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Summary 

The anaerobic digestion of organic matter in landfills and wastewater treatment plants (WWTP) 

leads to the formation of biogas that can be used in energy conversion systems for heat and 

electricity production, gas grid injection or as a vehicle fuel. Biogas is mainly composed by CH4 

(40-60%), CO2 (40-55%) and other compounds in concentrations under 2% (e.g. H2S, N2). 

Moreover, it comprises a wide spectrum of trace pollutants including aromatic hydrocarbons, 

odour-causing terpenes, alkanes and siloxanes. 

Siloxanes are a group of polymeric compounds of Si-O bonds with organic chains attached to 

the silicon atoms. Given their interesting physical and chemical properties, these compounds 

have been widely used in many industrial processes, and are present in cosmetics, detergents, 

shampoos and many more everyday products. In this sense, they end up in urban wastewater 

treatment plants, where some of them reach the anaerobic digesters and are volatilized into 

biogas. During the combustion reactions of biogas, volatile siloxanes are converted into 

microcrystalline silicon oxide leading to the abrasion of engine surfaces as well as the build-up 

of silica layers, which promotes serious damage to the gas conversion units. 

The removal of siloxanes is mandatory for biogas-to-energy applications and the most widely 

used technology to reduce their concentration in biogas is adsorption onto activated carbon 

(AC). Siloxanes thermal desorption for AC regeneration has resulted unsuccessful due to the 

formation of higher molecular weight siloxanes, which are hardly desorbable. Therefore, the 

frequent exhausted material replacement and its disposal as hazardous waste increases the 

operational costs of this technology. Fuelled by the high costs and low sustainability of non-

regenerative adsorption, this thesis aims at exploring different technologies as well as 

screening alternative activated carbons in order to improve the performance of the 

technologies to eliminate siloxanes from biogas.  

The competitive adsorption of volatile organic compounds (VOC) and siloxanes into ACs of 

different sources and activation processes was studied in order to get a further insight in the 

mechanisms ruling the adsorption process in gas mixtures. For this purpose, 10 selected 

commercial materials were exhaustively characterized in terms of textural and chemical 

properties and were evaluated in dynamic competitive adsorption tests. Chemically ACs 

displayed higher adsorption capacities and selectivity for bulky siloxanes, being more 

convenient for biogas upgrading than steam ACs. Furthermore, the presence of moisture in 

the test gas was investigated, which promoted the formation of α-ω-silanediols, especially on 

phosphoric acid-activated carbons. In terms of biogas volume treated per volume of adsorbent 
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at the first siloxane breakthrough, phosphoric acid ACs were capable of treating higher number 

of bed volumes, reducing the costs associated to the adsorbent replacement. 

Moreover, we evaluated the efficiency of sustainable ACs obtained from the valorisation of 

lignocellulosic waste in removing both siloxanes and volatile organic compounds. Pyrolyzed 

and non-pyrolyzed lignocellulosic residues generated in food and wood industries were used 

as precursor materials to obtain experimental adsorbents by chemical activation with several 

activating agents. The highest porosity was obtained in non-pyrolyzed residue activated by 

K2CO3 at 900 °C. The performance of the experimental materials was compared with that of 

commercial ACs in gas adsorption tests of siloxanes (D4 and L2) and VOC (toluene and 

limonene). The waste-based activated carbons developed proved to be more efficient for the 

removal of both siloxanes and VOCs than the commercial samples frequently used in WWTP 

in most of the conditions tested.  

On the other hand, the biological removal of siloxanes (D4 and D5) and VOC (hexane, toluene 

and limonene) typically found in sewage biogas was investigated in a lab-scale biotrickling 

filter (BTF). The reactor was packed with lava rock and operated at empty bed residence times 

(EBRT) in the range 4-14.5 min in anoxic conditions. Toluene and limonene exhibited high 

elimination capacities and a complete removal even at the lowest residence time tested, 

whereas the abatement of siloxanes and hexane remained below 37%. The packing material 

was supplemented with 20% of activated carbon in order to increase the mass transfer of the 

most hydrophobic gas pollutants to the biofilm, which led to higher removal efficiencies for 

hexane and D5 while supporting complete limonene and toluene removals at a reduced EBRT. 

Likewise, the capacity of polydimethylsiloxane membranes to separate the same pollutants as 

in the BTF was investigated. Gas-gas experiments revealed high transport efficiencies for most 

compounds from a polluted stream through the membrane towards a clean gas stream. The 

diffusion of the most hydrophobic pollutants (i.e. siloxanes and hexane) was challenged when 

clean water was circulated in the other side of the membrane regardless the gas residence 

time. Then, the performance of a hollow-fiber membrane bioreactor (HF-MBR) was explored 

for the abatement of such compounds under anoxic conditions. The biofilm grown in the liquid 

side of the membrane enabled a complete transference of toluene and limonene when the 

gas residence time was above 31.5 s. Hexane removal efficiency increased from 16 to 43% when 

gas residence times was incremented from 18 to 63 s. Contrarily, the removal of siloxanes did 

not show a significant enhancement with the gas residence time remaining below 21%. 

Finally, the potentialities of the implementation of a BTF operated at different conditions 

coupled before the adsorption technology were evaluated as well as the use of ACs with 
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different characteristics and price. The capacity of a BTF to completely eliminate toluene and 

limonene as well as reduce siloxane concentration up to 40% led to significantly increase the 

adsorbent performance. The phosphoric acid wood-based AC reached 450 m3 L-1 of synthetic 

biogas treated per bed volume, which corresponded to a 20-fold higher performance than 

current materials in adsorption filters. When carbon costs were taken into account, a steam-

activated coal-based AC2 recorded the lowest operating costs according to its market price 

and siloxane adsorption capacity reaching 0.78 € (1000 m3
treated)-1.  

Thus, coupling biotrickling filtration with adsorption into a steam-AC resulted in lower annual 

costs than adsorption alone due to the frequent replacements required when biogas was not 

pre-polished from other compounds. 
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Resum 

La digestió anaeròbica de matèria orgànica en abocadors controlats i estacions depuradores 

d’aigües residuals (EDAR) provoca la formació de biogàs que es pot utilitzar en sistemes de 

conversió energètica per a la producció d'electricitat i calor, injecció a la xarxa de gas o com a 

combustible per a vehicles. El biogàs està compost principalment per CH4 (40-60%), CO2 (40-

55%), i altres compostos en concentracions inferiors al 2% (per exemple, H2S, N2). A més, 

comprèn un ampli ventall de contaminants traça, incloent hidrocarburs aromàtics, terpens, 

alcans i siloxans. 

Els siloxans són un grup de compostos polimèrics d’enllaços Si-O amb cadenes orgàniques 

unides als àtoms de silici. Degut a les seves interessants propietats físiques i químiques, aquests 

compostos s'han utilitzat àmpliament en molts processos industrials, trobant-se en cosmètics, 

detergents, xampús i molts més productes quotidians. Per aquest motiu acaben arribant a les 

estacions depuradores d'aigües residuals urbanes, on alguns siloxans arriben als digestors 

anaeròbics i es volatilitzen amb el biogàs. Durant les reaccions de combustió del biogàs, els 

siloxans es converteixen en micro-cristalls abrasius que malmeten les superfícies del motor, o 

s’acumulen en forma de capes de sílice, que finalment promouen greus danys a les unitats de 

conversió energètica. 

L'eliminació de siloxans és obligatòria per les aplicacions energètiques del biogàs i la 

tecnologia més utilitzada per reduir la seva concentració en biogàs és l'adsorció en carbó 

activat (CA). La desorció tèrmica de siloxans per a la regeneració del CA no ha tingut resultats 

satisfactoris a causa de la formació de siloxans de pes molecular superior que no són fàcilment 

desorbibles. D’aquesta manera, el reemplaçament freqüent del material esgotat i el 

conseqüent tractament com a residu perillós augmenten els costos operatius. Degut als alts 

costos i la baixa sostenibilitat d’aquesta tecnologia, aquesta tesi pretén investigar diferents 

tecnologies i també explorar diferents carbons activats per eliminar siloxans del biogàs. 

Així doncs, s’ha estudiat l’adsorció competitiva de compostos orgànics volàtils (COV) i siloxans 

en CA provinents de diferents fonts i processos d’activació. Amb aquesta finalitat, 10 materials 

comercials es van caracteritzar exhaustivament pel que fa a propietats texturals i químiques i 

es van avaluar en proves dinàmiques d’adsorció competitiva. Els carbons activats químicament 

van mostrar una major capacitat d’adsorció i selectivitat per als siloxans més grans, sent més 

convenients per a la millora del biogàs que els carbons activats amb vapor. A més, es va 

investigar la presència d’humitat en el gas matriu, la qual va promoure la formació d’α-ω-

silanediols, especialment en carbons activats amb àcid fosfòric. Pel que fa al volum de biogàs 
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tractat per volum d’adsorbent en el trencament del primer siloxà, els carbons activats amb àcid 

fosfòric van ésser capaços de tractar un major nombre de volums de llit, reduint els costos 

associats al reemplaçament d’adsorbents. 

