Villalonquejar (Burgos, Spain). Temperature (35°C) was maintained by a
water heat exchanger and monitored by probes (Fig. 1). Mixed sludge produced in the
aforementioned municipal WWTP was continuously pumped to the digester by a screw pump. It
presented a highly variable organic load, with a VS concentration ranging between 24.7 and 44.9g/L.
As a result, its rheology was highly changeable, which in turn led to fluctuations in the feeding flow
rate. Hydraulic retention time (HRT) was approximately 20d. The reactor’s content was recirculated
by a peristaltic pump at a rate of approximately 25m*/d. Depending on the operational period, a
compressor provided 21m*d of biogas recirculation (Fig. 1). Microaerobic conditions were
implemented from the period P2 to P8 using an O, concentrator (Table 1), which achieved a purity
of 92-98%. O, was introduced intermittently (approximately every 10min). Fig. 1 shows the O,
dosing point in each operational period.

BIOGAS RECIRCULATION (P3-P6)

0, (P4, P6) @ ® ® BIOGAS

DIGESTATE ‘
A

0, (P2, P3, P8)

SLUDGE
RECIRCULATION (P1-P8)

®

Q D <:>SEWAGE SLUDGE

Fig. 1. Digester diagram. Operational periods (P1-P8) are indicated in brackets.
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Table 1. Sequence of variations applied to the digester.

Period Conditions  Recirculation O, dosing point 0, flow rate (L/m*/d)
P1 Anaerobic Sludge - -

P2 Microaerobic Sludge Headspace 12-34 (increasing)
P3 Microaerobic Sludge and biogas Headspace 34-14 (decreasing)

P4 Microaerobic Sludge and biogas Biogas recirculation 14
P5 Anaerobic Sludge and biogas - -

P6 Microaerobic Sludge and biogas Biogas recirculation 14
P7 Microaerobic Sludge Liquid phase 14-5 (decreasing)
P8 Microaerobic Sludge Headspace 5

Pressure was monitored by a sensor. Biogas production was quantified by a thermal mass flow
meter, and its composition was determined by gas chromatography (GC) (CP-4900 Micro-GC)
according to Diaz et al. (2010b) from the beginning of the study to the 87" day. From the 117" day,
it was measured by a gas analyser (GA-3000) whose precision in determining CHy4, O, and H,S was
+3%v/v, £1%v/v, and £5% of the result or 500ppm (the largest value), respectively. SCADA
software was used for monitoring; data (pressure, temperature, biogas production and recirculation
rate) were displayed and stored in real-time in a computer.

2.2. Experimental procedure

The reactor was inoculated with sludge from a full-scale anaerobic reactor located at the
aforementioned WWTP. It was started-up under anaerobic conditions, using sludge recirculation as
the mixing method. HRT was set at about 24d until the 50" day; thereafter, it was around 20d. At day
135 (day 0 in Fig. 2), it was considered that a stationary state had been achieved.

The study was divided into eight operational periods (Table 1): two anaerobic (P1 and P5) and six
microaerobic (P2, P3, P4, P6, P7 and P8). In P1, P2, P7 and P8, the reactor’s content was mixed by
sludge recirculation (Fig. 1). In the rest of the experimental periods, the digester operated with both
biogas and sludge recirculation.

In P2, O, was supplied to the gas space, just above the liquid interface, where the H,S removal from
biogas reportedly occurs (Abatzoglou and Boivin, 2009; Weiland, 2010), and the flow rate was
gradually raised from approximately 12 to 34L/m*d. During P3, the micro-oxygenation level was
gradually lowered to 14L/m%d. In P4, the O, dosing point was changed:; it was injected into the
biogas recirculation at a constant flow rate (14L/m*/d). Micro-oxygenation was interrupted in order
to evaluate the H,S production during P5. In P6, the configuration and the O, flow rate set in P4
were restored. During P7, the biogas recirculation was stopped, and O, was injected into the liquid
phase, just above the midpoint of the digester. As shown in Table 1, the O, flow rate was gradually
lowered from 14 to 5L/m%d. In the last experimental period (P8), the configuration applied during
P2 was restored, while the micro-oxygenation level remained constant (5L/m*/d).
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2.3. Chemical analysis

The feed and the digested sludge were analysed in terms of total and soluble chemical oxygen
demand (TCOD and SCOD), total and volatile solids (TS and VS), carbon (C) and sulphur (S), total
kjeldahl nitrogen (TKN), N-NH,*, NO,™ , NO3", PO,%, sulphide, SO, and S,05%. Specifically,
NO, , NO3", PO,> were analysed by UV-visible spectroscopy (APHA, 1998), SO,* and S,05%
concentrations were determined by ion chromatography (APHA, 1998) and high-performance liquid
chromatography (van der Zee et al., 2007), respectively. Dissolved sulphide was analysed by
potentiometric titration (APHA, 1998), and elemental analysis (C and S) were carried out by IR
spectroscopy (LECO CS-225). The pH of the reactor was monitored by a pH-meter with a
temperature probe.

2.4. Microbial analysis

In order to evaluate how the presence of O, affected the microbial community, four biomass samples
(S1, S2, S3 and S4) were collected and stored immediately at -20°C. Samples S1, S2, S3 and S4 were
taken in P1 (18" day), P2 (67" day), P3 (109" day) and P4 (165" day), respectively.

The V6-V8 and the VV2-V3 regions of the bacterial and the archaeal 16S rRNA genes were amplified
by polymerase chain reaction (PCR) using the universal bacterial primers 968-F-GC and 1401-R, and
A 109(T)-F and 515-GC-R (Sigma- Aldrich, St. Louis, MO, USA), respectively (Rodriguez et al.,
2012). The PCR mixture contained 1L of each primer (10 ng pL-1 each primer), 25uL of BIOMIX
ready-to-use 2x reaction mix (Bioline, Ecogen), PCR reaction buffer and deoxynucleotide
triphosphates, 2uL of the extracted DNA, and Milli-Q water up to a final volume of 50 puL. PCR was
performed in a iCycler Thermal Cycler (Bio Rad Laboratories, Inc.) applying the thermo-cycling
program described by Rodriguez et al. (2012). DGGE analysis of the bacterial and archaeal
amplicons were performed according to Rodriguez et al. (2012). DGGE profiles were compared
using the GelCompar IITM software (Applied Maths BVBA, Sint-Martens-Latem, Belgium). The
Shannon-Wiener diversity index (H) of every sample and the pair-wise similarity coefficient were
both calculated according to Lebrero et al. (2013). Similarity dendrograms were constructed by using
UPGMA clustering with error resampling (500 resampling experiments).

Individual bands were excised from the archaeal DGGE gel. Both DNA extraction and purification
of PCR products were carried out according to Rodriguez et al. (2012). The taxonomic position of
the sequences was obtained using the RDP classifier tool (80% confidence level) (Wang et al., 2007).
Moreover, the sequences were compared with those included in GenBank by the BLAST search tool
at the National Centre for Biotechnology Information (NCBI) website (McGinnis and Madden,
2004). Along with BLAST, DECIPHER was used as the chimera checking tool (Wright et al., 2012).
Finally, the sequences were deposited in GenBank under accession numbers KJ402278-KJ402293.
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3. Results and discussion
3.1. Biogas quality
3.1.1. H,S and O,

The average sulphide content of the biogas produced in P1 (under anaerobic conditions) was
0.49%uv/v (Table 2). Microaerobic conditions were applied on the 29" day (period P2) by injecting
around 12L.O,/m*/d into the gas space, just above the liquid interface (by a single point) (Table 1).
Under such a configuration, presumably the O, transfer rate to the sludge was significantly limited.
Moreover, it is possible that O, could only be transferred to a limited area in the headspace (around
the injection point). Within 24h, the H,S concentration decreased to 0.35%v/v (Fig. 2a). It indeed
remained at around that value until the 54™ day, despite the gradual increase in the O, supply.
Thereafter, at micro-oxygenation levels above 29L/m*/d, the biogas sulphide content remained below
0.10%v/v. Specifically, from the 70" to the 74™ day (at approximately 34LO,/m%d), the average
H,S and O, concentration in biogas was 0.02 and 4.3%v/v, respectively. It is worth noting that at
even the highest micro-oxygenation level, the biogas N, content did not exceed 0.1%v/v.

Table 2. Biogas quality.

Period O; (%v/v) H,S (%v/v) CH4 (%v/iv) CH4/CO,

P1 0.0 0.49 63.5 1.8
P2 1.7 0.21 62.4 1.8
P3 0.9 0.01 62.0 1.7
P4 0.1 0.02 59.1 1.5
PS 0.0 0.25 58.8 1.5
P6 0.1 0.01 59.4 1.5
P7 0.0 0.00 60.1 1.5
P8 0.0 0.00 59.2 1.4

On the 74" day (period P3), the biogas recirculation was started, while the O, supply was maintained
at approximately 34L/m*/d (Table 1). As expected, the biogas O, content dropped significantly (to
approximately 1.2%v/v), which was attributed to improved O, transfer due to higher contact between
the gas and the liquid phase. The H,S concentration in biogas also decreased, and stabilised at
around zero. Hence, from the 77" to the 87" day, the O, flow rate was gradually reduced from
approximately 31 to 19LO,/m*d. This hardly affected the H,S and the O, concentration in the
biogas. Regarding the O, content in the biogas, it presumably remained constant due to lesser O,
consumption in unidentified processes, which could in turn result from the lower gradient of O, in
the liquid phase.
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Fig. 2. Concentration of H,S (A) and O, (o) (a), and CH4 (¢) and CO, (m) (b). Anaerobic periods
are represented in white.

In contrast to Diaz et al. (2010b), who reported a decrease in dissolved sulphide in the digester from
approximately 130mg/L to less than 40mg/L due to the implementation of biogas recirculation, the
digestate sulphide content in P3 did not decrease significantly in relation to the previous operational
periods. The feeding sulphide content was around 26mg/L during the whole study, while the sulphide
concentration in the effluent in P1, P2 and P3 was 58, 63 and 50mg/L, respectively.

During P4, the O, was introduced in the biogas recirculation instead of in the gas space (Table 1). As
expected, the H,S and the O, concentration in the biogas remained almost constant (around zero).
Regarding the O, concentration, it must be noted that the difference between the first and the last 12
days of P3 was due to the change in the measuring device (Fig. 2a).

In P5, the micro-oxygenation was stopped in order to evaluate the H,S concentration under
anaerobic conditions (Table 1). The biogas sulphide content remained around 0.25%v/v (Table 2).
The considerable decrease in the H,S concentration in relation to P1 was related to the sludge
variability. At this point, it must be noted that, besides a variable organic load, the feeding presented
a highly variable concentration of S. Specifically, the C and S content of the sewage sludge was in
the range of 29-37 and 0.5-2.0%w/w, respectively.

