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Abstract. One of the promising methods of biogas upgrading is biological methanation
(biomethanation). During biomethanation process hydrogenotrophic microorganisms use carbon
dioxide from biogas and added hydrogen to generate biomethane. Application of biotrickling
filter reactors is one of the prospective biotechnologies for methanation where hydrogenotrophic
methanogens are immobilized over a material that is used in reactor. Packing materials for
biomethanation are critical in terms of hydrogenotrophic methanogens immobilization on the
surface of packing material. It acts as support for biofilm growth. Therefore, characteristics of
filter material are important parameters that influence the growth of microorganisms and methane
production. Factors, such as optimal specific surface area and porosity are important to sustain
growth and activity of microorganisms. Optimal particle size and capability to mechanically resist
compaction ensures avoiding high pressure drop. Optimal particle size also ensures uniform gas
flow as gases distribute through the packing material. This review paper summarizes and compare
the characteristics of different packing materials important for biomethanation through ex-situ
biotrickling filter reactor systems.
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INTRODUCTION

Biogas production is an important process for dealing with different types of waste.
It 1s particularly difficult for farms to live without a biogas station. If there were no
biogas plants, the surrounding population would have problems with both smell and
local environmental. Biogas production is one of the technological components of
agriculture. Waste recycling produces heat and energy, as well as digestates (material
remaining after anaerobic digestion), which is a much more valuable fertilizer for soil
than fossil fertilizers.

Biogas is a product of anaerobic digestion - a renewable fuel which can be produced
from different organic waste materials. In raw biogas methane content is about 50-70%,
while carbon dioxide content is 30-50% (Baena-Moreno et al., 2019; Witte et al., 2019).
Therefore, upgrading biogas by increasing methane concentration is a way to increase
its usefulness. Upgraded biogas with methane content up to 96% can be directly added
into the grid of natural gas (Dupnock & Deshusses, 2019; Witte et al., 2019). Unlimited
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biogas injection into the gas grid can be achieved by removing carbon dioxide to acquire
biomethane. The main advantage of biological biogas upgrading technologies is
conversion of carbon dioxide into high value products under light operational conditions,
which significantly promote to a sustainable bio economy and life cycle economy
(Angelidaki et al., 2018). One of the promising methods of biogas upgrading is
biological ~methanation (biomethanation). During biomethanation process
hydrogenotrophic microorganisms use carbon dioxide from biogas and added hydrogen
to generate biomethane. This method of biogas upgrading is energy intensive as it
requires hydrogen as a material input (Mehrpooya et al., 2020). To ensure this method
is sustainable, the hydrogen for the required reaction should come from a renewable
source. Hydrogen can be produced via electrolysis using electricity from off-peak
electricity surplus from solar or wind energy power systems (Akhlaghi &
Najafpour-Darzi, 2020; Mehrpooya et al., 2020). Although in this system the cost of
biomethane is determined of the cost of hydrogen used for biomethanation (Vo et al.,
2018). If there is surplus renewable power, it can be utilized for biogas upgrading and
make biomethanation as an energy storage solution (De Vrieze et al., 2020). This kind
of system is known as ‘Power to Gas’ concept (Bensmann et al., 2013).

The biological hydrogen methanation using methanogens is possible to be applied
in two different systems. First one is in-situ system (Luo & Angelidaki, 2012) where
biomethanation is performed within anaerobic digester system. In this process organic
matters are transformed into biogas under specific conditions (Holm-Nielsen et al.,
2009). Second is an ex-situ system, where a separate external reactor for biomethanation
is used (Lecker et al., 2017). Main reaction for the biomethanaion process is known as
Sabatier reaction (Eq. 1),