També es va avaluar l'eficiència de CA sostenibles obtinguts a partir de la valorització de 

residus lignocel·lulòsics en l'eliminació de siloxans i COV. Els residus lignocel·lulòsics pirolitzats 

i no pirolitzats generats a les indústries alimentàries i de fusta es van utilitzar com a materials 

precursors per a l’obtenció d’adsorbents experimentals mitjançant activació química amb 

diversos agents activadors. La porositat més alta es va obtenir per residus no pirolitzats activats 

amb K2CO3 a 900 °C. El rendiment dels materials experimentals es va comparar amb el de CA 

comercials en proves d’adsorció de siloxans (D4 i L2) i COV (toluè i limonè). Els CA obtinguts 

a partir de residus van demostrar ser més eficients per a l'eliminació de siloxans i de COV que 

les mostres comercials en la majoria de les condicions estudiades. 

D'altra banda, es va investigar l’eliminació biològica de siloxans (D4 i D5) i de COV (hexà, toluè 

i limonè), típicament presents en el biogàs de depuradora, en un biofiltre percolador de gasos 

a escala laboratori (BTF). El reactor es va empaquetar amb roca de lava i va operar a temps de 

residència (EBRT) en el rang de 4-14.5 min en condicions anòxiques. El toluè i el llimonè van 

presentar elevades una eliminació completa fins i tot al menor temps de residència estudiat, 

mentre que la reducció de siloxans i hexà es va mantenir per sota del 37%. El material 

d’empaquetament es va complementar amb un 20% de carbó activat per augmentar la 

transferència de massa dels contaminants de gasos més hidrofòbics, el que va suposar una 

major eficiència en l’eliminació d’hexà i D5, suportant simultàniament eliminacions completes 

de limonè i toluè a un EBRT reduït. 

Paral·lelament es va investigar la capacitat de membranes de polidimetilsiloxà en la separació 

dels mateixos contaminants que al BTF. Els experiments gas-gas van revelar una gran eficiència 

de transport per a la majoria dels compostos des d’un flux contaminat a través de la membrana 

cap a un corrent de gas net. La difusió dels contaminants més hidrofòbics (siloxans i hexà) es 

va dificultar quan es va fer circular aigua neta a l'altre costat de la membrana, 

independentment del temps de residència. A continuació, es va explorar el rendiment d’un 

bioreactor de membrana de fibres buides (HF-MBR) per reduir aquests compostos en 

condicions anòxiques. El biofilm cultivat al costat líquid de la membrana va permetre una 

eliminació completa de toluè i limonè a temps de residència superiors als 31.5 s. L’eficiència 

d’eliminació de l’hexà va augmentar del 16 al 43% quan els temps de residència de gas es va 

incrementar de 18 a 63 s. Per contra, l'eliminació de siloxans no va mostrar una relació 

significativa amb el temps de residència, mantenint-se per sota del 21%. 
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Finalment, es van avaluar les potencialitats d’implementació d’un BTF operant a diferents 

condicions abans de l’adsorció, així com l’ús de CA amb diferents característiques i preus. La 

capacitat d’un BTF per eliminar completament el toluè i el limonè així com reduir la 

concentració de siloxà fins a un 40%, va significar un augment notable en el rendiment de 

l’adsorbent. El carbó activat amb àcid fosfòric basat en fusta va assolir 450 m3 L-1 de biogàs 

sintètic tractat per volum de llit, que corresponia a un rendiment  20 vegades més alt que 

l’assolit amb materials que s’utilitzen actualment en el tractament del biogàs. Quan es van tenir 

en compte els costos del carbó, un CA basat en carbó i activat per vapor va registrar els costos 

d’operació més baixos segons el seu preu de mercat i la seva capacitat d’adsorció de siloxà 

aconseguint 0.78 € (1000 m3
 tractats)

-1. L’acoblament d’un BTF amb l’adsorció en carbó activat per 

vapor va suposar uns costos anuals inferiors que considerant només l’adsorció, degut 

principalment als freqüents reemplaçaments necessaris quan el biogàs no s’havia polit 

prèviament d’altres compostos. 
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Resumen 

La digestión anaerobia de la materia orgánica en vertederos y estaciones depuradoras de 

aguas residuales (EDAR) conduce a la formación de biogás que se puede usar en sistemas de 

conversión energética para la producción de calor y electricidad, inyección a la red de gas o 

como combustible para vehículos. El biogás está compuesto principalmente por CH4 (40-60%), 

CO2 (40-55%) y otros compuestos en concentraciones inferiores al 2% (por ejemplo, H2S, N2). 

Además, comprende un amplio espectro de contaminantes traza que incluyen hidrocarburos 

aromáticos, terpenos, alcanos y siloxanos. 

Los siloxanos son un grupo de compuestos poliméricos de enlaces Si-O con cadenas orgánicas 

unidas a los átomos de silicio. Dadas sus interesantes propiedades físicas y químicas, estos 

compuestos han sido ampliamente utilizados en muchos procesos industriales, y por ello se 

encuentran en cosméticos, detergentes, champús y muchos más productos de uso diario. Por 

este motivo, terminan en plantas depuradoras de aguas residuales urbanas, donde algunos 

siloxanos llegan a los digestores anaeróbicos y se volatilizan con el biogás. Durante las 

reacciones de combustión del biogás, los siloxanos se transforman en microcristales abrasivos, 

que provocan la abrasión de las superficies del motor y la acumulación de capas de sílice, 

promoviendo un daño grave a las unidades de conversión energética. 

La eliminación de siloxanos es obligatoria para las aplicaciones energéticas del biogás y la 

tecnología más utilizada para reducir su concentración en el biogás es la adsorción en carbón 

activado (CA). La desorción térmica de los siloxanos para la regeneración del CA ha resultado 

infructuosa debido a la formación de siloxanos de peso molecular más alto, que apenas son 

desorbibles. Por lo tanto, el reemplazo frecuente de material agotado y su tratamiento como 

residuo peligroso aumenta los costos operativos. En contemplación de los altos costes y la 

baja sostenibilidad de la adsorción no regenerativa, esta tesis tiene como objetivo explorar 

diferentes tecnologías, así como analizar diferentes carbones activados para la eliminación de 

los siloxanos del biogás. 

Se estudió la adsorción competitiva de compuestos orgánicos volátiles (COV) y siloxanos en 

AC de diferentes fuentes y procesos de activación. Para este propósito, 10 materiales 

comerciales se caracterizaron exhaustivamente en términos de propiedades texturales y 

químicas, y se evaluaron en pruebas dinámicas de adsorción competitiva. Los carbones 

activados químicamente demostraron mayores capacidades de adsorción y selectividad para 

los siloxanos más grandes, siendo más convenientes para la purificación del biogás que los 

carbones activados mediante vapor. Además, se investigó la presencia de humedad en el gas 
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matriz, lo cual promovió la formación de α-ω-silanedioles, especialmente en los carbones 

activados con ácido fosfórico. En términos de volumen de biogás tratado por volumen de 

adsorbente a la ruptura del primer siloxano, las CA activados mediante ácido fosfórico fueron 

capaces de tratar un mayor número de volúmenes de lecho, reduciendo los costos asociados 

con el reemplazo del adsorbente. 

También, evaluamos la eficiencia de CA sostenibles obtenidos a partir de la valorización de 

residuos lignocelulósicos en la eliminación de siloxanos y COV. Los residuos lignocelulósicos 

pirolizados y no pirolizados generados en las industrias de alimentos y madera se utilizaron 

como materiales precursores para obtener adsorbentes experimentales por activación química 

con varios agentes activadores. La mayor porosidad se obtuvo por un residuo no pirolizado 

activado con K2CO3 a 900 °C. El rendimiento de los materiales experimentales se comparó con 

el de CA comerciales en las pruebas de adsorción de siloxanos (D4 y L2) y COV (tolueno y 

limoneno). Los CA obtenidos a partir de residuos demostraron ser más eficientes para la 

eliminación de siloxanos y COV que las muestras comerciales en la mayoría de las condiciones 

estudiadas. 

Por otro lado, la eliminación biológica de siloxanos (D4 y D5) y COV (hexano, tolueno y 

limoneno), típicamente presentes en el biogás de depuradora, se investigó en un biofiltro 

percolador de gases a escala laboratorio (BTF). El reactor se empaquetó con roca de lava y se 

operó a tiempos de residencia (EBRT) en el intervalo de 4-14.5 min en condiciones anóxicas. 