When microaerobic conditions were restored with the same configuration as in P4 (period P6), the
sulphide content of the biogas dropped to an average of 0.01%v/v, while the surplus of O, hardly
rose (Fig. 2a). It must be mentioned that the peaks of H,S concentration detected on the 223" and
224" day could result from the increase in the biogas production recorded during those days. Once
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the biogas recirculation was stopped (period P7), the H,S concentration decreased negligibly.
Regarding the biogas O, content, it hardly changed, which could be related to the precision of the
gas analyser; it was expected to rise due to lower O, transfer to the sludge. In fact, from the 235"
day, although the O, supply was gradually lowered, the biogas composition remained almost
constant in terms of both O, surplus and H,S concentration. From the 250" day until the end of the
study, the O, flow rate was maintained at around 5L/m*/d.

In P8, the H,S and O, concentrations in the biogas were almost equal to those in P7 (Table 2), which
highlighted that the success of the biogas desulphurisation was independent of the O, transfer rate to
the liquid phase. At this point, it should be mentioned that the objective of the configuration applied
in P7 was to maintain a successful O, transfer to the all the surfaces of the headspace. As a result, it
was concluded that the biogas desulphurisation took place predominantly in the gas space.

Despite applying the same configuration, the molar ratio of O, supplied to H,S produced which was
required to achieve similar H,S concentrations in the biogas in P2 was almost four times higher than
in P8 (8 against 2v/v, respectively) (Table 1). Maybe the population size of SOB in the area of the
headspace with sufficient O, availability during P2 (that around the O, injection point) did not
suffice to achieve efficient biogas desulphurisation. Presumably the SOB population in the gas space
increased over time due to the accessibility of both H,S and O,.

3.1.2. CH4

The average CH, content of the biogas produced in P1 was 63.5%v/v (Table 2). During P2, while the
surplus of O, in the biogas increased, the CH,4 concentration declined gradually; it was specifically
62.4%v/v on average (Fig. 2b). It should be noted that this oscillated between 61.7 and 60.9%v/v
from the 87" day. Subsequently, in P3, due to the implementation of biogas recirculation and the
consequently higher O, consumption in the reactor, the biogas CH, content rose, remaining around
62.7%v/v until the 67" day. Consequently, the decrease in the CH, concentration observed in P2 was
attributed to dilution rather than aerobic oxidation of methanogenic substrate. In fact, the ratio of
CH,4 to CO;, was 1.8 in both P1 and P2 (Table 2). In P3, before the change in the measuring device
of biogas composition, this variable was negligibly lower (1.7), which indicated that the additional
0O, was scarcely employed to oxidise soluble organic matter by aerobic respiration; this finding was
confirmed in the following operational periods. Nonetheless, it must be considered that slight
changes in the biogas composition could arise from the variability of the feeding composition.

In P3, after the 117" day, due to the replacement of the measuring device, the CH, and O,
concentrations were significantly lower, and the CH4/CO;, ratio remained around 1.5 (Fig. 2b). The
average biogas CH4 content in P3 from the aforementioned day was specifically 60.0%v/v. In the
rest of the operational periods, including P4, P5 (anaerobic), P6, P7 and P8, it was 59.1, 58.8, 59.4,
60.1 and 59.2%v/v (respectively) (Table 2). Regarding the CH4/CO, ratio, it varied negligibly,
which along with the biogas production (Table 3) suggested that O, did not cause a significant
impact on the reactor productivity, independently of its availability.
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3.2. Digestion performance

Due to the continuous changes in the organic loading rate to the reactor arising from the variability of
the feeding composition, the digestion performance (organic matter removal and biogas productivity)
could not be estimated with the necessary precision in order to identify significant differences
between the various operational periods, specifically, between P1, P2, P3 and P4, that is, the periods
with a sufficiently long duration. With regard to this, it must be considered that the reactor was
started-up and operated under the configuration set in P1 for 135 days.

Table 3. Biogas production, digestate quality and VS removal.
PL P2 P3 P4 P5 P6 P7 P8

Biogas production (m*m®d) 0.86 0.92 0.94 097 1.01 1.05 1.08 1.05

TS (g/L) 316 319 328 328 311 295 298 30.0
VS (g/L) 170 17.4 181 178 17.0 173 17.4 176
VS removal (%) 45 46 44 46 48 4T 49 47

The VS removal in P1, which was considered the baseline period, was 45% on average and, during
P2, P3 and P4, this variable fluctuated around that value (Table 3). Likewise, neither the digestate
quality deteriorated significantly nor the biogas production or its CH,4 content decreased substantially
during the different stages in relation to P1. Similarity to the CH,4 concentration in the biogas, the TS
and VS content of the digestate and the biogas production both fluctuated within a narrow range all
through the research (31.6-32.8g/L, 17.0-18.1g/L, and 0.86-1.08m*m®/d, respectively). Moreover,
these variables rose concurrently, which was consistent with the increasing VS content of the feeding
(data not shown). These results are in turn consistent with those reported in literature, since even on
an industrial scale, it has been broadly demonstrated that the presence of limited amounts of O, in
digesters does not negatively affect digestion performance (Jenicek et al., 2008, 2010).

3.3. Sulphide oxidation products

According to the SO4* and S,03% analysis, H,S was mostly oxidised to S°. S,05* was detected in
negligible amounts in both the sewage and the digested sludge. The average SO4* concentration in
the feeding from P1 to P4 was between 141 (P4) to 238mg/L (P1), while the effluent SO,* content
remained between 24 (P1) and 29mg/L (P2). According to the H,S production and the operational
conditions, the expected increase in the digestate S content during the microaerobic periods in
relation to P1 was also negligible. Moreover, even if it had been significant, it would hardly have
been detectable due to the aforementioned variable S concentration in the feeding. Nevertheless, it is
worth noting that the effluent S and C content of the digested sludge oscillated continuously between
0.7 and 2.0%w/w, and between 22 and 28%w/w, respectively.

After approximately 415 days of operation (240 days under microaerobic conditions), the ceiling of
the reactor was removed. A relatively thick deposit with 19%w/w of C and 58%w/w of S was
observed at the area of the walls surrounding the liquid phase. Presumably it formed due to the
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slight, unavoidable fluctuations in the liquid level and even sludge splashes. The rest of the
headspace was covered with a really thin, dry layer with 6 and 86%wi/w of C and S, respectively. The
high degree of dryness observed in most of the surfaces of the gas space after the operation shutdown
suggested that moisture availability could limit the growth of SOB in the headspace. This could be
the cause of the low desulphurisation performance and relatively high O, demand maintained at the
early stage of the microaerobic operation (Fig. 2a).

Considering that the biogas desulphurisation appeared to occur predominantly in the headspace (see
3.1.1), and, as noted above, H,S was mostly converted into S°, larger amounts of this compound
were expect to be found all over the headspace. Presumably the S° formed there fell into the sludge,
thereby leaving the reactor with the effluent. Since the main factor affecting the profitability of the
implementation of microaerobic conditions in full-scale reactors is the required periodicity for
cleaning the headspace (Diaz, 2011), this observation could be of utmost importance.

3.4. Microbial communities
3.4.1. Biodiversity

In order to evaluate the richness and evenness of species (diversity) in the reactor in P1 (sample S1),
P2 (sample S2), P3 (sample S3), and P4 (sample S4) the Shannon-Wiener index (H) was calculated
from both DGGE gels (Fig. 3a and b). This index typically ranges from 1.5 to 3.5 (McDonald, 2003).
All the samples showed a moderate archaeal diversity, with H ranging from 2.4 to 2.8 (Fig. 3a). The
diversity indices calculated from the bacterial DGGE gel were in the range of 2.6 to 3.1, which
highlighted a moderately high bacterial richness and evenness (Fig. 3b).

The archaeal diversity of the sample S3 (2.4) was negligibly lower than that of S2 and S1 (2.5), while
S4 presented the highest H (2.8) (Fig. 3a). On the other hand, S1 and S4 exhibited the lowest and the
highest bacterial diversity (2.6 and 3.1, respectively), while S2 and S3 presented the same H (2.9)
(Fig. 3b). Therefore, the O, availability in the sludge maintained during P2 sufficed to cause a
significant increase in the bacterial diversity. Likewise, the archaeal and the bacterial richness and
evenness both rose in P4. This indicated that the increase in the O, transfer rate to the liquid phase
arising from the implementation of biogas recirculation in P3 positively affected the microbial
diversity in the long term (in period P4).
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a b.
Sample S1 S2 S3 S4 S1 S2 S3 S4

H 25 25 24 2.8 2.6 29 29 31

Fig. 3. Archaeal (a) and bacterial (b) DGGE profiles of the 16S rRNA amplicons of the samples S1-
S4 with their respective diversity indices.

3.4.2. Similarity

The pair-wise similarity indices indicated a moderate-high correspondence between the microbial
communities growing in the sludge at the different periods of the study (Fig. 4). The similarity
coefficients between the archaeal communities fluctuated between 60 and 91% (Fig. 4a). Sample S1
and S2 presented the highest similarity, which suggested that the archaeal communities were only
slightly affected by the injection of O, into the headspace. This was consistent with the presumably
low O, transfer to the sludge maintained during P2. Likewise, a high similarity was also found
between sample S3 and S4 (87%). By contrast, the similarity indices between the rest of the sample
pairs were lower than 70%. Therefore, the implementation of biogas recirculation in P3 and the
resulting increase in the O, transfer rate to the sludge caused a significant impact on the structure of
the archaeal communities.
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Fig 4. Archaeal (a) and bacterial (b) similarity dendrogram (UPGMA clustering) and matrix with
error resampling (500 resampling experiments).

The similarity coefficients between the bacterial communities fluctuated from 41 to 93% (Fig. 4b).
The highest similarities were found between S1 and S2 (93%), S1 and S3 (91%), and S2 and S3
(90%). Conversely, S4 presented a similarity of between 41 and 53% with the rest of the samples.
Hence, as in the archaeal communities, the bacterial communities were only slightly affected when
O, was injected into the gas space. The increase in the O, transfer rate to the liquid phase during P3
also had a limited impact on them; however, in the long term (P4), it caused a significant change in
the structure of the bacterial communities.