CO2+4-Hy & CHs + 2-H20O (1)

where methane is converted from molecular hydrogen and carbon dioxide (Leonzio
2016). Carbon dioxide is used as a waste gas in this reaction to produce methane.
Therefore, raw biogas which contents 30-50% of carbon dioxide can be upgraded to
biometane. Methanogens are able to metabolize hydrogen into methane. These
microorganisms are called hydrogenotrophic methanogens and they are often already
present in anaerobic cultures that carry on the reaction. (Zabranska & Pokorna, 2018).
Various reactor types can be outfitted for ex-situ biomethanation, such as
biotrickling filter reactors (Burkhardt et al., 2015; Rachbauer et al., 2016), continuously
stirred tank reactors (Thema et al., 2019), fixed bed reactors (Alitalo et al., 2015), biofilm
plug-flow reactors (Savvas et al., 2017) and other bioreactors (Dupnock & Deshusses
2019; Germec et al., 2020). There are several advantages for ex-situ systems. Industrial
carbon dioxide can be easily added from external sources, if the biomethanation is
carried out in ex-situ reactor by hydrogenotrophic methanogenesis. In this system CO,
can be used in biogas upgrading by conversion into biomethane (Michailos et al., 2020).
But in external bioreactor systems only gases (H, and CO») can be used as substrates and
added to fermentation liquid as energy source (I. Bassani et al., 2016). Therefore,
efficient gas diffusion systems and different biofilter configurations are important for
increasing gas-liquid contact time and enhancing biofilm growth. By increasing biofilm
growth more efficient methane production can be achieved (C.L. Bassani et al., 2017).
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Application of biotrickling filter reactors is one of the prospective biotechnology
for methanation where hydrogenotrophic methanogens are immobilized over a material
that is used in reactor (Ashraf et al., 2020). By immobilizing microorganism cells it is
possible to increase efficiency of the substrate conversion, shorten retention times and
minimalize microbial contaminations. Microorganisms are more protected from shear
stress compared to stirring reactors and can be reused. Therefore, the costs of process
can be reduced (Sekoai et al., 2018). If cells are not immobilized, microorganisms are
prone to washout which causes instability in process and reduces biomethane yield
(Kourkoutas et al., 2004). Packing materials and characteristics of the materials within
biotrickling filter reactor system play a large role. (Sekoai et al., 2018). Defined
characteristics of materials can facilitate bioreactors setup configurations for
biomethanation process.

Biological trickling filter reactors

Biological trickling filter (BTF) reactor is the most promising technology for
biomethanation, based on recent research studies on the ex-situ biomethanation design
(Rachbauer et al., 2016; Striibing et al., 2018; Sieborg et al., 2020). The main and most
important reason is that biotrickling filter is equipped with large surface area available
to form biofilm and this means that methane production per unit volume is higher than
in most other reactor types (Ashraf et al., 2020). In the biotrickling filter packing material
supports the biofilm and generally offer more valuable gas to liquid mass transfer.
Because of larger surface area of biofilter between liquid and gaseous substrates, low
gas and liquid flow rates are maintained. Fermentation liquid can be recirculated to
maintain efficient CH4 production. Liquid biofilm on the packaging materials as well as
rate of recirculation has been studied by Burkhardt et al., 2015. Results show that
biomethanation of hydrogen and carbon dioxide in biotrickling filter was successful and
productive using anaerobic sewage sludge as inoculum (Burkhardt et al., 2015).

Biotrickling filter reactors have been studied in different conditions within
biometnanation using hydrogen as energy source. By using trickle bed reactor,
biomethane concentration successfully reached more than 98% in the output product
(Rachbauer et al., 2016). This type of reactor was also used for syngas biomethanation
and was successful at being very productive and having efficient conversion rates
(Grimalt-Alemany et al., 2018). Tests are made to research appropriate conditions such
as flow rate, pH rate, pressure, gas-liquid mass transfer, duration of reaction (Rachbauer
et al., 2016; Porté et al., 2019) and also, best reactor setup for biomethanation efficiency.
In the last few years many research works have been published where biotrickle filter
reactor technology was used for biomethanation (Dupnock & Deshusses 2019; Porté et
al., 2019; Dahl Jgnson et al., 2020; Germec et al., 2020), making this one of the most
promising novel technology for biogas upgrading. Using biotrickling filters, the energy
demand is substantially lower as there is no need for stirring and dispersing liquid phase.
Energy is used to pump the fermentation liquid to the top of the filter column where it is
sprinkled over the packing material (Thema et al., 2019). The filter consists of packing
material and microorganisms - hydrogenotrophic methanogens. Packing material act as
support for biofilm growth, therefore characteristics of filter material are important
parameters that influence the growth of microorganisms and, therefore, methane
production. Packing materials could be examined as one of the main factors of the
biotrickling filter reactor systems (Wu et al., 2018). Choosing an effective packing
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material in a biotrickling filter for hydrogenotrophic methanogens to grow biofilm may
be major design variable for the biotrickling filter reactor. However, testing the packing
in a continuously operating biotrickling filter reactor is costly both in time and resources
(Ashraf et al., 2020).