El tolueno y el limoneno mostraron altas capacidades de eliminación y una eficiencia de 

eliminación completa incluso en el tiempo de residencia más bajo, mientras que la reducción 

de siloxanos y hexano se mantuvo por debajo del 37%. El material de empaquetamiento se 

complementó con un 20% de carbón activado para aumentar la transferencia de masa los 

compuestos más hidrofóbicos, lo que llevó a una mayor eficiencia de remoción para el hexano 

y D5, manteniendo a la vez la eliminación completa de limoneno y tolueno a un EBRT reducido. 

Paralelamente se investigó la capacidad de membranas de polidimetilsiloxano en la separación 

de los mismos contaminantes que en el BTF. Los experimentos gas-gas revelaron altas 

eficiencias de transporte para la mayoría de los compuestos desde una corriente contaminada 

a través de la membrana hacia una corriente de gas limpio. La difusión de los contaminantes 

más hidrofóbicos (siloxanos y hexano) se vio afectada cuando se circuló agua limpia en el otro 

lado de la membrana, independientemente del tiempo de residencia. Posteriormente, se 

exploró el rendimiento de un biorreactor de membrana de fibra hueca (HF-MBR) para la 

reducción de dichos compuestos en condiciones anóxicas. El biofilm crecido en el lado líquido 

de la membrana permitió una transferencia completa de tolueno y limoneno en tiempos de 
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residencia superiores a 31.5 s. La eficiencia de remoción de hexano aumentó de 16 a 43% 

cuando el tiempo de residencia se incrementó de 18 a 63 s. Por contra, la eliminación de 

siloxanos no mostró una relación significativa con el tiempo de residencia, manteniéndose por 

debajo del 21%. 

Finalmente, se evaluaron las potencialidades de la implementación de un BTF operado en 

diferentes condiciones antes de un filtro adsorbente, así como el uso de CA con diferentes 

características y precios. La capacidad de un BTF para eliminar completamente tolueno y 

limoneno, así como para reducir la concentración de siloxano hasta en un 40%, llevó a un 

aumento notable en el rendimiento del adsorbente. El CA con base de madera activado con 

ácido fosfórico alcanzó 450 m3 L-1 de biogás sintético tratado por volumen de lecho, lo que 

correspondió a un rendimiento 20 veces mayor que el de materiales que se utilizan 

actualmente en el tratamiento de biogás. Cuando se tuvieron en cuenta los costos del carbón, 

un CA con base de carbón i activado por vapor registró los costos operativos más bajos según 

su precio de mercado y su capacidad de adsorción de siloxano, que alcanzó 0.78 € (1000 

m3
tratados)-1. El acoplamiento de un BTF con la adsorción en un CA activado con vapor resultó 

en costos anuales más bajos que la adsorción sola debido a los frecuentes reemplazos 

requeridos cuando el biogás no había sido pretratado de otros compuestos.
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1.1 Biogas: a sustainable energy fuel 

The accelerated consumption of finite energy resources, the impact linked to the 

production and use of traditional fuels, the power distribution, and the prices of the raw 

materials, confer to the renewable sources a rising importance in the energy policy of 

developed countries. The utilization of the energy from renewable resources is highly 

important in the energy and environmental policy strategy.  

The biological degradation of organic substrates in the absence of oxygen leads to the 

formation of biogas. This process is commonly known as anaerobic digestion (AD), in 

which the organic matter undergoes four stages (hydrolysis, acidogenesis, acetogenesis 

and methanogenesis) being finally converted into CO2 and CH4 by different types of 

bacteria.  

The climate and energy policies in the European Union (EU) have encouraged the 

development of biogas plants for energy conversion, given the economic advantages of 

power generation and environmental benefits provided by the anaerobic digestion. Most 

of the European biogas is converted into heat and/or electricity used to meet the local 

demand or to external users. Moreover, if biogas undergoes an upgrading process to 

biomethane it can be injected into the gas network or used as a vehicle fuel. 

Agriculture and industrial residues, municipal organic waste and sewage sludge are the 

most common feedstocks for anaerobic digesters. The valorization of such residues is not 

only promoted by waste management strategies to produce renewable energies but also 

to assist environmental efforts to mitigate climate change. It is well-known that CO2 

accounts for a high percentage of all greenhouse gas emissions from human activities. 

CH4, although accounting for a smaller portion of these emissions, has a global warming 

potential (GWP) around 25 times higher than carbon dioxide. Hence the necessity to 

collect and use biogas efficiently as an energy resource.  

1.1.1 Biogas trends in Europe 

The production of biogas in Europe has significantly increased since 2007 until 2016 (Figure 

1.1). According to the last Biogas Barometer carried out by the EurObserv’ER in 2016 [1], 

biogas production hit more than 16 million tons of oil equivalent (Mtoe), and 62 TWh of 
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biogas electricity produced. The major contribution to the total biogas produced, which 

has presented a linear growth over time, is the represented as other biogases, including 

decentralized agricultural plants, municipal solid waste methanisation plants, industrial 

methanisation plants and centralized co-digestion. The contribution of biogas produced 

in landfills and wastewater treatments plants (sewage gas) has been almost constant up 

to date. 

The number of plants within the European Union strongly increased during 2010-2012 

almost doubling its number in 3 years. Although the origin of the biogas varies in each 

member state of the EU, this rapid growth was due to the increase in plants running on 

agricultural feedstocks. In 2015, almost 11000 out of the 16834 biogas plants in Europe 

(65%) were located in Germany, which made it the major biogas producer in the EU as 

observed in Figure 1.2. 

Figure 1.1 Evolution of the primary biogas production and the number of biogas plants in 

Europe from 2009 until 2016 [2] 

Leading countries following Germany are the United Kingdom and Italy with biogas 

production above 2000 kTOE, and Czech Republic and France with productions higher 

than 600 kTOE. In most countries biogas is produced from the anaerobic digestion of 

agricultural wastes. Nevertheless, some countries obtain most of their biogas from 

landfills, as in the UK, Turkey, Spain, Portugal and Greece. Biogas from wastewater 

treatment plants prevails in countries like Poland and Sweden. 
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Figure 1.2 Primary energy production from biogas in European countries in 2016 [2] 

1.2 Biogas composition 

Biogas is a renewable fuel that can be used as an energy source for power and heat production. 

The main component of biogas is methane (40-70%) and its content determines the energetic 

value of the biogas produced. Methane is the energy source in biogas with a net calorific value 

of up to 7.5 kWh m-3. However, as a result of the anaerobic digestions from which biogas is 

generated other compounds compose biogas (Table 1.1), and the composition of the final gas 

depends on the origin and characteristics of the substrate. In this sense, the other major 

compound in biogas is CO2 (25-40%) followed by small amounts of other gases under 2% such 

as oxygen, hydrogen, nitrogen, ammonia and hydrogen sulphide. Trace concentrations of 

aromatic hydrocarbons and siloxanes are often present in biogases from anaerobic digesters 

in sewage plants as well as landfills. Papadias et al, (2011) reviewed published data and set up 

a database that included nearly 300 impurities found in biogas matrix. 
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Table 1.1 Composition of landfill and sewage digester biogases [3–6] 

Composites/features Units 
Sewage digester 

biogas 
Landfill biogas 

CH4 % by vol. 57-65 37-67

CO2 % by vol. 34-38 24-41

O2 % by vol. <1 1-3

N2 % by vol. <1 5-15

H2 % by vol. <1 0-3

H2S ppmv 0-4000 0-5400

NH3 ppmv 100 5

Halogenated compounds ppmv <10 <100

Siloxanes ppmv 0-50 0-15

Relative humidity % 100 100 

Temperature ºC 36-60 0-25

Net calorific value kWh Nm-3 6-7.5 4.5-5.5

Most of these impurities may or must be removed depending on the final use of biogas (Table 

1.2). H2S, for instance, stresses corrosion in piping and equipment thus it needs to be removed 

prior to biogas combustion. Moreover, its combustion forms SO2 that is emitted to the 

atmosphere and contributes to global warming. Common technologies for the abatement of 

H2S include biological technologies (biofilters and biotrickling filters), absorption (scrubbers) 

and adsorption (activated carbon, activated alumina, silica gel and zeolites) [7]. On the other 

hand, siloxanes are considered one of the most harmful compounds in biogas even though 

their relatively low concentrations. They cause abrasion to the engines which makes their 

elimination mandatory [8].  

Apart from heat and electricity generation, biogas can be directly injected to the gas grid or it 

can be used as a vehicle fuel. Depending on its final use, biogas treatment or further upgrading 

is required. Table 1.2 summarizes the main requirements based upon the energy conversion 

system (ECS) and the final use. The main ECS utilized for biogas within the EU are internal 

combustion engines (ICE), gas micro-turbines or large turbines, in which manufacturers dictate 

the biogas quality requirements. In the case of gas grid injection or usage as vehicle fuel, 

biogas needs to be upgraded to biomethane and a high quality must be ensured, which is 

subjected by national regulations. 
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Table 1.2 Concentration limits for different energy conversion systems or biogas uses [9–12]. 