3.4.2. Archaeal DGGE dynamics

From the archaeal DGGE gel (Fig. 3a), sixteen bands were sequenced (Table 4). According to the
RDP classifier (confidence threshold of at least 80%), all of them belonged to the Euryarchaeota
phyla. Band 1 and 2 remained unclassified, and the rest were all ascribed to one class,
Methanomicrobia, and two orders, Methanosarcinales (band 3-9) and Methanomicrobiales (band 10-
16). According to the BLAST search tool, band 1 and 2 could belong to the Methanosarcinales order.
The rest of the results obtained from this database were consistent with those given by the RDP
classifier.
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Table 4: RDP classification of the archaeal DGGE bands sequenced with at least 80% of confidence level, and corresponding closest relatives in
Genbank obtained by the BLAST search tool with their similarity percentages, and environments from which they were retrieved.
Intensity < 35 = %, 35 < intensity > 80 = xXx, intensity > 80 = xxx,

Taxonomic placement Closest relatives Similarity i
(confidence threshold > 80%) Band st sz s34 (accession n° in Genbank) (%) Source of origin
Phylum Euryarchaeota 1 X X X x  Uncultured archaeon (CU917025) 98 Mesophilic anaerobic digester which
(KJ402278) treats municipal wastewater sludge
Uncultured Methanosaeta sp. (KC769082) 97 Active sludge
2 X X X x  Uncultured archaeon (HM639839) 98 Activated sludge wastewater
(KJ402279) treatment plant
Uncultured Methanosarcinaceae 97 Rice rhizosphere
(AJB79026)

Class Methanomicrobia
Order Methanosarcinales
Family Methanosaetaceae

Genus Methanosaeta 3 x Uncultured archaeon (KC412610) 99 Lab-scale anaerobic digester of
(KJ402280) agricultural waste material
Uncultured Methanosaeta sp. (HQ290282) 98 Anaerobic digester fed with
distillers grains
4 XX XX X xx  Uncultured archaeon (FJ222220) 99 Biogas plant supplied with cattle
(KJ402281) liquid manure, cattle dung, maize
silage, gras silage, grains
Methanosaeta concilii (AB679168) 97 Culture collection
5 X X X x  Uncultured archaeon (EU636895) 99 Biogas plant (mesophilic CSTR)
(KJ402282) supplied with cattle liquid manure
and maize silage
Methanosaeta concilii (AB679168) 97 Culture collection
6 X XX x  xxx Uncultured archaeon (EU926764) 99 Anaerobic biogas reactor fed with
(KJ402283) core silage
Methanosaeta concilii (AB679168) 97 Culture collection
7 X XX X xx  Uncultured archaeon (KC412572) 99 Lab-scale anaerobic digester
(KJ402284)
Methanosaeta concilii (AB679168) 97 Culture collection
8 x  Uncultured archaeon (HM639803) 97 Activated sludge wastewater
(KJ402285) treatment plant
Uncultured archaeon (AJ576227) 97 Landfill leachate
9 X X x  Uncultured archaeon (KC412593) 97 Lab-scale anaerobic digester
(KJ402286)
Uncultured archaeon (EU926764) 97 Anaerobic biogas reactor fed with
core silage
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Order Methanomicrobiales
Family Methanospirillaceae
Genus Methanospirillum

Family Methanomicrobiaceae
Genus Methanoculleus

10
(KJ402287)

11
(KJ402288)

12
(KJ402289)

13

(KJ402290)

14

(KJ402291)

15
(KJ402292)

16
(KJ402293)

XX

XX

XX

XX

XXX

Uncultured euryarchaeote (AB175351)

Uncultured Methanomicrobiales
(CU917420)

Uncultured Methanomicrobiales
(CU916501)

Uncultured Methanospirillum sp.
(HQ290290)

Uncultured euryarchaeote (AB248620)

Uncultured Methanomicrobiales
(CU916636)
Uncultured euryarchaeote (AB175351)

Uncultured Methanomicrobiales
(JX023174)

xxx  xxx Uncultured euryarchaeote (AB248620)

Uncultured Methanomicrobiales
(CU915986)
xx  xxx Uncultured euryarchaeote (AB175351)

Uncultured Methanomicrobiales
(JX023211)

xx  xxx Uncultured Methanoculleus sp.
(JN052756)
Methanoculleus marisnigri (NR_074174)

99

99

99

98

99

99

99

99

99

99

99

99

99

98

1. Ramos

Mesophilic anaerobic BSA digester

Mesophilic anaerobic digester which
treats municipal wastewater sludge
Mesophilic anaerobic digester which
treats municipal wastewater sludge
Anaerobic digester fed with
distillers grains

Mesophilic anaerobic butyrate
degrading reactor

Mesophilic anaerobic digester which
treats municipal wastewater sludge
Mesophilic anaerobic BSA digester

Sludge samples of anaerobic
digesters treating sewage sludge or
mixture of sewage sludge and food
waste

Mesophilic anaerobic butyrate
degrading reactor

Mesophilic anaerobic digester which
treats municipal wastewater sludge
Mesophilic anaerobic BSA digester

Sludge samples of anaerobic
digesters treating sewage sludge or
mixture of sewage sludge and food
waste

Anaerobic digestion of animal waste

Culture collection
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Most of the sequences were close to sequences of already-known methanogenic genera retrieved
from reactors (Leclerc et al., 2004). The sequences affiliated to the Methanosarcinales order were
assigned to the Methanosaeta genus (Table 4), which contains acetotrophic methanogens capable of
utilising acetate. On the other hand, from all the DGGE bands ascribed to the Methanomicrobiales
order, six (10-15) were assigned to Methanospirillum sp., and band 16 was assigned to
Methanoculleus sp.. These two genera have been reported to consist of hydrogenotrophic
methanogens (Robertson and Kuenen, 2006).

All the genera identified were present in the four samples. Moreover, according to the bands
intensity, O, increased the evenness of all these genera (Table 4). Therefore, in contrast to Tang et al.
(2004), micro-oxygenation did not seem to cause a particular impact on any of the archaeal
populations.

4. Conclusions

Biogas produced in an industrial-pilot reactor was efficiently desulphurised independently of the
mixing method and the O, dosing point. The O, demand of the digester decreased with time. The
H,S removal seemed to occur in the headspace; however, S°, which was found to be the main
oxidation product, scarcely accumulated there. O, did not have a significant impact on digestion. In
the long term, the relatively high transfer rate of O, to the sludge maintained by the biogas
recirculation caused a significant change in the structure and a considerable increase in the richness
and evenness of the microbial communities.
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A new biotechnology for the removal of H,S from biogas was devised. The desulphurisation conditions
present in microaerobic digesters were reproduced inside an external chamber called a microaerobic des-
ulphurisation unit (MDU). A 10 L-unit was inoculated with 1 L of digested sludge in order to treat the bio-
gas produced in a pilot digester. During the 128 d of research under such conditions, the average removal
efficiency was 94%. The MDU proved to be robust against fluctuations in biogas residence time (57-
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bacteria. Approximately 60% of all the H,S oxidised was recovered from the bottom of the system in the
form of large solid S° sheets with 98% w/w of purity. Therefore, this system could become a cost-effective
alternative to the conventional biotechniques for biogas desulphurisation.

Keywords:

Biogas desulphurisation
Hydrogen sulphide
Elemental sulphur
Microaerobic

Oxygen

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

In the current energy context, the possibility of generating heat
or electricity generation from biogas are attractive reasons for the
application of anaerobic digestion to treat organic wastes (Pdschl
et al., 2010). Biogas can also be used as vehicle fuel and for chem-
icals production (Appels et al., 2008). Whatever the application, its
quality is crucial in terms of both CH4 content (which determines
its calorific value) and purity.

H,S is typically the main pollutant in biogas derived from
sludge digesters in municipal wastewater treatment plants, with
concentrations ranging from 1.0% v/v to 0.1% v/v (10,000-
1000 ppmv) (Rasi et al., 2011). It is produced by the anaerobic deg-
radation of S-containing compounds (mainly proteins) and the
reduction of anionic species (particularly SOf{) contained in the
feedstock of the digester (Stams et al., 2003). H,S has a great

* Corresponding author. Tel.: +34 983423166.
E-mail address: maria@iq.uva.es (M. Fdz-Polanco).

0960-8524/$ - see front matter © 2013 Elsevier Ltd. All rights reserved.
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influence when the different uses of biogas are considered, due
to the corrosion problems that it causes in the installations for en-
ergy recovery. Therefore, manufacturers of biogas facilities estab-
lish limit concentrations; e.g., the biogas sulphide content should
not be more than 1000 and 0.1 pp mv, respectively, in internal
combustion engines and molten carbonate fuel cells (Rasi et al.,
2011). Likewise, in combined heat and power plants, which are
mainly implemented for the utilisation of biogas, levels below
250 ppmv are required (Weiland, 2010). Nonetheless, H,S removal
is also required for health and safety reasons. State laws and regu-
lations have been issued in Europe to minimise its presence in all
parts of the biogas plants, including in bioreactors, gasholders,
ignition and storage tanks, etc. (Deublein and Steinhauser, 2008).

Most of the commercial technologies for H,S removal are based
on physicochemical processes; namely, absorption and adsorption.
In order to overcome the chemical, energy and disposal costs of
these desulphurisation methods, biologically-based removal pro-
cesses were developed. Biological methods are the cost-effective
and environmentally friendly solution to these techniques, since
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they can proceed at lower temperatures and pressures, and with
limited or no reagent consumption (Syed et al., 2006).

Biogas can be biologically desulphurised in additional units,
represented mainly by biofilters, biotrickling filters, and bioscrub-
bers, or directly into the anaerobic reactor, that is, by applying
microaerobic conditions during digestion. All these processes are
based on the S cycle, and more specifically, in H,S oxidation. In
the aforementioned extra units, H,S is solubilised in a humid
packed bed where aerobic species of sulphide-oxidising bacteria
(SOB) are immobilised and grown as a biofilm in the presence of
0, (Noyola et al., 2006). By contrast, these microorganisms are nat-
urally present inside reactors; many organic wastes treated by AD
have SOB (Weiland, 2010).

Elemental sulphur (S°) (Eq. (1)) and SOﬁ’ (Eq. (3)) are the ther-
modynamically stable by-products from biological H,S oxidation,
which, it has been proposed, proceeds through several intermedi-
ates. Duan et al. (2005) suggested the following pathway of chemo-
autotrophs:  H,S — S° - 5,03 — S,02™ - S;0% — SO2 — SO%".
The main reactions carried out by SOB are shown below (Tang
et al., 2009). At this point, it should be noted that H,S oxidation
in biological systems occurs concurrently with chemical reactions
(van der Zee et al., 2007), where S,0%  is the main by-product
(Janssen et al., 1995).

H,9 + 0.50, — S° + H,0;AG® = —209.4 kj /reaction 1
S° +1.50; + H,0 — SO3™ + 2H'; AG® = —587.41 kj /reaction (2
H,S + 20, — S03™ 4+ 2H*; AG® = —798.2 kJ /reaction 3
S,05" + H,0 +20, — 2505 +2H"; AG® = —818.3 kJ/reaction (4

= —

Considerable efforts are still required concerning the packed-
media based biotechnologies; though effective, they have strict
requirements in terms of both monitoring and maintenance due
to the bacteria’s high sensitivity to fluctuations in operational con-
ditions (Burgess et al., 2001), which translates into costs. Thiopaq®
(Paques) and Biopuric® (Biothane Corporation) are indeed the only
two industrial biotechnologies that have been specifically devel-
oped for the H,S removal from biogas. Both of them combine a
chemical scrubber and a bioreactor (Fortuny et al., 2008). Addition-
ally, the Thiopaq® process includes a settler to separate the formed
solid S° from the liquid phase (http://www.paques.nl/). Besides as
fertilizer, S° can be applied in bioleaching and processes, and is
suitable for producing H,SO,4 (Kleinjan, 2005).