The main function for packing material in biotrickling filter reactor is to ensure
contact between microorganisms and substrate to allow production of high concentration
methane (Wu et al., 2018; Maegaard et al., 2019). Surface on packing materials of
biofilter is larger for microorganisms to attach. Therefore, using biotrickling filter
reactors the speed of the methanation process is significantly increased. Immobilizing
microorganisms in biomethane production stabilizes the pH of the medium, prevents
microorganism washout and extends microbial activity providing continuous
methanation process (Sekoai et al., 2018).

CHARACTERISTICS OF PACKING MATERIALS

Packing materials used as biotrickling filters can normally be classified into three
categories: organic, inorganic, and mixed materials. Organic materials, such as soil, peat,
and wood chips were being used in biotrickling filters at the beginning. Inorganic
packing materials normally come directly from natural sources, such as lava and perlite.
All these natural packing materials have good surface properties, but their shape may be
irregular (Wu et al., 2018). With time a variety or inorganic packing materials were
sythethized and used for biotrickling filters (or other systems), such as ceramic, plastic
Pall rings, Rasching rings or rubber particles, clear polyvinyl chloride (PVC),
polyurethane foam (PUF) and other materials (Park et al., 2011). Synthesized materials
as packing materials sometimes have improved porosity and larger surface area. These
materials have smoother surface, and specific made shape and strength that ensures good
conditions for microorganisms. The escalated area of synthetized materials improves
biotrickling filters performance. Most inorganic materials have advantage of uniform
size and structure. These characteristics ensure better gas flow and reduce the
compaction of materials (Ortiz et al., 2003). Mixed materials are combination of organic
and inorganic packing materials.

Packing materials for biomethanation are critical in terms of hydrogenotrophic
methanogens immobilization on the surface of a material. Efficient contact time between
added gas bubbles and liquid inoculum ensure effective gas retention but also allows
sufficient gas flow. In a biotrickling filter the packing filter can be either filled with
packing materials randomly or with specifically designed structured packing materials.

Packing material should have following requirements in order to be suitable for
immobilization of biomethane producing microorganisms (Freeman, 1984; Sekoai et al.,
2018):

* Adequate surface area.

e Optimal particle size.

* Mechanically robust.

e Chemical and thermal stability.

* Non-toxic for biomethane producing microorganisms.
* Able to resist compaction.

* Able to resist plugging.

* Reusable, inexpensive.
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These are one of the core factors in BTF reactor systems. Packing materials must
comply with some requirements such as optimal specific surface area to sustain growth
and activity of microorganisms, optimal environmental conditions for activity of
methanogens, optimal particle size and capability to mechanically resist compaction
therefore avoiding high pressure drop. Particle size also is important to prevent high
pressure drop and ensure uniform gas flow as gases distribute through the packing
material (Dorado et al., 2010). Pressure drop is the difference of pressure between the
inlet and the outlet of a biotrickling filter and is essential operating parameter as it is
connected to the energy demands to drive gases through the reactor. Materials should be
able to resist plugging and provide adequate homogeneity within a bioreactor. These
requirements are defined by several physicochemical properties of materials, such as
high porosity (%), high specific surface area (m?> m>), density (kg m), water retention
capacity, etc. Microorganisms should be evenly distributed on the surface of the carrying
packing material, and gas flow should be unrestricted through the packing material.
Materials used for microbial adhesion should not be toxic for hydrogenotrophic
methanogens but also be chemical and thermal stable to ensure reusability and
sustainability. An advantage is low cost of material. Sustainability of packing materials
should be considered when biotrickling filter system is set up and when selecting packing
materials.

Specific surface area

Specific surface area is one of the main factor of packing material in methanation
within biotrickling filters. The larger the surface area of packing material is, the more
biofilm can grow on material and increase methane production speed. Microbial
populations are adhered to a filter packing material within trickling reactor achieving
maximum surface area.