Biogas final use/ECS Type/manufacturer 
Siloxane limit 

[mg m-3] 

H2S tolerance 

[mg m-3] 

Internal combustion engine Permissive ICE 30 695 

Restrictive ICE 12 70 

Micro-turbine Capstone® 0.03 6900 

Fuel cells PAFC 0.1 28 

SOFC 0.01 1.4 

Stirling engine Standard No limit 1390 

Grid injection Spanish legislation 10 10 

1.2.1 Siloxanes in biogas 

Siloxanes are a group of polymeric compounds of Si-O bonds with organic chains attached to 

the silicon atoms. Siloxanes have thermal stability, high flexibility, hydrophobicity and low 

surface tension that make them useful in many industrial processes or applications [13].  

Given the wide range of applications, siloxanes can be found in cosmetics, detergents, 

shampoos and many more everyday products [14] ending up in urban wastewater treatment 

plants. Most of them are likely to volatise in the atmosphere and decompose, but some of 

them may remain in the wastewater adsorbed onto the extracellular polymeric substances 

(EPS) of the sludge flocs [15]. In this sense, siloxanes reach the anaerobic digesters where 

biogas is obtained and, due to the elevated temperatures, they are volatilized into the 

methane-rich gas. Commonly found siloxanes in biogas and some of their physicochemical 

properties are summarized in Table 1.3. 

Siloxanes concentrations in biogas may differ depending on its source; landfill or anaerobic 

digester. Typical concentrations of this compounds in biogas are in the range 3-30 mg m-3 in 

landfill gas [15,16] and 10-240 mg m-3 in anaerobic digester gas [6,15,17]. 

During the combustion of biogas, present volatile siloxanes are converted into abrasive 

microcrystalline silica (SiO2), which has properties similar to those of glass. More precisely, this 

residue deposition leads to the abrasion of engine surfaces and contributes to overheating 

motor sensitive parts as well as the build-up of silica layers. Overall, siloxanes inhibit heat 

conduction or lubrication thus promoting serious damage to the gas conversion unit [8]. 
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Table 1.3 Frequent siloxanes detected in biogases and their properties 

Compound 

(abbreviation) 
Formula 

MW 

[g mol-1] 

Boiling 

point 

[ºC] 

Vapour 

pressure 

[kPa] 

Trimethylsilanol 

(TMS) 
90 70 2.13 

Hexamethyldisiloxane 

(L2) 
162 107 4.12 

Octamethyltrisiloxane 

(L3) 
236 153 0.52 

Decamethyltetrasiloxane 

(L4) 
310 194 0.07 

Dodecamethylpentasiloxane 

(L5) 
384 230 0.009 

Hexamethylcyclotrisiloxane 

(D3) 
222 135 1.14 

Octamethylcyclotetrasiloxane 

(D4) 
297 176 0.13 

Decamethylcyclopentasiloxane 

(D5) 
371 211 0.02 

Dodecamethylcyclohexasiloxane 

(D6) 
445 245 0.003 
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1.3 Siloxanes removal: a technology overview 

Non-regenerative adsorption is the most common technology applied to the removal of 

siloxanes from biogas. The majority of the patents found on this topic are based on the 

principle of adsorption and are not commercially available [18]. Nevertheless, several 

technologies can be found in the literature, most of them as end-of-pipe approaches.  

1.3.1 Adsorption 

Adsorption is the process in which atoms, ions or molecules from a gas or liquid (adsorbate) 

interact with the surface of a solid material (adsorbent). Adsorption may be classified as 

physisorption or chemisorption depending on the type of forces taking place between the 

adsorbate and the adsorbent. The forces participating in physical adsorption may be 

polarization forces, dispersive forces and dipole moment, where the adsorbate is retained due 

to weak van der Walls interaction. Chemisorption, on the other hand, involves transferring, 

exchanging or even sharing electrons leading to the formation of chemical bonds between 

adsorbates and adsorbent [19].  

Conventional technologies used for siloxanes’ abatement are based on adsorption on fixed 

beds of activated carbon. This technology consists on flowing the biogas through a fixed bed 

of activated carbon until the bed experiences breakthrough (Figure 1.3). Then, a second bed 

starts adsorbing while the saturated bed is replaced with fresh adsorbent material. Among 

other parameters, the performance of adsorption will depend on the type of adsorbent used. 

More precisely, the adsorbent’s selectivity towards siloxanes will delimit the lifetime of the 

material before occurring breakthrough.  

Figure 1.3 Non-regenerative adsorption on fixed beds 
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Activated carbon is the most widely used adsorbent support and its capacity to reduce siloxane 

concentration below 0.1 mg m-3 has been reported [18]. However, other inorganic materials 

have also been investigated such as silica gel, alumina and zeolites.  

Several reports state that siloxanes’ adsorption is affected by different parameters of the 

material such as its origin material, type of activation, BET surface area and porosity [20]. The 

main drawback of this technology is the high operational costs associated with the bed 

replacement. Siloxanes thermal desorption for AC regeneration has resulted unsuccessful due 

to the formation of higher molecular weight siloxanes (i.e. silicone polymers) which are hardly 

desorbable [21,22]. Cabrera-Codony et al. (2015) [23] investigated the regeneration of AC 

exhausted with siloxanes by means of advanced oxidation processes (O3, H2O2) recovering up 

to 45% of the original capacity of the AC. 

In the other hand, other inorganic silicon-based materials have been studied at laboratory 

scale, including silica gel, molecular sieves and zeolites (Figure 1.4).  

Silica gel is an amorphous material with a polymeric structure of colloidal silicic acid being the 

general formula SiO2·nH2O. This material is commonly used as a desiccant due to its high 

affinity towards water. Thermal regeneration of spent silica gel is easily achieved due to a 

weaker adsorption force. Moreover, its regeneration has been observed to be more cost-

effective than activated carbons [24]. Schweigkofler and Niessner (2001) reported siloxanes 

adsorption capacities up to 100 mg g-1 by silica gel. They also stated that the presence of 

humidity in the gas (>20% RH) greatly influenced the siloxanes uptake. 

Zeolites are crystalline aluminosilicates with frameworks based on extensive three-dimensional 

networks of oxygen ions arranged tetrahedrally (AlO4 or SiO4) forming identical building unite 

cells. Zeolites have been widely employed for removing heavy metals from the environment, 

as catalysts in the petrochemical industry, reducing NOx emissions from vehicles and water 

purifications among many other applications. Some publications can be found in the literature 

addressing the removal of siloxanes. 

Figure 1.4 Adsorbents for siloxane removal in biogas upgrading 
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A review on the state-of-the-art of siloxanes adsorption onto various organic and inorganic 

adsorbents can be found in Table 1.4. It needs to be highlighted that most of these studies 

have been conducted at lab-scale with simple gas matrixes (i.e. dry N2) and siloxanes 

concentrations well above the typical range in biogas. As a result of the high concentrations in 

the synthetic gas streams, high adsorption capacities have been reported, which is not later 

witnessed in real biogas facilities [12]. Sigot et al. (2014) [25] observed a 90% decrease in the 

D4 adsorption capacity of a silica gel when the inlet gas presented a 70% relative humidity. 

Water competition for the adsorption sites was also pointed out by Schweigkofler and Niessner 

(2001) [24]. The height-diameter ratio in the bed-dimensioning was also found to influence 

siloxanes’ adsorption capacity [26]. 

1.3.2 Absorption (scrubbing) 

Absorption has been widely applied in the removal of siloxanes from biogas. The principle of 

this technology consists in the mass transfer of a gas pollutant to a liquid absorbent. The 

polluted gas flows counter-current to the liquid absorbent solution (Figure 1.5) so the efficiency 

of this process relies on (i) the packing surface area, (ii) the contact time and (iii) the solubility 

of the pollutant in the absorbent solution. Absorption can be divided into chemical or physical 

depending on the nature of the absorptive agent applied. 

Chemical absorption is referred when strong acids are used for the destruction of siloxanes 

and is associated to safety and corrosion concerns, which lead to higher costs [27]. 

Schweigkofler and Niessner (2001) reported siloxanes’ elimination efficiencies of >95% and 

>65% with sulfuric acid and nitric acid, respectively, when temperature of the acids was

Figure 1.5 Chemical scrubber 
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increased to 60ºC. Bases such as NaOH have been tested demonstrating poor efficiencies and 

producing carbonates that precipitates into the equipment [28]. 

Table 1.4 State-of-the-art on adsorbent materials for siloxane abatement. 

Siloxane (gas matrix) Concentration 

[ppm v/v] 

Adsorbent Capacity 

[mg g-1] 

Ref. 