In microaerobic reactors, the sulphide-oxidising population
specifically develop in the headspace, and as a result, the biogas
desulphurisation and the consequent S° deposition both take place
in this area (Diaz et al., 2010; Kobayashi et al., 2012). Therefore,
periodic cleaning is required in order to prevent clogging problems
and ensure stable H,S removal efficiency, which in turn implies ex-
tra costs (Diaz and Fdz-Polanco, 2011).

According to the above observations, a potentially ideal external
process for the removal of H,S from biogas would integrate the
simplicity of the desulphurisation process in microaerobic digest-
ers. On this basis, a new biological technology was devised. The
objective of this research was to evaluate the feasibility of this sys-
tem, and to carry out a preliminary assessment of some of the vari-
ables that could affect its performance.

2. Methods
2.1. Experimental set-up and performance monitoring
In this research, a variable flow rate of biogas with a changeable

H,S content from a pilot-scale anaerobic digester of sewage sludge
was treated (Table 1). As illustrated in Fig. 1, it was mixed with

Table 1
Sequence of variations applied and desulphurisation performance.

Period Reaction Biogas Temperature BRT Inlet H,S Outlet H,S

media injection point (°C) (min) (% v/v) (%v]v)
A Water Liquid phase 34 68 0.30 0.26
B1 Digestate Liquid phase 34 68 0.33 0.01
B2 Digestate Gas space 34 61 0.29 0.01
(middle)
B3 Digestate Gas space (top) 34 74 0.28 0.01
B4 Digestate Gas space (top) 29 88 0.37 0.05
B5 Digestate Gas space (top) 34 72 0.32 0.02
B6 Digestate Gas space (top) 20-35 80 0.29 0.02
B7 Digestate Gas space (top) 34 84 0.30 0.02
B8 Digestate Gas space (top) 34 100 0.28 0.27

pure O,, the dose being regulated by a mass flow controller (Bronk-
horst EL-FLOW Select). Prior to entering a thermostated chamber,
the untreated biogas was analysed by a VARIAN MicroGC in terms
of CHy4, CO,, N3, O, H, and H,S according to Diaz et al. (2010). Sub-
sequently, it passed through a 10 L-system called a microaerobic
desulphurisation unit (MDU), where it was desulphurised in the
presence of 1 L of inoculum taken from the anaerobic digester used
as the biogas source. Thus, considering the amount of biogas yet to
be treated, a biogas residence time (BRT) of approximately 60 min
would be maintained. This period was sufficient to achieve an effi-
cient hydrogen sulphide removal in a microaerobic reactor (Ramos
et al., 2012). Then, the biogas composition was determined again.
Finally, the biogas flow rate leaving the system was measured vol-
umetrically by water displacement. Treatment performance was
assessed by calculating mass loading rate (MLR), elimination
capacity (EC) and removal efficiency (RE).

In order to increase the support area for SOB, wires, plastic tub-
ing and paper strips (i.e., objects with low specific surface area)
were tied to a small metal grid hanging from the top of the MDU
(Fig. 1). It should be noted that they were partially submerged in
the liquid phase.

2.2. Chemical analysis

The inoculum was characterised in terms of total and volatile
solids (TS and VS, respectively) according to APHA (1998).

TREATED BIOGAS

Biogas
flowmeter

cp9m

y :
= MicroGC
Thermostated

MICROAEROBIC
DESULPHURISATION

H,S-CONTAINING
BIOGAS

Mass flow
controller

O, cylinder

Fig. 1. MDU diagram.
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Additionally, C and S concentrations in the inoculum and S°-rich
biomass accumulated inside the MDU were determined by a LECO
CS-225.

2.3. Microbiological analysis

In order to identify the bacteria present in the MDU, an inocu-
lum sample was drawn and frozen immediately after the system
shutdown. DNA extraction, polymerase chain reaction (PCR) ampli-
fication and denaturing gradient gel electrophoresis (DGGE) analy-
sis were carried out according to Lebrero et al. (2012). The
universal bacterial primers 968-F-GC and 1401-R were used for
the PCR amplification procedure (Sigma-Aldrich, St. Louis, MO,
USA).

The DGGE profile was processed using the GelCompar IITM soft-
ware (Applied Maths BVBA, Sint-Martens-Latem, Belgium). After
image normalisation, bands were defined by the programme
search algorithm. Subsequently, the Shannon-Wiener diversity in-
dex (H) was determined according to the expression: H=—-X [P;
In(P;)], where P; is the importance probability of the bands in a
lane, and is calculated as n;/n, where n; is the height of an individ-
ual peak, and n the sum of all peak heights in the densitometric
curves of the DGGE profile. Therefore, this index reflects both the
sample richness (relative number of DGGE bands) and evenness
(relative intensity of every band). According to McDonald (2003),
it ranges from 1.5 to 3.5 (low and high species evenness and rich-
ness, respectively).

Based on a visual analysis of the gel, some DGGE bands were
excised according to Lebrero et al. (2011). The closest matches
to each sequenced band within a confidence level of 50%, and
its respective taxonomic position were obtained by the Blast
search tool at the National Centre for Biotechnology Information
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(McGinnis and Madden, 2004), and the Ribosomal Database Project
(RDP) classifier tool (Wang et al., 2007), respectively. All the
nucleotide sequences were deposited in the GenBank database
under accession numbers KC306914 to KC306931.

3. Results and discussion
3.1. Feasibility of the system

An abiotic experiment was performed initially (period A in
Table 1). It was contemplated that some SOB could reach the
MDU carried along by the biogas. Therefore, the objective of that
stage was to evaluate H,S removal by bacteria reaching the system
in this way. In order to provide sufficient moisture conditions, 1L
of water was introduced into the MDU. It must be noted that a
significant H,S removal by adsorption and/or absorption during
the stage A was ruled out by passing biogas through the system
during the preceding 3 days.

RE ranged between 23% and 31% during the first 2 days of the
period A (Fig. 2b). However, O, consumption was negligible (or
even zero), which pointed to metal sulphides formation on the grid
surface (Fig. 2a). Furthermore, RE was seen to decline thereafter,
and although a higher O, flow was supplied to increase the O,
availability, RE continued decreasing, suggesting saturation of the
metal surface.

Subsequently, (period B1 in Table 1), the MDU was inoculated
with digestate from the well-functioning bioreactor used as the
biogas source, which operated under anaerobic and microaerobic
conditions intermittently over the months preceding this study.
The TS and VS content of the inoculum is shown in Table 2.

In B1, a significant linear correlation was observed between
MLR and EC (Fig. 3a). As a result, REs higher than 94% were

O, concentration (%v/v)

140
120
=)
100 £
&
F80 &
=
.60 mE
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F40
=
- 20
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t(d)

Fig. 2. (a) Input H,S (A) and O, (®) concentrations, and output H,S (a) and O, (0) concentrations, and (b) RE (+), MLR (M) and BRT (<) during the research.
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Table 2 a 120
Elemental composition of the inoculum and S°-rich biomass deposited in the MDU.
Inoculum Walls Sheets 100 &
After Before 30 50 A BI-B3
C (% wjw) 30 13 6 1 o 0 B4
S (% wiw) 1 50 90 98 g 60 Ox oBS
TS (g/L) 24 41 - - . . ® :
VS (g/L) 15 27 - - 40 %o ® B6
x B7
20
achieved. Moreover, the inlet and outlet O, concentrations in the 0
biogas suggested H,S oxidation (Fig. 2a and b), which was con- 0 20 40 60 80 100 120
firmed in the last period of the research (period B8 in Table 1). MLR
Once the micro-oxygenation had stopped, the biogas sulphide con- b
tent leaving the MDU increased rapidly. In B8, REs of 4-8% were re- .
corded, and the O, consumption was negligible. Since the inlet H,S _ .
concentration could frequently fluctuate due to the biogas source, Z
8% was not considered to be a significant removal. £ ABI-B3
The desulphurisation process in the MDU was considered to g ® B4
have occurred due to both chemical and biological reactions; some £ % B5
substances present in the inoculum could certainly have catalysed g
. . .. %) = B6
the chemical mechanisms (Kleinjan, 2005). -
= ©B7
o

3.2. Effect of operational conditions

3.2.1. Biogas injection point

Once the feasibility of the MDU was confirmed, the effect of the
biogas inlet point on its performance was studied. In B2 and B3, the
biogas ceased to be bubbled into the sludge, and was injected at
the middle and at the top of the gas space, respectively (Table 1).
A substantial reduction in RE was expected in relation to B1; be-
sides a lower transfer of O,, it was anticipated that a substantial
flow rate of untreated biogas left the MDU directly (especially in
B3). However, RE remained fairly stable until the 31st day
(Fig. 2b). Moreover, similar ECs were reached at almost equal MLRs
(Fig. 3a). In this regard, it must be noted that as in B1, both param-
eters increased and decreased simultaneously. Therefore, the over-
all MDU performance was concluded to be independent of the
biogas injection point.

3.2.2. Residence time and H,S content of biogas

The average RE from B1 to B3 was 96%. Such successful perfor-
mance was achieved under variable BRT, which specifically ranged
from 59 to 97 min (Fig. 2b). Furthermore, the biogas H,S content
during B1, B2 and B3 oscillated between 0.22% v/v and 0.35% v/v
(Fig. 2a). Hence, the MDU proved its robustness towards changes
in both the flow rate of biogas yet to be treated and the inlet con-
centration of H,S. Additionally, it was deduced that O, availability
was not a factor limiting the process.

3.2.3. Inlet O5/H,S ratio

From B1 to B3, it was observed that the O2/H3Sconsumed ratio (v/
v) increased and decreased concurrently with the O2/H3Ssupplied I'a-
tio (v/v) (Fig. 3b). It was at least partially attributed to variations in
the SO /S oqucea Tatio. Fortuny et al. (2008) showed that even at
an O,/HSsuppiied Tatio of 1.6, 3-4% of the H,S removed in a labora-
tory-scale biotrickling filter was oxidised to SO3~, and its produc-
tion increased up to 70% when that ratio was raised to 5.3;
obviously, the rest of the H,S was converted into S°. This agrees
with the relatively high O,/H3Sconsumed ratios maintained in this
study even at the lowest O2/H,Ssyppliea Fatios. Nonetheless, it must
be considered that reactions such as those showed in Egs. (2) and
(4) could also take place. It is worth noting the ruling out of the
possibility that some species of SOB might become dominant
according to the O,/H;Ssuppiiea Tatio; SOB have been proved to be

0 2 4 6 8 10 12 14 16 18 20
Oa/HaSupplied Tatio (v/v)

€ 100 36
90 34
80 12
70 30 9
—~ 60
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30 24 E
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70 73 76 79 82 8 88 91

t(d)

Fig. 3. (a) MLR against EC, and (b) O2/H3Ssupplied Iatio against O2/H,Sconsumed ratio in
the different experimental periods. (c) RE (+) and temperature (A) in B6.

capable of switching from SOf{ to S formation really fast, and vice
versa (Janssen et al., 1995). As a result, the system performance
was found to withstand variations in O,/H,Ssupplied ratio.