Using packing materials is one of a methods how volumetric gas-liquid mass
transfer in methanation process can be increased. The coefficient kia (volumetric mass
transfer coefficient) indicates systems ability to diffuse specific gases into liquid. It can
be unique for different reactor types and can be adjusted by changing parameters, such
as hydrogen diffusion devices, gas recirculation and mixing. These parameters are being
tested in biogas upgrading systems (Diaz et al., 2015; Rusmanis et al., 2019; Voelklein
etal., 2019; Diaz et al., 2020). As for packing materials, cost of time and resources would
be too large to test different packing materials in constantly operating biotrickling filter
reactors.

Gas-liquid contact time mostly is not enough for all added hydrogen to dissolve.
One way to deal with this matter is by recirculation of the gaseous substances (Zabranska
& Pokorna, 2018). Some reactor configurations can influence the gas-liquid contact
time. For example, the type of diffuser in the reactor and size of bubbles can be adjusted
by the size of pores, as well as the ascending bubbles velocity (Bassani et al., 2017). Gas
liquid contact time also can be increased by larger surface area of the packing material
over which the hydrogen gas bubbles flow, thereby they are being separated into smaller
bubbles. The gas-liquid mass transfer rate is increasing when surface area is larger.
Bassani et al., 2016 performed an experiment, where packing material was replaced with
one that had larger surface area. In the experiments within hydrogen injection chamber
alumina ceramic sponge with higher surface area was used instead of ceramic rashing
rings as a packing material. As a result, 67% of input hydrogen was utilized and the
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output methane content using ceramic sponge was higher than with ceramic rashing
rings. Also, H> in output gas was reduced to smaller amount, which means that it was
consumed by hydrogenotrophic microorganisms (Bassani et al., 2016).

The surface area may be the most important factor in the biomethanation.
Therefore, any aspect of the material surface is important. By applying materials with
crumpled surfaces (Germec et al., 2020), the surface area can be expanded, and more
bacteria can be attached and applied to the process.

Porosity and particle size

Packing material particles vary in size, which affects important media
characteristics, such as the resistance to gas flow and the effective biofilm surface area.
If the size of the particles is small, large specific surface areas essential for mass transfer,
are provided. However, smaller sizes also create a larger resistance to gas flow and, thus,
larger operating costs due to the electrical power consumption of the gas pump.
Conversely, large-size particles favours gas flows but reduce the number of potential
sites for the microbial activity. (Dorado et al., 2010). Optimal particle size ensures
uniform gas flow as gases distribute through the packing material and high pressure drop
can be avoided.

Porosity also provides larger surface area for microorganism to attach. Synthesized
inorganic materials sometimes have improved porosity and larger surface area as
packing materials. Sometimes addition of foaming agent is used to increase porosity of
packing materials (Lee et al., 2013). But if pores are too small, then they can be cluttered,
and porosity would not be a core factor for methanation.

The porous matrix of the materials enables the microorganisms to be placed in a
suitable sheltered place against the hydraulic shear forces (Massol-Deya et al., 1995; Ho
et al., 1997). In porous materials, biofilm is formed not only on the surface but also in
the pores. By using materials with large pores, some problems can be eliminated, such
as accumulation of metabolites in pores and lack of nutrient diffusion to the cluttered
pores (Germec et al., 2020). Some research work shows the importance of the
distribution of gases for an efficient utilization of hydrogen by bacteria. The upgrading
performances showed that the influence of pore size and porosity of the packing material
demonstrates on efficient utilization of hydrogen (Muffler et al., 2014; Yang et al., 2014;
Liu et al., 2015; Sekoai et al., 2018). Many materials that can be used as packing
materials have high specific area and porosity. Liu et al., 2015 performed an experiment,
where ceramic saddles as a random packing material had the largest porosity on the
surface between other materials but the specific surface area is comparatively low. On
the other hand, upon closer examination of the saddles showed even smaller pores on
the surface of the material, which was assumed not to be considered when the particular
surface area was provided by supplier (Liu et al., 2015).

Porosity and particle size of material are quite important factors for microbial
growth. In comparison with mammalian cells, the bacteria widely show no limitations
in regarding growth inhibition by cell-with-cell contact. If pore size is too big, then
distribution on the liquid within the reactors filter can be uneven (Grimalt-Alemany et
al., 2018). If the particle size of the support material is smaller, then provided surface
area will be larger accordingly. However, a crucial point to acknowledge is the variation
of particle size of the packing material as support for microorganisms to retention
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strategy. Therefore, to meet specific requirements of the microbial growth, an adjustment
between the surface area and particle size is an important factor (Germec et al., 2020).