L2/D5 (dry N2) 100-300 Silica gel 118/134 [29] 

Siloxanes (sewage gas) AC 20-50

D3 (synthetic biogas) Saturated AC 570 [21] 

Silica gel 230 

Zeolite 276 

D4/L2 (isotherms) N/A Zeolite DAY40 104-124 [30] 

Silica gel 77

Various ACs 300-400

D4 (Langmuir isotherm) Various ACs 198-459 [31] 

D4 350 Various ACs 56-192 [32] 

Molecular sieve 4-77

Silica gel 104

D4/D5 (dry N2) 46/21 Zeolite 51/52 [33] 

Various ACs 150-531

Silica gel 230-240

Synthetic resin 200-530

L2, D4 and D5 mixture (N2) N/A Various ACs 155-307 [34] 

Silica gel 202

Alumina oxide 146

D4 N/A Various ACs 21-224 [35] 

L2 (dry N2) 20-300 AC 10-100 [36] 

D4 (dry N2) 1000 Various ACs 249-1732 [37] 

D4 (synthetic biogas) 1,45 AC 897 [37] 

D4 30 Silica gel 259 [25] 

AC 53 

Zeolite 139 

D4 N/A AC 856 [38] 

Polymer 2370 

D5 and D6 (N2, toluene and 

limonene) 

1-10 AC 120 [39] 

Molecular sieve 53 

Silica gel 131 

D4 500 Silica gel 102-686 [40] 

D4 (dry N2) 170 Aluminosilicates 10-104 [41] 

D4 (dry N2) 250 Various Zeolites 11-143 [42] 

D4 (dry N2) ~600 Mesoporous 

aluminas 

168 [43]
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Physical absorption is associated to mere solubilization of the pollutant to the absorbent and 

later regeneration. Water, organic solvents or mineral oil are included in this type of adsorption. 

Polar organic solvents may be later regenerated by heating, stripping or desorption [8]. Water 

scrubbing is a common upgrading process simple and effective capable of remove corrosive 

compounds at relatively low costs. CO2 and H2S can be highly reduced from biogas due to 

their solubilities in water. However, low abatements have been reported for siloxanes 

considering their poor solubilities in water [44]. 

The most promising organic solvent for siloxanes removal from biogas is Selexol™, which is a 

polyethylene glycol dimethyl ether capable of removing not only siloxanes but also CO2 and 

H2S. Removal efficiencies up to 99% have been accomplished in a landfill biogas plant with 

adsorbent regeneration [16].  

1.3.3 Deep chilling/condensation/refrigeration 

Reducing the temperature of biogas is a simple and popular method commonly used for 

removing siloxanes as well as water from biogas. The objective of this unit is typically the 

elimination of water as pre-treatment prior to an activated carbon filter and so avoid the 

competition between water and siloxanes for the porous sites. Nevertheless, some reports have 

found that siloxanes can also be removed at different levels depending on the temperature 

achieved. Wheless and Pierce (2004) [16] reported moderate removal efficiencies of siloxanes 

ranging from 15 up to 50% when biogas was chilled to 5ºC, and advanced refrigeration to 

temperatures below -20 ºC accomplished 95% removal efficiencies. 

The main disadvantage of this technology is the elevated costs due to the energetic 

requirements. Refrigeration systems for eliminating siloxanes have shown to be cost-effective 

when combined with activated carbon in plants generating high flow rates of biogas with high 

loads of siloxanes [27].  

1.3.4 Membrane separation 

The principle of this technology is the selective permeation of siloxanes by a solution diffusion 

mechanism through dense polymeric membranes [45]. Membranes are characterized by large 

surface areas for separation while occupying small volumes. They can be polymeric or 

inorganic materials, and the permeability and selectivity towards a specific compound will be 

determined by the pore size and molecular interactions [46]. 
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Currently, biogas upgrading with membranes is applied in high pressure membrane systems 

(36 bar) with gas phases in both sides of the membrane, and in low-pressure systems (1 bar) 

where gas molecules diffuse through a microporous hydrophobic membrane and 

subsequently are solubilized in a liquid absorbent. Either way membranes require pre-

treatment for the removal of harmful compounds such as H2S (high concentrations) and 

halogenated compounds that can damage them. Membranes systems are commonly applied 

for the separation of CO2, moisture and H2S from methane [47]. 

Up to date only one report can be found in the literature for siloxanes abatement by means of 

membranes systems [48]. Ajhar et al. (2012) investigated the performance of 

polydimethylsiloxane (PDMS) membranes for the selective separation of several siloxanes (L2-

L4, D3-D5) determining their permeability and selectivity towards methane. High siloxanes 

removal efficiencies (>80%) with ambient air as sweep gas were achieved. 

In the other hand, membrane systems may be coupled to biological reactors, more precisely 

know as membrane bioreactors (MBR). These advanced membrane configurations have been 

widely implemented for wastewater treatment and many lab-scale experimental studies have 

been reported for waste gas treatment (MBRWG). This technology is based upon the gaseous 

pollutants diffusion through the membrane where the target pollutants are degraded into the 

biofilm grown to the membrane surface or the biomass suspended in the liquid phase [49,50]. 

In this sense, MBRWG are suitable for poorly water-soluble compounds that are hardly 

transferred with other biological technologies (i.e. biofilters or biotrickling filters). The transport 

of pollutants across the membrane is driven by the concentration gradient and therefore the 

capacity of the biomass to degrade the compounds transferred. It is also determined by the 

solubility and diffusivity of the compounds through the membrane.  

Several laboratory scale studies have reported efficient removal capacities of a wide range of 

gaseous pollutants in MBRWG. An exhaustive review on this topic can be found elsewhere [50]. 

To the best of our knowledge no reports have been found for siloxanes abatement with this 

type of configuration. 

1.3.5 Biological technologies 

For many years polydimethylsiloxanes (PDMS) have been treated as non-biodegradable or 

even inert to living organisms due to their physicochemical properties [51]. In late 90s, some 

reports proved the biodegradability of many silicon-compounds by different kinds of bacteria 
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[52,53]. From 2008 on, scarce researchers have investigated the elimination of siloxanes in 

biological technologies, given their environmental and (often) economic advantages.  

A biotrickling filter (BTF) consists in the biological treatment of a polluted gaseous stream 

through a packed bed with microorganisms grown attached to an inert support material often 

inorganic (e.g. ceramics, rocks, plastics, etc). Moreover, in order to provide the microorganisms 

with nutrients, a mineral solution is continuously irrigated (trickling solution) commonly in 

counter-current to the gas stream (Figure 1.6). In this sense, pollutants are firstly absorbed in 

the trickling solution and therefore degraded by the microbial consortium.  

Biotrickling filters have been thoroughly explored specially in the removal of H2S for biogas 

applications. A detailed review on the papers published regarding degradation of H2S from 

biogas can be found elsewhere [54]. Given its high solubility, this pollutant can be easily 

eliminated by biofiltration even at low gas residence times (<10 s) and reach elimination 

capacities higher than 200 g m-3 h-1 [7,55].  

Figure 1.6 Biotrickling filter 

This type of bioreactor has also been explored for odour abatement in WWTPs not only for 

treating H2S but also VOCs such as BTEX and hexane among others. Biogas from anaerobic 

digesters in WWTPs and from landfills can also contain such compounds [56], though unlike 

siloxanes, they are not regarded as harmful for the energy conversion systems, so their removal 

is not often required.  

Some researchers have investigated the removal of siloxanes by means of biotrickling filters. 

However, to our best knowledge and up till now, only four reports can be found in the literature 

and are summarized in Table 1.5.   
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All the four studies have been conducted in aerobic conditions and with different bacterial 

strains obtaining removal efficiencies from 10 up to 74%. Most of them concluded that low 

overall efficiencies were obtained due to mass-transfer limitations given the low water-

solubility of siloxanes. Popat and Deshusses (2008) investigated siloxane D4 elimination 

through biofiltration under anaerobic and aerobic conditions. They did not observe much 

difference between both operation conditions, stating that a change in the electron acceptor 

(oxygen for nitrate or sulphate) did not affect significantly the reactor performance [57].  

Table 1.5 Experimental studies on siloxanes removal from gas in BTFs 

Reactor unit Target Conc. 

[mg m-3] 

EBRT 

[min] 

RE 

[%] 

EC 

[mg m-3 h-1] 

Ref. 

Aerobic BTF (2 L) packed with Pall 

rings inoculated with P. putida. 

Co-current configuration. 

D3 46-77 2.1 

3.6 

10 

20 

200 [58] 

Aerobic BTF (4.4 L) packed with 

lava rock inoculated with P. 

aeruginosa. Counter-current. 

D4 50 3.3 

13.2 

48 

74 

435 

168 

[59] 

Aerobic and anaerobic (0.4 L) BTF 

packed with cattle bone and lava 

rock. Inoculum was activated 

sludge. Counter-current.  

D4 45 5, 7.5 

11, 16 

19.5 

10, 15 

25,35 

43 

15 

60 

[57] 

Aerobic BTF (2 L) packed with 

polypropylene rings. 