In order to determine the minimum O/H,Ssypplied Tatio needed
in order to achieve high REs, the O, supply was gradually lowered
during the period B7 (Table 1). The decline in this variable is re-
flected in Fig. 2a. As the O,/H,Ssuppiiea Tatio decreased, the effi-
ciency of O, utilisation inside the MDU increased; hence the
relatively high relationship between the O,/H,Ssuppiiea Tatio and
the O2/H3Sconsumed Tatio in relation to the preceding experimental
periods. Specifically, the O, percentage leaving the system de-
creased by approximately 23%; in the preceding periods, only
30-40% of the O, supplied was consumed inside the MDU. As a re-
sult, 95% of the H,S reaching the system in B7 was removed
(Fig. 2b). The decreases in RE were attributed to insufficient O,
availability; specifically, at O,/HySsuppiiea ratios below 2.1, RE
ranged from 73% to 97%.

A significant change in the relationship between the
O2/H3Ssuppiied ratio and the O2/H2Sconsumed ratio was observed when
the Oy/H;Ssuppiied Fatio decreased below approximately 4.0 (Fig. 3b).

162/188



MICROAEROBIC REMOVAL OF HYDROGEN SULPHIDE FROM BIOGAS

I. Ramos

I. Ramos et al./Bioresource Technology 142 (2013) 633-640 637

According to Janssen et al. (1995), it could be related, at least in part,
to variations in the relative contribution of the mechanisms of H,S
oxidation. They pointed out that limitations in biological activity
can take place at low HS/Oyppiied atios, and as a result, rates of
chemical H,S oxidation can rise.

3.2.4. Temperature

Temperature was maintained at 29 °C from the 35th to 40th day
(period B4 in Table 1). RE decreased in relation to the last days of
the period B3 (86 against 91%), when the system operated at
34 °C (Fig. 2b). In fact, it started to increase immediately after
restoring the temperature to 34 °C (period B5 in Table 4), and con-
tinued rising during the following 2 days, when a RE of 96% was
achieved. Nevertheless, values of up to 86% were reached shortly
afterwards (44th day). In fact, taking into account the profile of this
parameter during B5, the deterioration in the system performance
during B4 could not be unequivocally linked with the reduction in
temperature.

It is worth noting that a lower correlation between the O,/
H3Ssupplied Tatio and the Oz/HzSconsumed ratio was observed during
B4 and a part of B5 (until the 51st day). Additionally, the relation-
ship between these variables decreased significantly once the tem-
perature was restored to 34°C. The average O, percentage
consumed inside the system up until the 45th day was only 17%;
it re-normalised thereafter. Therefore, temperature did seem to
influence the SOB population.

In order to further assess the influence of temperature on the
process performance, the MDU was subject to continuous temper-
ature fluctuations from the 70th day onwards (period B6 in
Table 1). As shown in Fig. 2b, although the average temperature
was significantly lower during the first 11 days of the B6 period
(25 °C) than in the B4 period (29 °C), even reaching 20 °C (it specif-
ically oscillated between 20 and 29 °C), the average RE was slightly
higher in B6 (88 against 86%). Hence, further research about the
temperature effect on the MDU performance is needed.

The average RE in B6, with temperatures ranging from 20 to
35°C, was 91% (Fig. 3c). It must be noted that the lowest REs
(~75%) coincided with the largest temperature drops, and above
32 °C, this parameter remained over 95%. Therefore, the MDU

demonstrated considerable robustness towards fluctuations.
Moreover, it is worth mentioning that the correlation between
the O2/H:Sconsumea Tatio and the Oy/H;Ssuppiied atio was fairly
changeable in B6 (Fig. 3b), which corroborated the evidence that
temperature did affect the process.

3.3. 5% deposition, recovery and characterisation

Since the walls of the MDU were translucent, S® accumulation in
the walls could be observed. Immediately after the start-up, S°
started to accumulate in the area nearest the liquid media; it spe-
cifically covered the sludge deposited on the MDU walls during the
inoculation process and due to sludge splashes resulting from the
biogas bubbling (Fig. 4a). Obviously, SOB grew there due to humid-
ity and the availability of nutrients. In fact, when the system was
opened on the 14th day, S° was also observed on both the sludge
surface (Fig. 4b) and the additional supports (namely, in the area
nearest the liquid media).

S continued accumulating on the walls during B2 (Fig. 4c). Nev-
ertheless, the deposition rate slowed thereafter; as reflected in
Fig. 4f, minor differences were found between the system state
on the 19th day and the 138th day. This was attributed to the
depletion of both humidity and nutrients. Sludge reached those
areas only occasionally, due to the slight movements performed
for the visual examination of the MDU, which also caused sporadic
contacts between the walls and the additional supports; hence the
presence of S° in the areas furthest from the liquid phase (Fig. 4f).
Along with the previous observations, it suggested that most of
this by-product was accumulating on the gas-liquid interface,
where growth conditions were more favourable. That was indeed
confirmed later (Fig. 4d and e). Note that the degree of S° accumu-
lation on the extra supports hardly changed in relation to the 14th
day (Fig. 4g).

SO particles started to consolidate into thin sheets before the
60th day (Fig. 4e); many of them were found immersed in the
sludge on the last day of the research (Fig. 4h). They appeared to
form on the liquid surface and settle at a later time. Hence the mor-
phological differences observed between its two sides; one side
was smooth and the other was rough (Fig. 4i). With a magnifying

Fig. 4. MDU state with time.
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glass, it could be shown that S° sheets were formed from multiple
layers (Fig. 4j).

The largest possible amount of S° sheets was collected, cleaned
and dried immediately after the system shutdown. Elemental anal-
ysis revealed a content of S and C of 98% w/w and 1% w/w, respec-
tively (Table 2). Therefore, assuming that all the H,S removed
during the study was partially oxidised to S°, the recovered sheets
accounted for 60%. The amount of $°-rich biomass collected from
both the walls and the additional supports was negligible. None-
theless, it must be highlighted that due to their brittleness, many
fragments of different sizes were resealed from them into the inoc-
ulum. As a result, the inoculum had a heterogeneous content of
these S° structures, which explained the extremely high S content
of the sample analysed. It must be noted that 0.8 L of inoculum was
measured at the end of the research. This reduction in the sludge
volume was consistent with the substantial increase in the

Table 3

concentration of both TS and VS. Moreover, it should be indicated
that the C concentration in the inoculum decreased considerably,
which suggested that the inoculum was further degraded inside
the MDU. Therefore, the MDU exhibited a high capability to oxidise
H,S to easily recoverable S°; large aggregates with good settling
properties were formed.

3.4. Characterisation and diversity of the bacterial community

From the DGGE gel, 17 bands belonging to four different phyla
were sequenced (Table 2): Proteobacteria (6 bands), Firmicutes (7
bands), Actinobacteria (1 band) and Verrucomicrobia (1 band), while
two bands remained unclassified. In general, the results given by
the RDP classifier tool were consistent with the results obtained
from the Blast search tool (Table 3).

RDP classification of the DGGE bands sequenced with a 50% of confidence level, and corresponding matches according to the Blast search tool, with their similarity percentages,

and environments from which they were retrieved.

Taxonomic placement Band Closest relatives (accession No.) Similarity Source of origin
No. (%)
Phylum Proteobacteria 1 Uncultured bacterium (AB286499) 95 Activated sludge
Class Epsilonproteobacteria
Order Campylobacteraceae
Family Campylobacteraceae
Genus Arcobacter 2 Uncultured Arcobacter sp. (HQ392829) 99 Headspace of a digester of sewage sludge under microaerobic
conditions
3 Uncultured Arcobacter sp. (HQ392829) 100 Headspace of a digester of sewage sludge under microaerobic
conditions
Family Helicobacteraceae
Genus Sulfuricurvum 4 Uncultured Epsilonproteobacterium 929 Floating microbial mat in sulfidic groundwater (Movile Cave)
(DQ295695)
Class Gammaproteobacteria
Order Pseudomonadales
Family Moracellaceae
Genus Acinetobacter 5 Uncultured Acinetobacter sp. (EU567041) 95 0Oil field soil
6 Uncultured Acinetobacter sp. (JN679106) 99 Membrane bioreactor
Phylum Firmicutes
Class Clostridia
Order Clostridiales 7 Uncultured bacterium (F]978625) 96 Faeces
Family
Peptostreptococcaceae
Genus Clostridium XI 8 Uncultured bacterium (JQ085717) 99 Anaerobic digester
Family
Syntrophomonadaceae
Genus 9 Uncultured bacterium (HE681331) 96 Bioreactor
Thermohydrogenium
10 Uncultured bacterium (GQ259594) 96 Bioreactor
Family Clostridiales
incertae sedis
Genus Soehngenia 11 Uncultured bacterium (AB114320) 90 Thermophilic anaerobic municipal solid waste digester
Family Lachnospiraceae 12 Clostridium sp. (GU247219) 93 Waste water of a pesticides firm
Class Bacilli
Order Bacillales 13 Uncultured Alicyclobacillus sp. 100 Headspace of a digester of sewage sludge under microaerobic
(HQ392831) conditions
Phylum Actinobacteria
Class Actinobacteria
Subclass Actinobacteridae
Order Actinomycetales
Suborder
Corynebacterineae
Family Dietziaceae
Genus Dietzia 14 Uncultured Dietzia sp. (JN882177) 95 Crude oil samples

Phylum Verrucomicrobia
Class Optitutae
Order Optitutales
Family Optitaceae

Genus Alterococcus 15 Uncultured Verrucomicrobia (CU918353) 99 Mesophilic anaerobic digester which treats municipal
wastewater sludge
Unclassified Bacteria 16 Uncultured bacterium (AB175392) 99 Mesophilic anaerobic BSA digester
17 Uncultured Firmicutes (CU923016) 97 Mesophilic anaerobic digester which treats municipal

wastewater sludge
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Proteobacteria was the predominant phylum of SOB inside the
MDU, with the genera Acinetobacter, Arcobacter and Sulfuricurvum
as representatives. A strain of Acinetobacter sp. (DGGE bands 4
and 5) was partially responsible for H,S removal in the bioscrubber
system developed by Potivichayanon et al. (2006) in the 28-33 °C
temperature range. Members of the genus Arcobacter (DGGE bands
2 and 3) were found in the headspace of microaerobic digesters
treating dairy cow manure (Kobayashi et al., 2012) and sewage
sludge (Diaz et al., 2010) at 35 °C. Finally, a bacterium belonging
to the genus affiliated to the DGGE band 4, Sulfuricurvum kujiense,
was described by Kodama and Watanabe (2004) as a chemolitho-
autotrophic SOB capable of oxidising H,S, S° and 520§’ under
microaerobic conditions in the 10-35°C and 6-8 temperature
and pH range, respectively.