Physical and mechanical properties

One of the features a packing material should have is mechanical resistance. In the
mechanics of all materials, the physical strength of a packing material is its capability to
resist an adjusted load without any plastic damage and failure. Mechanical resistance of
any packing material is identified by some physical factors such as density,
hydrophobicity, surface charge and roughness. They also influence the adhesion of
microbiological cells and following attachment onto them (Cheng et al., 2010; Germec
et al., 2020). Density is one of the characteristics of materials that can be easily defined
in studies for different kind of packing materials. Density can be known for most typical
materials that are used or it is easy to measure using variety of methods, for example
with graduated cylinder or analytically calculated (Haoran et al., 2013). Usually organic
materials have less density than inorganic materials (Muffler et al., 2014). Biofilm
should also be adapted to the specific conditions and have the required high cell density
(Fortuny et al., 2008). Packing materials should be robust towards fermentative
by-products (Sekoai et al., 2018). Compaction of material and water accumulation in it
can be indirectly measured by pressure drop. This parameter is a consequential part of
the costs operating bioreactor and also the majority of energy costs in bioreactors
(Dorado et al., 2010). Compacted material increases she shear strength of the filter, but
if it is too compacted than gas flow is lowered. Therefore, gas-liquid mass transfer
decreases and there may be high pressure drop.

Other characteristics of packing materials in bioreactors should be considered os,
such as, good environment of the growth of microorganisms. It can depend on water
holding capacity, nutrient content that can be inorganic or high organic, and water
retentively of materials. All these parameters are involved in keeping the optimal
productivity of the microorganisms that are immobilized on the surface of the packing
material inside biotrickling filter reactor. It is important to test new materials that could
be used for biomethanation and provide better results in methane content of the final
product, but testing packing materials in the operating bioreactors costs too much time
and money. There have been small scale experiments, where an assay of testing packing
materials for ex-situ biomethanation was demonstrated by Ashraf et. al., where small
amount of materials were put in laboratory bottles as mini reactors and tested for
biomethane production between different configurations. Laboratory methods like this
can be used to predict production of methane and overall gas composition in the reactor
(Ashraf et al., 2020).

PACKAGING MATERIALS FOR BIOMETHANATION

Mostly experimental biotrickling filter reactor setups are made with inorganic
packing materials that have been used in industry before and are easily available. Those
materials are silica, ceramic, and plastic, polypropylene materials in different shapes.
Materials that are mentioned in literature as applicable for use in bioreactors as packing
materials are shown in Table 1. In some cases, there are data on many characteristics of
materials that are used in bioreactors, in other cases materials are just mentioned, but no
additional information about them is given. Therefore, data is collected from various
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sources about materials in general to display average values of product specifications
that are available. Also, some organic materials are included, though these are not
commonly used in biotrickling filters nowadays.