Phyllobacterium myrsincearum 

was isolated and enriched from AS 

and used as inoculum. Counter-

current. 

D4 50 24 60.2 [60]
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Objectives 

The general aim of the thesis is to improve the purification of biogas in terms of efficiency and 

sustainability, focusing on siloxane removal due to their hazardous nature towards energy 

applications. The specific objectives are listed below: 

Enhance adsorption of siloxanes into activated carbons 

• To assess the mechanisms of competitive adsorption of siloxanes in the presence of other

biogas impurities:

- The screening of a series of porous carbons for the removal of multicomponent

mixtures of siloxanes and volatile organic compounds from biogas.

- Understand the parameters ruling the co-adsorption of siloxanes and volatile organic

compounds, and the competition between them during the adsorption process.

- Investigate the influence of humidity in the gas matrix upon siloxanes adsorption.

• To decrease the environmental and economic costs of activated carbon by pursuing more

sustainable precursor materials:

- Obtain activated carbons from the valorisation of lignocellulosic waste as precursor

material.

- Evaluate the waste-based resulting adsorbents towards adsorption of siloxanes and

VOCs.

- Compare the performance of the lignocellulosic activated carbons with commercially

available materials.

Explore the efficiency of different biotechnologies for the abatement of siloxanes 

• In a biotrickling filter:

- Investigate the anoxic biodegradation of siloxane D4 in a lab-scale biotrickling filter.

- Study the co-treatment of siloxanes and other biogas impurities in the biotrickling

filter as well as the influence of the empty bed residence time in order to optimize the

performance of the system.

- Study the role of an activated carbon layer at the top of the biotrickling filter aiming

at enhancing the mass transfer of water insoluble siloxanes.



Objectives 

20 

• In a membrane bioreactor:

- Investigate the transport efficiency of siloxanes and volatile organic compounds

through polydimethylsiloxane membranes in gas-gas experiments.

- Evaluate the performance of a hollow-fibre membrane bioreactor inoculated with

anaerobic digester sludge on the removal of siloxanes in the presence of VOCs.

- Study the influence of the gas residence time in the membrane bioreactor upon the

removal of the pollutants.

- Assess the impact of different strategies regarding the final electron acceptor upon

the performance of the reactor.

Towards coupling technologies 

• To merge the knowledge obtained for evaluating the feasibility of coupling

biotechnologies, particularly biotrickling filtration, to adsorption onto activated carbon in

pursuance of decreasing operational costs associated with carbon frequent replacement

and disposal of the spent waste generated.
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3.1 Test gas generation and analytical procedures 

This section in the Materials & Methods Chapter aims to describe the procedures for 

generating the test gas in the different treatment technologies applied as well as the analytical 

methodologies, which are common methodologies in most of the chapters within the present 

dissertation. 

3.1.1 Synthetic gas production 

The generation of the polluted gases was carried out by infusing a liquid mixture of the 

target siloxanes and VOCs by a syringe pump (Harvard Apparatus) to a nitrogen stream 

(99.999%, Abelló Linde). N2 was previously humidified in a water column and accurately 

regulated by a mass flow controller (Alicat Scientific). The resulting stream was mixed in 

four static mixers followed by a 1-L mixing chamber. Figure 3.1 shows the set-up for 

generating polluted streams.  

Figure 3.1 Gas generation setup. 1 N2 bottle; 2 Mass flow controller; 3 Water column; 4 

Syringe pump; 5 Static mixers; 6 Mixing chamber; 7 Feed gas sampling point. 

The reagents used within this thesis to generate the polluted gases were purchased in 

liquid form; L2 (98.5 %), D4 (98 %) and D5 (97 %), toluene (99.8 %), n-hexane (98%), d-

limonene (95 % purity) and tetrahydrofuran (THF, 99 %) from Sigma Aldrich (USA). 
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3.1.2 General analytical procedures 

The composition of the target stream was analysed via a flow-through gas sampling valve in a 

gas chromatograph equipped with a flame ionization detector (GC-FID, 7589B Agilent 

Technologies) and a HP-5ms Ultra Inert capillary column (5%diphenyl-

95%dimethylpolysiloxane, 30 m x 0.25 mm i.d. 0.25 µm thickness, Agilent Technologies).  

The column oven temperature started from 60 ºC (1 min), ramped to 120ºC at 30 ºC min-1 

before increasing to 150 at 10 ºC min-1 and to 300ºC at 50ºC min-1, held at this temperature for 

3 min. The injector temperature was set at 240 ºC with helium (99.99% Abelló Linde, Spain) at 

a split ratio 1:6. Calibration was carried out using external standards prepared in the above 

described continuous set-up.  

3.2 Mineral medium preparation and analysis 

The salts for preparing the mineral medium used in the bioreactors were obtained from 

PANREAC AppliChem with purities higher than 99 %. The synthetic mineral medium contained 

1 g L-1 NaCl; 0.2 g L-1 MgSO4·7H2O; 0.02 g L-1 CaCl2·2H2O; 0.04 g L-1 NH4Cl; 2 g L-1 NaNO3; 1.16 

g L-1 KH2PO4·H20; 4.76 g L-1 HEPES. pH was adjusted to 6.9 with NaOH 1 M. 

NO3
-, NO2

- and PO4
3- concentrations in the trickling solution of the BTF were analyzed in an 

Ion Chromatograph (Thermofischer, Dionex, IC5000) coupled with a conductivity detector.  

Silicic acid was measured by means of a colorimetric test in which dissolved silicic acid reacted 

with ammonium molybdate under acid conditions producing the yellow complex 

molybdosilicate acid. Oxalic acid was added to avoid the formation of molybdophosphate acid 

and therefore the interference of phosphates. The absorbance of the resulting samples was 

measured at 410 nm in a spectrophotometer (3100PC, VWR, USA).  

Total silica concentration was analyzed by means of inductively coupled plasma-optical 

emission spectroscopy (ICP-OES, Agilent 5100).  

The biodegradation metabolites in the liquid solution were analyzed by GC-MS (7890B GC-

5977B MS, Agilent Technologies). Silanediols determination procedure is reported elsewhere 

[42]. 



Materials & Methods 

25 

 

3.3 Adsorption onto activated carbons 

This section aims to describe the materials and methods used within Chapters 4, 5 and 8. 

3.3.1 Activated carbons 

Experimental activated carbons 

A set of four chemically activated carbons were obtained experimentally (Table 3.1). The 

activation procedure was the following: 3kg of lignocellulosic waste generated in a food 

industry were cleaned and dried at 60 ºC. The resulting sample was grounded to a particle size 

below 5 mm. Part of the grounded sample was pyrolyzed in a tubular furnace Carbolite CTF 

12/65/550. Pyrolysis conditions were selected according to previous experience [61,62] and 

were 150 mL min-1 of N2 flow, a heating rate of 5 ºC min-1 up to 750ºC and maintained at this 

temperature for 60 min. Both the cleaned lignocellulosic waste and its pyrolyzed version were 

employed as precursors for the experimental activated carbons.  

K2CO3 was the activating agent for the non-pyrolyzed samples (AC1 and AC2) and KOH (more 

reactive agent) for the pyrolyzed samples (AC3 and AC4). Prior to the activation process, the 

precursor and the activating agent were mixed in solid state in different ratios (0.5/1 and 1/1) 

as described in Table 3.1. The thermochemical process of KOH/K2CO3 activation was carried 

out in the aforementioned furnace at the activating temperature and nitrogen flow rate 

summarized in Table 3.1. After chemical activation the resulting adsorbents were washed with 

hydrochloric acid solution (5 M) and successively washed with deionized water (Milli-Q) for 

eliminating residual activation products that might block the obtained porosity. The last step 

consisted in drying the samples at 105 ºC.  

Commercial activated carbons 

A set of 10 commercial activated carbons with different origin and varied textural and 

physicochemical properties (listed in Table 3.1) were selected for the removal of siloxanes and 

VOCs removal in competitive dynamic adsorption tests. The carbon adsorbents were supplied 

by Cabot (USA), CECA (France), Chemviron (Belgium), Desotec (Belgium), Ingevity (USA) and 

Jacobi (Sweden). The series of investigated adsorbents includes steam-derived activated 

carbons (samples denoted as SAC), and phosphoric acid activated carbons (samples denoted 

as PhAC). Among the samples, one of them is specifically commercialized for biogas treatment 

(sample denoted as SAC-2). These adsorbents differed in terms of origin, activation process 

undergone, pore structure and surface chemistry and therefore an extensive characterization 
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was carried out. Before use, pellets and granular carbons were ground and sieved to obtain a 

particle size between 212 and 425 μm.  

Table 3.1 Activation conditions of the lignocellulosic-waste ACs and commercial samples. 