From the Firmicutes phylum, the Blast search tool assigned the
DGGE band 13 to the genus Alicyclobacillus with an identity of
100%. Species belonging to this genus were reported in the study
of Diaz et al. (2010).

Despite the stringent growing conditions inside the MDU, the
Shannon-Wiener diversity index was 3.5, which revealed the high
bacterial community diversity of the inoculum.

3.5. Competitive advantages of the MDU

Although further research is being carried out in order to opti-
mise operational conditions and thus evaluate the maximum re-
moval capacity of the MDU, a preliminary comparative
assessment in relation to the current biotechnologies for biogas
desulphurisation can be performed based on the results of this
study.

In contrast to other bioprocesses involving a chemically-based
previous step (such as a scrubber), the MDU is a single-stage pro-
cess, which could translate into lower space requirements and cap-
ital investment. It must be taken into account that additional
equipment such as pumps, storage tanks or settlers are not needed.
With regard to this, it should be emphasised that the S° formed
during this research settled by itself inside the MDU.

Due to the extremely simple configuration of the MDU, its con-
struction would be easier than that of other types of bioreactors.
Furthermore, it is worth noting that, whereas the biomass growth
could increase the treatment capacity of the MDU over time, this is
a common problem in packed media-based bioreactors (clogging)
(Kennes et al., 2009). Therefore, the MDU would largely reduce
the frequency of supervision tasks and shutdowns.

The MDU proved to be at least in the medium-term self-sustain-
ing and self-regulating. Conversely, other bioprocess require a
strict control of the operational conditions, such as pH, moisture
content or nutrient balance, which in turn entails the need for spe-
cific instrumentation and frequent monitoring tasks. Hence, be-
sides the chemicals required in the previous chemical process,
they require nutrients solutions. Therefore, liquid effluents are
constantly generated. Overall, the MDU could largely reduce the
capital cost, as well as the outlays for operation and maintenance.

4. Conclusions

A novel alternative to the conventional biotechniques for biogas
desulphurisation was developed. 1 L of digested sludge was proved
to be an efficient reaction media for H,S removal in a 10 L-system
during 128 d. Although the MDU was subjected to several
fluctuations in BRT, concentration of H,S, O2/H,Ssuppiiea Tatio, and
temperature, and neither nutrients nor water were added, the
average RE was 94%. The system presented a really high bacterial
diversity, including at least three genera of SOB. S° was the major
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by-product; it accumulated in the form of extremely pure
multilayered sheets, which settled to the bottom of the system.
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Performance evaluation of the microaerobic desulphurisation unit under
different operational conditions

Abstract

The microaerobic desulphurisation unit (MDU) is a promising alternative to the conventional
biotechnologies for H,S removal from biogas. A 1.0L-MDU with 0.6L of microaerobic biomass was
tested for its ability to desulphurise biogas under different inlet concentrations and mass loading rates
(MLR) of H,S, biogas residence times (BRT), O2/H,S supplied ratios, and temperatures. High
removal efficiencies (97-99%) were achieved under all the operational conditions set. At inlet H,S
concentrations of approximately 0.48%v/v, MLR of 0.7kg/m*/d, BRT of 12min, O,/H,S supplied
ratio (v/v) of 1.8 and 35°C, almost equal removal efficiencies were achieved in a 0.5L-MDU with
0.1L of microaerobic inoculum. Although temperature (20-35°C) did not have a significant effect on
the system performance during steady state operation, relatively high temperatures at the start-up
could be key to achieving successful operation. S° accumulated on the liquid interface and the walls
of the gas space, which highlighted the importance of promote SOB growth on these areas. The
design of this system has to be optimised accordingly.
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1. Introduction

Biogas produced from anaerobic digestion is one of the most favourable bioenergy forms mainly
because of the high net energy yields and the substrate flexibility. Currently, biogas production is
mainly based on sewage sludge digestion in municipal wastewater treatment plants (WWTPs)
(Borjesson and Mattiasson, 2007), and the most popular biogas utilisation pathway is the production
of combined heat and power (CHP) by means of internal combustion engines (Makaruk et al., 2010).
Some of the produced heat and power is used by the biogas plant as process heating and to meet the
electricity demand on site, and the rest can be sold to the grid and distributed through the district
heating system to the consumers. After an enrichment and upgrading process (by which most of the
CO; and the impurities are removed), the biogas (95-98% of CH,) can be used for transport fuel
production (Murphy et al., 2004) or injected to the natural gas grid (Holm-Nielsen et al., 2009).

Biogas consists of CH, (50-80%), CO, (20-50%) and traces of, for example, H,S (0-0.4%) (Lantz et
al., 2007). This is one of the most common reduced S-compounds present in biogas (Maestre et al.,
2010), whose concentration depends mainly on the raw material (Fernandez et al., 2013). H,S is a
colourless, toxic and flammable gas with a characteristic odour of rotten eggs (Ramirez et al., 2009)
that shortens she combustion engines life-span by corrosion and, upon combustion, forms harmful
SO, (Maestre et al., 2010). Therefore, in typical boilers and internal combustion engines, the
specifications are that H,S content should be no more than 0.10%v/v (Rasi et al., 2011).

Biogas desulphurisation methods are classified into two categories: those entailing physicochemical
phenomena (reactive or non-reactive absorption, and reactive or non-reactive adsorption) and those
involving biological processes (H,S consumption by bacteria resulting in less harmful and odorless
compounds) (Abatzoglou and Boivin, 2009). Physicochemical processes are in common use today,
but biological desulphurisation is an increasingly adopted alternative due to economical and
environmental reasons (Potivichayanon et al., 2006). Biotechnologies offer removal efficiencies
(RES) higher than 90% under relatively low temperatures (15-35°C), optimum pH ranges between
6.8 and 7.0, and atmospheric pressure (Vergara-Fernandez et al., 2007).

As the physiochemical techniques, biological methods for H,S removal can be applied at different
levels: during the anaerobic process itself (a), or at a later process unit (b). Approach (a) implies
injecting limited amounts of air or O, or nitrate or nitrite directly into the anaerobic digester,
namely, implementing microaerobic or microanoxic conditions, respectively (Cirne et al., 2008).
Approach (b) implies the utilisation of an additional treatment unit, being biofilters, biotrickling
filters, and bioscrubbers the most popular types of bioreactors. As approach (a), H,S removal in
these systems is generally based on aerobic methods (Fernandez et al., 2013).

The basic mechanisms of aerobic H,S removal in all the biological processes are the same. After
absorption (Eqg. 1), species of aerobic sulphide-oxidising bacteria (SOB) such as Thiobacillus,
Acidithiobacillus, Halothiobacillus, Thiomonas and Thiofaba (Diaz et al., 2010; Lin et al., 2013;
Rodriguez et al., 2012) oxidise sulphide according to Eq. 2 and 3 (Rodriguez et al., 2013). The ratio
of O, to H,S is the key parameter determining the SO,%/S° produced ratio (Fortuny et al., 2008).
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H,S <> HS + H* (1)
HS +0.50, — S°+ OH" (2)
HS + 20, — S04 + H* (3)

Abiotic oxidation of sulphide to S,0s* (Eq. 4) can take place in parallel with the above reactions,
and this compound can be in turn biologically oxidised to SO,> according to Eq. 5 (Fortuny et al.,
2011). Depending on the redox conditions, further oxidation of S° to SO4* (Eq. 6) can occur if
sulphide is limited (Fortuny et al., 2011).

2H,S + 20, — $,05% + H,0 + 2H" (4)
$,03% + 20, + H,0 — 250, + 2H* (5)
8%+ 3/20, — H,0 + SO,* + 2H" (6)

Despite its several advantages, there are many fewer full-scale bioscrubbers in operation than
biofilters and bioscrubbers. This is probably related to the excessive biomass growth therein and the
consequent high amounts of sludge needing for disposal, and the fact that two process units
(absorption column and bioreactor) are required instead of one (Burgess et al., 2001; Kennes et al.,
2009; Mudliar et al., 2010). Moreover, the solubility of hydrogen sulphide limits the applicability of
bioscrubbing for its removal (Ramirez et al., 2009). This technique has been reported to be useful for
pollutants with a non-dimensional Henry’s coefficient (H) lower than 0.01, while for H,S, H=0.92
(at 25°C) (Kennes et al., 2009; Mudliar et al., 2010). On the other hand, clogging is one of the most
important drawbacks (if not the main one) in operation of biofilters and biotrickling filters (Estrada et
al., 2013; Montebello et al., 2012; Rodriguez et al., 2013; Yang et al., 2010). Insufficient O,
availability can intensify this problem due to S° formation (Fernandez et al., 2013; Fortuny et al.,
2008). Therefore, and also due to it can lead to the re-reduction of the oxidised S species, the
existence of microaerobic conditions is avoided during biofiltration (Mudliar et al., 2010). As a
result, the biogas is often severely diluted. During the experiments of Montebello et al. (2013), the
dilution factor due to aeration in a biotrickling filter ranged from 6 to 32%. Similarly, the air
concentration in the biogas treated by a DMT Bio-Sulfurex® biological desulphurisation reactor
(full-scale biotrickling filter) was around 9%v/v (http://www.dirkse-milieutechniek.com). Stringent
requirements of monitoring and control and complicated start-up in biofilters and biotrickling filters
constitute other important limitations in the utilisation of these systems (Mudliar et al., 2010).

In contrast to the external biological techniques, the process of H,S removal from biogas during
microaerobic digestion has been reported to be simple and economical (Abatzoglou and Boivin,
2009). It has been widely proved that microaerobic and anaerobic reactors yield equivalently (Diaz et
al., 2010), or even further (Jenicek et al., 2010). However, the findings of Diaz (2010) indicate that
the profitability of this method in comparison with other alternatives (specifically, ferric chloride
addition to the digester and usage of an iron-sponge filter inoculated with thiobacteria) is contingent
upon the required periodicity of headspace cleaning. This is due to the H,S oxidation takes place
predominantly in the gas space and, as a result, S° accumulates there (Diaz et al., 2010; Ramos et al.,
2012).

Based on the above observations, a new process for the removal of H,S from biogas was recently
developed: the microaerobic desulphurisation unit (MDU, patent pending) (Ramos et al., 2013). This
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novel external system integrates the simplicity of the desulphurisation process in microaerobic
digesters. The objective of this research was to evaluate the characteristics of the biogas
desulphurisation process in MDUSs, and deduce the criteria for successful operation and optimum
design of these systems.

2. Methods
2.1. Experimental set-up and process monitoring

The experimental set-up was described in the previous study (Ramos et al., 2013). The biogas
produced in a pilot-scale anaerobic reactor was mixed with H,S (to increase and control its sulphide
content) and O, from two bottles (100% pure both). The H,S and the O, flow rate were regulated by
the means of mass flow controllers. After being characterised by gas chromatography (GC) in terms
of CH,4, CO3, N2, O, H,S and H; content, biogas was desulphurised in a MDU (0.5 or 1.0L) with
0.4L of gas space (Table 1) at temperatures between 20 and 35°C, depending on the operational
stage. As shown in Table 1, the system was inoculated with microaerobic or anaerobic biomass, and
biogas entered therein from the top or the bottom. The anaerobic and the microaerobic sludge came
from two pilot reactors treating municipal sewage sludge under mesophilic conditions, and was
characterised in terms of total and volatile solids (TS and VS, respectively) by standard methods
(APHA, 1998). The biogas leaving the system was characterised by GC and quantified by water
displacement (£120mL).