Table 1. Packing materials for biomethanation

Packaging 2 9% 2 -§ §_ 2 © _ 2= % & References
material 5 8EZ S ZE OZ ES 3 3
REEEES B o %éa;&%
nasAaAT AZE A~ @mo >~ O
Ceramic (Rashing 338 75/- 94 - 10 €€€ (Liu et al., 2015)
rings), ceramic (Bassani et al., 2016)
saddles (Ashraf et al., 2020)
(Kougias et al., 2020)
(Jiangxi Kelley, n.d.)
(Wu et al., 2018)
Ceramic balls 504 - - 80-110 10 €€€ (Daglioglu et al., 2020)
Silica ceramic - 79.9/100 - - - (Jeeetal. 1987)
sponge (Bassani et al., 2016)
Glass tubes 111 - - - 10 €€€ (Daglioglu et al., 2020)
Polypropylene 313 91/- - 15 €€ (Liuetal., 2015)
packing rings, (Rachbauer et al., 2016)
saddles (Jiangxi Kelley, n.d.)
Polyfoam — plastic 600 - - - 15 €€ (Baransi-Karkaby et
matrix material al., 2020)
Polyurethane foam 600 97/20-30 35 - 15 €€ (Sakuma et al., 2006)
(Fortuny et al., 2008)
(Ashraf et al., 2020)
(Sieborg et al., 2020)
Polypropylene HD 430  88/4 - - - €€ (Fortuny et al., 2008)
Q-PACO
Lantec HD Q- 650 87.8/- 120 - 15 - (Daglioglu et al., 2019)
PAC®
Lava Rock 458 57/80-160 96 8-16 15 €€ (Liuetal., 2015)
Leca, clay pelets 372 91/- 25 80-100 5 € (Jee et al.1988)
(Liu et al., 2015)
(Ashraf et al., 2020)
(Jiangxi Kelley, n.d.)
Perlite 3.2 40 30-1504 - €  (Sakuma et al., 2006)
(Alitalo et al., 2015)
Porcelite 35 85 4 15 €€ (Sakuma et al., 2006)
Vermiculite 30 70 172 0.1-4 15 €  (Séguin et al., 2005)
(Alitalo et al., 2015)
Cellulose 383 98 2 - 1-2 € (Liuetal., 2015)
Woodchips 532 58 21 - 1-2 €  (Hernandezet al., 2013)
(Liu et al., 2015)
Cattle bone porcelite 300 35 81 1-2 €  (Sakuma et al., 2006)
Fish bone 33 78 1-2 €  (Dorado et al., 2010)

(Voelklein et al., 2019)
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Ceramic random materials

Ceramic random shape materials are often mentioned within biogas industry.
Ceramic packing material are with acid resistance and heat resistance (Jiangxi Kelley,
n.d.), which is great for reactor configurations that include thermophilic microorganisms.
They can resist corrosion of different organic solvents. These characteristics ensure
longer biomethane production without change of packing material. Ceramic packing
materials come in various shapes and sizes. Ceramic materials have quite large surface
area ranging from 300 to 500 m?> m™. Also porosity or void fraction is considerably
high - up to 79.7%.

Many researchers have used ceramic packing materials in biomethanation tests, for
example, back in 1988 experiments in thermophilic reactor with ceramic material
particles size of 2—3 mm. The achieved conversation efficiency was 80% and volumetric
content of biomethane was 5.2 L/L/h (Jee et al., 1988). In recent biomethanation
experiments slightly larger ceramic pellets (4—5 mm) were used in in biotrickling filter
reactor as packing material (Zhang et al., 2020). Though, biomethane production rate is
not comparable, because other reactor configurations and fermentation parameters are
not similar.

Ceramic material is also used as a diffuser for biotrickling filter reactor. Small holes
in diffuser provide good gas flow and breaks bubbles (Daglioglu et al., 2020) to enhance
gas-liquid contact time on biofilm.

Plastic random materials

Plastic packing materials are the most often used materials in biomethanation
experiments in recent years. Most plastic packing materials, such as plastic saddles,
rings, or other shape polypropylene materials are heat and chemical resistant, therefore
the durability is much longer than organic materials (Dorado et al., 2010; Jiangxi Kelley,
n.d.). These can be made in different sizes and shapes as it is commercially available
material and also price is affordable (Dorado et al., 2010). These materials are cheaper
than other materials except when compared to some organic packing materials. But
durability of plastic materials compared to organic materials outstands the costs, because
plastic materials can be used in biotrickling filters for 10 to 15 years (Dorado et al.,
2010). Various forms of plastic (polyurethane) packing materials have very large
specific surface area reaching up to 650 m> m= (Daglioglu et al., 2019). Porosity is also
very high from 85 to 97%.