Sample Precursor Activation 

Activating 

agent/precursor 

weight ratio 

Activation T 

[ºC] 

N2 flow 

rate 

[cm3 min-1] 

Experimental 

AC1 LGC-W K2CO3 1/1 850 150 

AC2 LGC-W K2CO3 0.5/1 900 150 

AC3 P-LGC-W KOH 0.5/1 900 150 

AC4 P-LGC-W KOH 1/1 900 150 

Commercial 

PhAC-1 Wood H3PO4 n.a. n.a. n.a.

PhAC-2 Wood H3PO4 n.a. n.a. n.a.

PhAC-3 Wood H3PO4 n.a. n.a. n.a.

PhAC-4 Wood H3PO4 n.a. n.a. n.a.

PhAC-5 Wood H3PO4 n.a. n.a. n.a.

SAC-1 Peat Steam n.a. n.a. n.a.

SAC-2 Anthracite Steam n.a. n.a. n.a.

SAC-3 Bituminous Steam/N* n.a. n.a. n.a.

SAC-4 Coal Steam n.a. n.a. n.a.

SAC-5 Coconut Chemical n.a. n.a. n.a.

*Impregnated / n.a. not available / LGC-W lignocellulosic waste / P pyrolyzed

3.3.2 Adsorbents characterization 

Chemical characterization 

The ash content and moisture of all the ACs was obtained following the UNE 32004 norm and 

the UNE 33002 norm, respectively. Therefore, samples were calcined in a muffle at a 

temperature of 815ºC for 1 hour in order to obtain the ash content. And the moisture of the 

sample was determined based on the weight loss after 1 h at 105 ºC. An elemental analysis was 

carried out using a LECO CHN-2000 equipment for determining the carbon, hydrogen and 

nitrogen contents, and a LECO S-144-DR instrument (LECO Corporation, USA) for analyzing 

the Sulphur content. The oxygen content was calculated as the difference to reach 100%. 

Temperature-programed desorption (TPD) experiments were carried out by means of a DSC-

TGA equipment (TA Instruments, SDT 2960 Simultaneous) coupled to a mass spectrometer 

(Thermostar Balzers, GDS 300 T3) to determine the oxygen-functional groups in the surface of 

the activated carbons [63]. The heating rate applied was 20 K min-1 up to 1000 ºC under a 

helium flow rate of 100 ml min-1 using ca. 10 mg of each sample.  
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In order to determine the pHslurry of the ACs, ca. 500 mg samples were suspended in 25 mL of 

deionized water and left stirring for 24 h. The pH and conductivity of the supernatant was then 

measured with a Crison micro pH 2000 pHmeter. The supernatant phase was also analyzed 

with ion chromatography (Dionex ICS-500 DP) to determine the leached ions. 

Scanning electron microscopy (SEM) 

Prior to observation, all the samples were covered with iridium in order to reduce the charging 

of the materials and obtain improved pictures. A scanning electron microscope ZEISS DMS-

942 (ZEISS, United States) equipped with an energy-dispersive X-ray analysis system (Link-Isis 

II) was used to examine the morphology of the materials.

Textural characterization 

Helium pycnometry was carried out on a Micrometrics AccuPyc 1330 pycnometer in order to 

determine the real density (ρHe) of the materials. 

Adsorption-desorption equilibrium isotherms of N2 at 77K and CO2 at 273K were volumetrically 

obtained by a Micrometrics ASAP 2420 and a Quantachrome NOVA 4000 instrument. Prior to 

adsorption experiments for both gases, all the carbons were outgassed under vacuum at 120ºC 

overnight for the removal of moisture and other vapors and gases. 

The specific surface area (SBET) and the total pore volume (VTOT) at a relative pressure of 0.99 

were obtained by fitting the nitrogen adsorption data to the BET equation [64,65]. By applying 

the density functional theory (DFT) model to the N2 isotherms, and assuming slit-shaped pore 

geometry [66], we obtained the pore size distribution; microporosity (Vumi <0.7 nm), medium 

size micropore volume (Vmmi 0.7-2 nm) and mesoporosity (Vme 2-50 nm).  

On the other hand, the narrow microporosity was studied from the CO2 adsorption isotherms. 

The micropore volume (W0) and the characteristic energy (E0) were calculated from the 

application of the Dubinin-Radushkevich equation (assuming the density of CO2 adsorbed as 

1.023 g cm-3 and the β parameter as 0.36). The Dubinin-Radushkevich surface (SDR) was 

obtained from the micropore volume. The mean micropore size (L) was evaluated from the 

expression L = 10.8/(E0 − 11.4) [67]. 

3.3.3 Target compounds 

Due to the wide spectrum of pollutants found in biogases, a mixture of selected siloxanes and 

volatile organic compounds (VOCs) was investigated in this doctoral thesis. Their main 
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physicochemical properties are summarized in Table 3.2, while their molecular structures are 

shown in Figure 12.1. To calculate the critical diameter of the adsorbates -i.e. the diameter of 

the smallest cylinder inside which the molecule will fit [68]-, the Cartesian coordinates were 

obtained using Avogadro software. Principal component analysis was implemented using 

Matlab software to obtain the bounding box for the molecule system (Figure 12.2). Critical 

diameters were then computed as the second internuclear distance plus an estimate of the 

van der Waals radii of hydrogen (0.12 nm). 

Table 3.2 Physicochemical properties of each compound in the test gas 

Compound Molecular 

formula 

MW 

[g mol-1] 

Boiling point 

[ºC] 

Critical 

diameter [nm] 

Solubility* 

[mg L-1] 

L2 C6H18OSi2 162.4 100 0.73 0.930 

D4 C8H20O4Si4 296.6 175 1.08 0.056 

D5 C10H30O5Si5 370.8 210 1.10 0.017 

Toluene C7H8 91.2 111 0.67 526 

Limonene C10H16 136.2 176 0.68 7.570 

Hexane C6H14 86.1 68 - 9.500 

*In water at 25 ºC

3.3.4 Adsorption equilibrium experiments 

The target compounds selected for carrying out the adsorption equilibrium experiments of this 

study (in Chapter 5) were toluene, limonene and the siloxanes D4 and L2. The adsorption 

experiments were carried out at room temperature (25 ± 2 ºC). The adsorption equilibrium of 

each compound was studied individually using 10-70 mg of powdered activated carbon in 20-

cm3 vials sealed with PTFE septa weighted by an analytical balance (XSR105 Mettler Toledo, 

USA). Liquid volumes of 4 µL of the target compound were successively injected on the vial 

and agitated in an orbital mixer for 24 h in a thermostatic chamber at 25 ºC to reach adsorption 

equilibrium. Preliminary tests showed that adsorption equilibrium was reached after 24 h (data 

not shown). After this time, the concentration of the target compound (Ce) in the vial 

headspace was analyzed by a gas chromatograph coupled to a mass spectrometry detector 

(7980B series GC-MSD, Agilent Technologies) and equipped with a PAL auto sampler system 

with a headspace tool, and a capillary column HP-5ms Ultra Inert (Agilent Technologies). 

Calibration was carried out diluting commercial standards of siloxanes (D4 and L2) and VOCs 

(toluene and limonene) in THF and injection to the 20-cm3 vials.  

The amount of target compound adsorbed at equilibrium, x/M (mg g-1), was calculated by 
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𝑥/𝑀 = (
𝐶0 − 𝐶𝑒

𝑊
) 𝑉 

Eq. 1 

where C0 and Ce are the initial and equilibrium target concentrations (mg m-3); W is the mass 

of carbon (g); and V is the volume of the vial (m3). C0 was calculated according to the amount 

of target compound injected on the 20-cm3 vials, which was confirmed by weighing the vial 

before and after the liquid injection. 

3.3.5 Multicomponent dynamic adsorption tests 

Multicomponent dynamic adsorption tests, carried out in Chapter 4, were performed at room 

temperature (25 ± 2 ºC), using ca. 250 mg of activated carbon packed in a glass fixed-bed 

column with an internal diameter of 7 mm. Bed heights ranged from 6 to 11 mm depending 

on the packing density of the tested adsorbent. The ratio of the column to particle diameter 

for this packed bed was around 20, considered to be large enough to eliminate the wall effects 

due to the near-wall lower packing density [69].  

The generation of a multicomponent test-gas was achieved by following the procedure 

detailed in Section 3.1.1, excluding the water column to humidify the test gas. A mixture of the 

target pollutants was infused to a dry N2 flow of 200 mL STP min-1 settled using a mass flow 

controller (Alicat Scientific) (Figure 3.2). The liquid mix was obtained using known amounts of 

siloxanes and VOCs. Their concentrations in a gas stream (detailed at the corresponding 

Results chapter) were proportionally higher than those found in real biogases [4], in order to 

obtain the breakthrough of the carbon beds in affordable experimental times, as well as 

simplified analytical procedures. The concentration of each compound in the outlet was 

continuously measured as described in Section 3.1.2. 
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Dynamic adsorption tests were carried out in a dry gas matrix and also in wet conditions by 

adding another syringe filled with distilled water and pumped to the N2 gas at 1.5 µL min-1 so 

that the relative humidity in the test gas was around 25 ± 5 %, similar to real biogas content. 