It should be noted that the significant variations in the BRT reflected on Table 1 were due the
variable organic load supplied to the reactor used as the biogas source. This in turn explains the fairly
different inlet H,S concentrations recorded under the same MLR.

2.2. Experimental procedure

The research was divided into three experiments. The specific operational conditions are shown in
Table 1. Experiment 1 was carried out in a 0.5L-MDU with 0.1L of microaerobic sludge containing
29.5 and 17.4g/L of TS and VS, respectively, at 35°C. Biogas entered and left the system by the top
thereof. The objective was to evaluate the feasibility of the MDU itself, since the H,S mass loading
rate (MLR) and the biogas residence time (BRT) were both significantly higher than in the previous
study (Ramos et al., 2013).
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Table 1. Operational conditions in the different experiments of the study.

Experiment 1 Experiment 2 Experiment 3

Period 1 Period 2 Period 1  Period 2
Phasel Phase2 Phase 3

Viotar (L) 0.5 1 1 1 1 1 1

Vs (L) 0.4 0.4 0.4 0.4 0.4 0.4 0.4

Biogas injection Top-

point Top Top Top bottom Bottom Bottom  Bottom

Inoculum* MA MA MA MA MA AN AN

g;‘é’;‘perat“re 35 35 35 35 35-20 20-35  35-20

BRT (min) 12 12 19 23 37 40 18

MLR (kg/m’/d) 0.7 0.7 1.0 1.3 0.7 0.7 0.7

H,S (%v/v) 0.47 0.49 1.31 1.77 1.28 1.22 0.64

OoMoSupics 1 8.3 8 1.8 1214 10-14 18 1.8 1.8

(V/v)

*MA=microaerobic; AN=anaerobic

Experiment 2 was carried out in a MDU with a total volume of 1.0L and 0.6L of microaerobic
inoculum (31.0 and 17.3 of TS and VS, respectively). It was divided into two periods (Table 1). In
Period 1, the response of the system to fluctuations in the inlet concentration and the MLR of H,S
was studied. For this purpose, the MDU operated at 35°C and three different MLRs and inlet H,S
concentrations. Therefore, this period was in turn divided into three phases, according to the values
of the aforementioned variables. As shown in Table 1, the biogas injection point was changed in
Phase 3 and, thereafter, biogas bubbled into the inoculum. In Period 2, the MDU operated at different
temperatures (20-35°C) in order to evaluate the influence of this parameter in its steady-state
performance.

In Experiment 3, a 1.0L-MDU with 0.6L of gas space was inoculated with anaerobic sludge (16.1
and 10.0g/L of TS and VS, respectively) in order to investigate the impact of the start-up temperature
on the process efficiency (Table 1). For this purpose, the system was started-up at 20 (Period 1) and
35°C (Period 2).

3. Results
3.1. Experiment 1: 0.5L-MDU with 0.1L of microaerobic sludge

The results obtained in Experiment 1 are represented in Fig. 1. During the first 20h, the MDU
operated without O, supply. Once H,S removal by non-oxidative mechanisms was ruled out, micro-
oxygenation was started at an O2/H,Ssyppiiea ratio (v/v) of approximately 1.8. The O, flow rate was
set according to the previous research (Ramos et al., 2013), in which O2/H>Ssyppiiea ratios (v/v) lower
than 2.1 provided REs of up to 97%. Within 1h, the H,S concentration in the biogas leaving the
system dropped to 0.22%v/v. Although the O2/H,Ssyppiea ratio was raised, the outlet H,S
concentration remained around that value until the 7" day, thus maintaining approximately 56% of
RE. As a result of the successive raises in the O2/H»Ssyppiiea ratio, the O, content of the outlet biogas
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stream (from 0.9 to approximately 2.5%v/v) and the ratio of O2/H2Sconsumed DOth rose, which pointed
to increased ratio of 8042'/S°pmduced. This indicated that the O, availability was not limiting the
performance of the process, which was also observed in the previous study (Ramos et al., 2013). It
was indeed confirmed from the 14 day, when the Oz/H>Ssyppiies Was maintained at 1.8 again.,
Regarding the BRT, it declined gradually from 14 to 12min until the 7" day, which did not seem to
have any effect on the system performance either.

067 e T fErroeic] -6
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w
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o
A

i D O
o RRRS
7 8 9 10 11 12 13 14 15 16 17
t(d)

Fig. 1. Outlet H,S (A) and O; (o) concentrations, and micro-oxygenation level (continuous line) in
Experiment 1.

Fig. 2a shows the state of the MDU on the 2™ day. It demonstrates the rapidity with which H,S was
removed from the biogas and oxidised to S°. Specifically, this compound accumulated at the liquid
interface and on the lowest area of the walls, just above the interface. Conversely, S° did not form in
the liquid media. This was consistent with the previous research (Ramos et al., 2013).
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Fig. 2. State of the MDU on the 2™ (a) and the 8™ day (b) in Experiment 1, the 3" (c), 13" (d) and
61 day in Experiment 2, and the 2" (e), and 13" (f) day in Period 2 of Experiment 3.

On the 7" day, the system was gently shaken and, as a result, the S° deposited at the liquid interface
shank (which justifies its presence in the sludge in Fig. 2b). In addition, the lowest area of the walls
was moistened; however, it dried rapidly. The outlet H,S concentration dropped rapidly (Fig. 1). It
remained below 0.04%v/v until the 8" day, when it started to increase slightly and gradually. Fig. 2b
shows the state of the MDU on that day. It demonstrates that S° accumulated rapidly at the liquid
interface again. Hence, this improvement in the RE could be related to a raise of the SOB settled at
the bottom of the system to the liquid interface and the lowest area of the walls, where the H,S
oxidation seemed to predominantly occur. Presumably the size of the SOB population attached to the
S% deposited on these areas rose, and was sufficient to maintain high RE thenceforth (Fig. 1).
Specifically, from the 7" to the 10" day, the average RE was 90%. It should be noted that the BRT
remained almost constant (11-12min).

On the 10" day, the system was gently shaken again (Fig. 1). The outlet H,S concentration decreased
rapidly from approximately 0.08%v/v to 0.02%v/v. The next day, the MDU was energetically shaken
in order to moisten the walls. As previously, they rapidly dried, and the outlet H,S concentration
decreased; specifically, it reached zero. Nonetheless, this was only a momentary effect, as was also
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proved at day 14, when the MDU was vigorously shaken again. These brief and limited rises in the
RE were attributed to momentary increases in the nutrients availability on the lowest area of the
walls and the liquid interface, since S° was only deposited there. From the 15" day, the RE was 95%
on average, and the O, content of the outlet biogas stream was around 0.55%vV/v. Regarding the BRT,
it remained almost constant from the 10" day (11-10min).

3.2. Experiment 2: 1.0L-MDU with 0.6L of microaerobic sludge

As noted, this experiment was divided into two periods (Table 1). In the first period, the MDU
operated at constant temperature (35°C), and during the second one, it run between 20 and 35°C.
Period 1 was in turn divided into three phases. In Phase 1, the MLR was 0.7kg/m*/d, and the inlet
H,S concentration was 0.49%v/v on average. In Phase 2 and 3, the MLR was raised to 1.0 and
1.3kg/m®/d, and the H,S content of the outlet biogas stream was 1.31 and 1.77%v/v, respectively.

3.2.1. Period 1: impact of the inlet H2S concentration and MLR

The results obtained in this period are represented in Fig. 3a. Until the 19" day (Phase 3), the biogas
was injected at the top of the gas space, as in Experiment 1. Thereafter, it was introduced from the
bottom of the system, thus bubbling into the inoculum.

Since the absence of non-oxidative removal mechanisms in the MDU was confirmed in the previous
experiment, in Experiment 2 (Phase 1) micro-oxygenation was started at day 0 (Fig. 3a). The
O2/H2Ssuppiied ratio (v/v) was set at 1.8, since it sufficed to maintain high REs in Experiment 1 (Fig.
1). Only 12h after, the H,S content of the biogas leaving the system was 0.02%v/v. Although the
BRT rose gradually from 14 to 10min, the outlet H,S concentration remained around this value
during the rest of Phase 1, thus maintaining an average RE of 97%. Therefore, at such BRTs (of at
least 10min), this variable did not seem to limit the system performance.
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Fig. 3. Outlet H,S (A) and O3 (©) concentrations, and micro-oxygenation level (continuous line) in
Period 1 (a) and 2 (b) of Experiment 2.

As in the previous experiment, S° accumulated rapidly at the liquid interface and on the lowest area
of the walls, just above the interface. Nevertheless, this compound was also observed floating on the
bottom of the supernatant. As shown in Fig. 2c, which illustrates the state of the MDU on the 3" day,
the sludge stratified due to sedimentation. Therefore, S° could form at the interface and then settled,
or maybe it formed directly there due to sufficient O, transfer rate to that surface, where, as in the
lowest area of the walls and the liquid interface, besides water, nutrients were presumably present.
Accordingly, and taking into account that this phase and Experiment 1 were both carried out under
the same conditions (Table 1), besides to the larger liquid interface and surface of the walls in contact
to it, the faster onset of effective H,S removal and slightly higher REs achieved in this phase in
relation to the previous experiment could also be partially due to the larger area with favourable
growing conditions (namely, sufficient nutrients, water and O, availability).

In Phase 2, the H,S content of the biogas leaving the MDU rose from approximately 0.02 to
0.06%v/v (Fig. 3a). Until the 5™ day, the O2/H2Ssuppiied Was significantly lower than in Phase 1 (1.2
against 1.8); therefore, it was raised to 1.4 (v/v). As in Experiment 1, this led to an increase in the
O2/H2Sconsumed ratio, while the RE remained almost constant. Therefore, the increase in the outlet
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H,S concentration was not attributable to insufficient O, availability, but the higher MLR and H,S
content of the inlet biogas stream. Regarding the BRT, it rose significantly from the 6™ day (from
approximately 16 to 21min), which did not have any effect of the system performance. This was
consistent with the previous observations. Hence, since the BRT during the rest of the research was
longer than 10min, it was concluded that this variable did not limit the system performance during
this study.

Until the 8" day, the RE remained around 94%. Thereafter, the performance of the system decreased
and, hence, the system was gently shaken on the 10" day (Fig. 3a). As in Experiment 1, that resulted
in @ momentary increase in the RE. The next day, the system was vigorously shaken in order to
moisten the walls, which explained the state of the MDU at day 13 (Fig. 2d). Although they dried,
significant amounts of S° were deposited there, and the outlet H,S concentration dropped to
0.01%v/v From the 13" day, it stabilised around 0.02%v/v, thus maintaining 98% of RE (on average)
during the rest of Phase 2. Therefore, in contrast to Experiment 1, the system performance was at
least partially recovered by increasing the reaction area in the gas space.