There have been many research studies with these plastic materials in context of
biomethanation (Cheng et al., 2010; Hernandez et al., 2013; Lee et al., 2013; Sieborg et
al., 2020). Biomethane production in biotrickling filter with polyurethane foam (PUF)
as packing material was mentioned in several studies (Sakuma et al., 2006; Fortuny et
al., 2008; Zabranska & Pokorna, 2018; Sieborg et al., 2020). Although, results of
methane conversion rate are quite high, they are not comparable between the studies, as
different fermentation setups were used. There is one experiment, where identical lab
batch reactors were set up and used to compare how packing materials perform in context
of biomethanation. Between three materials (PUF, cley pellets and plastic rasching rings)
the measured CH4 production potential was the largest using polyurethane foam
(Ashraf et al., 2020). Porosity is the highest (97%) with such type of foam and surface
area is very large, up to 600 m?> m>. Daglioglu et al., 2020 used polyurethane foam in
biotrickling reactor system and similar fed gas H,/CO, ratio (ratio of 4:1) as
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Ashraf et al., 2020 in his experiments (Ashraf et al., 2020; Daglioglu et al., 2020). The
results showed high methane content in the product (80—89%) (Baransi-Karkaby et al.,
2020; Daglioglu et al., 2020). Hydrogen consumption was increased by increasing
circulation speed, therefore increasing methane production. With high circulation speed
the biomass was not washout from reactor and immobilized polyurethane foam material
provided stability. In another experiment plastic material was cubic form with grid
openings 4 cm x 4 cm. With such packing material void fraction was 87.8% (Puhulwella
et al., 2014). Main disadvantage of plastic materials is they are not sustainable.

Volcanic materials

Volcanic packing materials, such as perlite, vermiculite, zeolite. They are valid for
biomethanation, because of mechanical and thermal stability, non-toxicity and resistance
against organic solvents and fermentation by-products. These materials are used for
different purposes and one of them is within filter materials. Such material as perlite is
commonly used in biotechnological applications. It provides very good support for
immobilization microorganisms and enzymes (Torabi et al., 2007). In a research within
fixed bed reactor a vermiculite and perlite were used as packing materials for
thermophilic methanogens to produce biomethane. In result hydrogen was completely
converted, but only when liquid nutrition was recirculated. Only 3% liquid nutrition of
reactor total volume was recirculated (Zabranska & Pokorna, 2018). Perlite, zeolite,
vermiculite, and other packing materials were used for hydrogenotrophic
biomethanation in different reactor types, such as fixed bed reactors and biotrickling
filter reactors (Daglioglu et al., 2020). Costs of volcanic materials vary, but are similar
to ceramic packing materials.

Soil materials

Soil materials are also considered as packing materials for biomethanation. These
are typically Leca or clay pellets. Clay pellets are a lightweight and expand, when soaked
in liquids. Some research work was made for testing clay pellets as packing material for
ex-situ biomethanation (Ashraf et al., 2020, Liu et al., 2015). The surface area and
porosity of material was not known. The amount of produced methane using clay pellets
was almost half on an amount compared to polyurethane foam and 40% less then with
plastic rings as packing materials. Clay pellets are very light, and they do not compact.
Soil materials cost less than ceramic or plastic materials but are not so durable as
volcanic, plastic, or ceramic materials.

Organic materials

Least popular materials for packing bioreactors are organic materials, such as
cellulose, woodchips, cattle and fish bones or other materials. These materials are rich
with nutrition that can cause an early degradation within fermentation reactors. Different
organic materials vary in specific surface area and porosity. The use of organic materials
would be most sustainable option for biogas upgrading if choosing amongst other
materials. Moreover, if agricultural farm has its own biogas production system, and also
some of these organic materials to use as packing materials, biogas upgrading can be
efficiently done in one system. These also are the cheapest of all materials mentioned
above (Dorado et al., 2010).
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CONCLUSIONS

Biomethanation is a prospective method to integrate renewable solar or wind power
grid with biogas grid, where excess energy can be used to produce hydrogen for
biomethanation of the biogas and produce biomethane. Application of biotrickling filter
reactors with suitable packing materials for biomethanation are critical in terms of
hydrogenotrophic methanogens immobilization on the surface of packing material. It
acts as support for biofilm growth. Therefore, characteristics of filter material are
important parameters that influence the growth of microorganisms and methane
production. Moreover, the combination of surface area of material, porosity, pore size
and mechanical resistance together is important in context of biomethane production and
testing their correlation would be great input for further development of biogas
upgrading.

Testing of packing materials in constantly operating biotrickling filter reactors
would be costing time and resources, considering different characteristics of materials
and configurations. Therefore, smaller experiments, data reviews, modelling and
simulations options for testing suitability of different packing materials in context of ex-
situ biomethanation should be done. Testing packing materials in smaller laboratory
setups is one step closer to adjust existing technologies as biotrickling filter reactor
systems for more efficient biogas upgrading.

Non-traditional and new - more sustainable packing materials can be tested in
laboratory scale tests and then new biotrickling filter reactor systems can be configured
to increase biomethane production.
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