In Phase 3, the H,S content of the outlet biogas stream rose to approximately 0.06%v/v, and the RE
efficiency decreased to 97% (Fig. 3a). The BRT was significantly longer than in Phase 1 and 2 (Table
1). Regarding the O2/H>Ssyppiied ratio, it was slightly lower than in the two previous phases, and
therefore, it was raised to 1.4 (v/v) (the same as in Phase 2) on the 17" day. This led to a negligibly
increase in the RE, which indicated that an O2/H»Ssyppiied ratio (v/v) of 1.0 was the minimum
required for successful biogas desulphurisation. At this point, worthy of noting is that the average
outlet O, concentration during Phase 1, 2 and 3 was 0.96%v/v.

From the 19" day, the O2/H,Ssupplied ratio (v/v) was set at 1.0 again, and the biogas was injected at
the bottom of the system. Therefore, the inoculum was continuously stirred, thus maintaining a
homogeneous reaction media. Considering the previous responses of the system to shaking, it was
expected to slightly increase the RE. Nevertheless, the RE rose negligibly, which was consistent with
the presumably scarce amount of nutrients present in the system at that point of the experiment.
Moreover, it must be considered that along with nutrients, sulphide and O, were also homogeneously
and continuously distributed as a result of the change in the biogas injection point. At the end of this
phase, after the O2/HSsuppiied ratio (v/v) was lowered to 0.9, an insignificant decrease in the RE was
recorded, which confirmed that the optimum value of this variable was around 1.0.

3.2.2. Period 2: impact of temperature

The results obtained in this period are represented in Fig. 3b. As shown in Table 1, the biogas was
injected at the bottom of the system, which operated at constant MLR (0.7kg/m*/d) and

Until the 26™ day (at 35°C), the H,S content of the outlet stream remained around 0.01%v/v (Fig.
3b), and the average RE was 99%. Therefore, although the MDU operated at the same MLR, O,/
H2Ssuppiiea ratio and temperature, and higher inlet H,S concentration (Table 1), the performance of
the MDU rose in relation to Phase 1 of the previous period (Fig. 3a). Since the BRT was found not to
be a limiting factor at the operating values of this study, and the change in the biogas injection point
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did not increase the RE in Phase 3 of Period 1, this was related to the larger reaction area in the gas
space. Thus, the importance of promoting SOB growth all over the gas space was revealed.

From the 26" day, temperature was lowered stepwise to 30, 25 and 20°C (Fig. 3b). The RE and the
H,S concentration in the biogas leaving the system were 0.03%v/v and 98% on average
(respectively) until the 47" day. Regarding the increase in the O, content of the outlet biogas stream
recorded on the 45" day, it was due to a substantial rise in the BRT (to approximately 58min). Hence,
the MDU performed similarly under all the temperatures tested. This was consistent with the studies
carried out by Chung et al. (1996), who reported negligible variations in the performance of a
biofiltration system between 20 and 35°C.

On the 47" day, the inlet pipe of biogas clogged and, as a result, SOB were subjected to a 20h-period
of starvation. Once the operation was restarted, a gradual deterioration of the MDU performance was
recorded (Fig. 3b). As in biofiltration systems, a rise in temperature was expected to increase SOB
activity (Vergara-Fernandez et al., 2007). However, the system did not recover neither at 20°C nor at
higher temperatures. Only momentary increases in the RE took place just after raising temperature.
The presumable scarce amount of nutrients present inside the system at that point of the research
could prevent SOB growth. This highlighted the importance of the biological mechanisms of
sulphide oxidation for achieving efficient H,S removal.

The increase in the amount of S° present into the inoculum since the biogas was injected at the
bottom of the system was negligible, as demonstrated by Fig. 4d and e. Likewise, when the system
was opened on the 76" day, this compound did not cover the liquid interface. By contrast, Fig. 4e
demonstrates that significant amounts of sulphide were oxidised on the walls of the system (highest
and lowest area). Therefore, the constant agitation of the system seemed to prevent S° accumulation
at the liquid interface (this was indeed confirmed in Experiment 3) and promote sulphide-oxidising
activity on the walls. It should be highlighted that the biogas bubbling did not cause splashes, only
gentle waves on the inoculum surface. In fact, sludge drops were not observed on the walls.

3.3. Experiment 3: 1.0L-MDU with 0.6L of anaerobic sludge

As noted, Experiment 3 was divided into two periods, according to the start-up temperature. Fig. 4a
and b show the results obtained when the system was started-up at 20°C (Period 1) and 35°C (Period
2), respectively. Once the RE stabilised, temperature was raised to 35°C and lowered to 20°C
stepwise, respectively (Table 1).
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Fig. 4. Outlet H,S (A) and O3 (©) concentrations, and micro-oxygenation level (continuous line) in
Period 1 and 2 of Experiment 3.

3.3.1. Period 1: start-up at 20°C

The results obtained in this period are represented in Fig. 4a. As shown in Table 1, the inlet biogas
stream presented approximately 1.25%v/v of H,S. As Experiment 2, this experiment was started-up
at day 0 at an O2/H,Ssyppiiea ratio (v/v) of 1.8. The H,S concentration in the biogas leaving the MDU
decreased gradually until approximately the 8" day. Thereafter, it fluctuated widely; specifically, it
ranged between 0.28 and 0.05%v/v until the 12" day. The average outlet H,S concentration and the
RE from the 8" to the 12" day were 0.14%v/v and 88%, respectively. The system performance
deteriorated substantially from the 12™ day and, as in Experiment 2, it was not recovered either at
20°C or at higher temperatures.
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In this period, S° deposits were not found either at the liquid interface or in the sludge. This
compound accumulated on the lowest area of the walls, which was consistent with the observations
made in the preceding experiment.

3.3.2. Period 2: start-up at 35°C

The results obtained in this period are represented in Fig. 4b. As shown in Table 1, the H,S content
of the inlet biogas stream was significantly lower than in the previous period, which arose from the
shorter BRT. The H,S concentration in the biogas leaving the MDU decreased gradually, and
stabilised around 0.07%v/v from the 5", thus maintaining 91% of RE until the 9™ day. Hence, as
expected, the time required for achieving similar REs was shorter at 35 than at 20 °C.

On the 8" day, temperature was lowered to 20°C (Fig. 4b). At such temperature, the outlet H,S
concentration showed a decreasing profile, which suggested an adaptation period. Unfortunately, the
inlet pipe of biogas clogged on that day. As in Experiment 2, after approximately a 20h-starvation
period, the system performance decreased. Although the results obtained at day 15 pointed to
recovery, temperature was raised to 35°C in order to possibly accelerate the process. Around 1 day
after, the outlet H,S concentration and the RE re-stabilised at approximately 0.04%v/v and 94%,
respectively. Presumably the nutrients availability was higher than after the starvation period
occurring in Experiment 2, which allowed recovery. This is consistent with the increase in the RE
observed in relation to the days before the pipe clogging, which suggested increasing SOB
population.

Although temperature did not have a significant effect on the RE during steady state operation (Fig.
3b), taking into account the results obtained in Period 1 and 2 (Fig. 4a and b), relatively high
temperatures at the start-up could be key to achieving successful operation.

Although the system was not shaken, S° accumulated on the walls, as demonstrated by Fig. 2f and g.
As in Experiment 2, S° did not accumulated at the liquid interface (probably due to the biogas
bubbling), but on the walls, just above the interface. Moreover, this compound did not seem to form
in the sludge.

Conclusions

The MDU was proved to be robust towards fluctuations in the inlet H,S concentration, MLR, BRT,
02/H,S ratio, and temperature. During steady state operation, the outlet H,S concentration fluctuated
between 0.01 and 0.07%vV/v, thus maintaining REs between 96 and 99%. Moreover, temperature (20
to 35°C) did not influence the system performance. Conversely, higher temperatures at the star-up
period were found to be necessary for successful operation, and to accelerate the start-up. The
importance of maintain favourable growing conditions to SOB in the gas phase and the MDU design
was highlighted.
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The introduction of precise amounts of oxygen to reactors can remove efficiently the sulphide
content in the biogas, while reducing and increasing negligibly the methane and the oxygen
concentration (respectively), thereby improving the overall biogas quality. In the meantime, it can
lead to the formation of more stable digestion systems, which can be related to the fact that micro-
oxygenation can increase the richness and evenness of the microbial communities. As a result,
microaerobic reactors can present increased ability to deal successfully with process imbalances.
However, during steady state operation, oxygen does not have a significant impact on the digestion
process.

The parameter to regulate the oxygen supply during microaerobic digestion in order to accurately
control the sulphide content in biogas must be selected according to the operational conditions of the
bioreactor. Under variable organic load and steady sulphur load, the oxygen supply to microaerobic
reactors can be precisely regulated as a function of the biogas production by deducing the optimum
doses under different hydrogen sulphide concentrations. However, under variable sulphur load or
more stringent control requirements, biogas sulphide content can be the basis for the development of
precise and consistent control strategies.

The optimum oxygen dose to a microaerobic reactor can increase or decrease over time, depending
on the moisture conditions at the different surfaces of the gas space. This is due to the hydrogen
sulphide removal from biogas takes place predominantly in this area, although SOB also develop at
the liquid interface. Therefore, high efficiencies of biogas desulphurisation are achieved under all the
possible configurations of the process.

Under sufficient moisture availability, SOB grow all over the headspace and, as a result, high
amounts of elemental sulphur accumulate at the different locations in this area. The moisture level
determines the composition, richness and size of the SOB population growing at the different
surfaces of the gas space. Nevertheless, biogas is rapidly and efficiently desulphurised after
headspace cleaning. By contrast, at low moisture availability in the headspace, elemental sulphur
hardly accumulates there. The performance of biogas desulphurisation and the oxygen demand of the
reactor are low and relatively high at the start-up of the microaerobic operation, and increases and
decreases substantially over time (respectively).

The implementation of microaerobic conditions on full-scale is the next, final step for the
culmination of the research presented in this thesis. The findings obtained on lab-pilot and industrial-
pilot scale must be tested on a larger scale.

The MDU is a promising end-of-pipe technology for hydrogen sulphide control. A preliminary
comparative assessment highlights that this novel system can fulfil all the desirable characteristics of
bioreactors for hydrogen sulphide removal from biogas: simple configuration, no hydraulic
problems, low oxygen demand, high capability to transform sulphide into elemental sulphur, easy
recovery of the generated elemental sulphur, no nutrient requirements, and robustness to fluctuations
in operational conditions. Nonetheless, its design and operating conditions must be still optimised in
order to evaluate its maximum removal capacity and the optimum criteria for scale-up. Obviously,
the volume of the system has to be minimised. For this purpose, strategic installation of specific
supports for SOB in the gas space of the system could be key.
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