The humidity content of the carrier gas was measured with an appropriate sensor (Testo 635). 

For each adsorption experiment, the adsorption column was operated until the compounds’ 

outlet concentrations matched the inlet concentrations (i.e., bed exhaustion). Breakthrough 

curves were thus obtained by plotting the c(t)/c0 vs. time where c0 is the inlet concentration 

(mg m-3) and c(t) is the outlet concentration (mg m-3) at a given time. The adsorption capacity 

of each activated carbon for every target compound (x/M, in mg of compound per gram of 

carbon adsorbent) was calculated as follows: 

𝑥

𝑀
=

𝑄

𝜔
(𝑐0𝑡𝑠 − ∫ 𝑐(𝑡)𝑑𝑡

𝑡𝑠

0

) 

Eq. 2 

where Q is the inlet flow (m3 s-1), ω is the adsorbent weight (g) and ts is the bed exhaustion 

time (s). 

3.3.6 Spent carbon analysis 

The spent activated carbons after the dynamic adsorption tests (in Chapter 4) were analyzed 

to determine the formation of cyclic or lineal siloxanes and α-ω-silanediols (during the 

adsorption experiments) in the adsorbed phase. The concentration of these compounds was 

Figure 3.2 Set-up of the dynamic adsorption test: (1) Carrier gas (N2); (2) Mass flow 

controller; (3) Syringe pump filled with a) target compounds mixture and b) DI water for 

wet tests; (4) fixed bed adsorbent; (5) GC-FID 
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measured following the analytical procedure indicated by Varaprath and Lehmann (1997) [70]. 

For this purpose, and in order to compare the activated carbons in the same conditions, the 

multicomponent adsorption tests were stopped after 30 min of run. Then, the spent carbon 

samples were suspended in 20 mL of anhydrous THF, vortexed for 2 min and shaken in an 

orbital mixer for 30 min. The resulting suspensions were centrifuged at 6000 rpm for 5 min 

(EBA 21, Hettich Zentrifugen) and the liquid phase was analyzed. 

In adsorption equilibrium experiments at 25 ºC (obtained in Chapter 5), a representative mass 

of 30 mg of powdered activated carbon samples were placed in 20-cm3 vials and 6 µL of 

reagent D4 or L2 were injected through the septa of the vial. After 24 h of contact for 

adsorption/transformation to happen, 10 mL of THF were injected to the vials, vortexed for 2 

min and shaken in an orbital mixer for 30 min. The resulting suspensions were filtered through 

0.45 µm and the liquid suspensions were analyzed. Spent carbon experiments were performed 

in duplicate (error < 4%). 

The analysis of the THF suspensions was carried out in a gas chromatograph coupled to a mass 

spectrometry detector (5977E series GC-MSD, Agilent Technologies) and equipped with a 

capillary column HP-5ms Ultra Inert (Agilent Technologies). Calibration was carried out using 

commercially available (Sigma Aldrich, USA) standards of cyclic siloxanes (D3, D4, D5), lineal 

siloxanes (L2, L3, L4, L5) and VOCs (toluene and limonene). The gas chromatograph was 

operated at 60 ºC for 3 min, followed by a heating ramp of 20 K min-1 from 60 to 120 ºC and 

40 K min-1 until 250 ºC. Retention time and analytical ions of the target compounds were 

previously reported [42]. 

3.3.7 Adsorption costs assessment 

A biogas flowrate of 1000 m3 h-1 containing average concentrations of VOCs (hexane, toluene 

and limonene) and siloxanes (D4 and D5) was set as biogas model to assess the capital (CAPEX) 

and operation cost (OPEX) of siloxane removal. Both CAPEX and OPEX calculations were 

estimated according to the literature revision [71,72]. Capital investments were annualized for 

a period of 10 years to calculate total annual costs of each scenario. 

For scenarios coupling biotechnology and adsorption on activated carbons, the volume of the 

biotrickling filters was calculated following Eq. 3 according to the flowrate and EBRT set for S-

B (1.5 min) and S-C (14 min). 

𝑉 = 𝐹 × 𝐸𝐵𝑅𝑇 Eq. 3 
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where V is the reactor volume (m3), F the biogas flowrate (m3 h-1) and EBRT is the empty bed 

residence time (h). Moreover, the scale up of larger bioreactor was calculated following the 

rule of six-tenths as in Eq. 4 [73]. 

𝐶𝐵 = 𝐶𝐴 (
𝑉𝐵

𝑉𝐴

)
𝛼

Eq. 4 

where C refers to the equipment costs (€) and V to the volume of the reactors (m3). α is the 

scale coefficient, which can vary from 0.3 to 0.9 in a wide range of equipment [73].  

For the adsorption filter, the economic data referring to operational costs was estimated taking 

into account (i) the bed volumes obtained from the breakthrough curves, (ii) the density and 

(iii) price of each material. The CAPEX for the adsorption unit was estimated according to

literature [54]. The prices for the ACs was stablished at 2, 4 and 7 € kg-1 for AC1, AC2 and AC3 

respectively, according to personal communications with the corresponding manufacturers. 

Bed exhaustion of the carbon was considered for its replacement following a lead-lag 

configuration. 

3.4 Biotrickling filtration 

This section describes the reactor setup and defines the methodology followed in Chapter 6. 

3.4.1 BTF inoculum 

Anaerobic sludge from the mixed sludge anaerobic digester of the urban wastewater 

treatment plant of Rubí (Barcelona, Spain) was used as precursor inoculum in the biotrickling 

filter. The anaerobic sludge was centrifuged at 6000 rpm for 10 min and re-suspended in fresh 

synthetic mineral medium. This procedure was repeated several times in order to clean the 

sludge from dissolved organic matter. The BTF was first inoculated with 320 mL of anaerobic 

sludge and left recirculating for three days to promote biomass attachment to the lava rock. 

At day 43, the BTF was re-inoculated using a Pseudomonas aeruginosa strain isolated from 

anaerobic sludge samples by selective growth using the picking up method. The culture was 

incubated in liquid mineral salts medium containing D4 as a carbon source at 30 ºC and 125 

rpm in an orbital shaker. After 72 hours, the inoculum was centrifuged and washed four times 

in mineral media without D4. The P. aeruginosa culture was finally re-suspended in 250 mL of 

synthetic mineral solution without residual organic compounds. The initial population density 

of P. aeruginosa culture was 4.06 × 106 cell mL-1. 
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3.4.2 Experimental setup 

A schematic of the lab-scale biotrickling filter setup designed and constructed for this study is 

shown in Figure 3.3. The reactor consisted of a cylindrical glass column with an inner diameter 

of 6 cm and a total height of 46 cm. The packing material consisted of inert lava rock of 8-12 

mm particle size. Different empty bed residence times of 4.0, 7.3, 10.1 and 14.5 min were 

evaluated. The reactor was operated in a counter-current flow configuration. A trickling 

solution of synthetic mineral salt medium (described previously in Section 3.2) was 

continuously recirculated by a peristaltic pump (Watson Marlow, USA) from an external 

reservoir and sprayed through the top of the bed column at a rate of 47 cm h-1. The total 

volume taking into account the piping as well as the reservoir accounted for roughly 400 cm3. 

The trickling solution was renewed completely every 72 h (which represented a dilution rate of 

0.3 days-1). Anoxic conditions were provided during the whole operation of the BTF by 

supplementing the mineral medium with 2 g L-1 NaNO3 (NO3
- acting as the final electron 

acceptor). 

Figure 3.3 Schematic of the lab-scale BTF. 1 Syringe pump; 2 and 3 Mass flow controllers; 4 

Humidifier; 5 Static mixers; 6 Mixing tank; 7 Bioreactor; 8 Nutrients tank; 9 Peristaltic 

pump; 10 and 11 sampling points. 

The feed gas flow was accurately regulated by a mass flow controller (Alicat Scientific, USA) 

and was divided for the reactor inlet and a purge for analysis matters. The synthetic gas was 

composed by VOCs (hexane, toluene and limonene) and siloxanes (D4 and D5), the 

concentrations of which are latter described in the corresponding results chapter.  
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3.4.3 Operating conditions and process monitoring 

The operation of the BTF was divided into four stages related to the carbon source provided 

in the gas stream and the type of packing material used in the BTF (Table 3.3). Stage I (days 0-

42) operated with a N2 stream containing D4 at 62 ± 2 mg m-3 supplied at an EBRT of 14.5

min. In stage II (days 43-152), a multicomponent mixture of siloxanes (D4 and D5) and VOCs 

(hexane, toluene and limonene) was supplied. These biogas pollutants were selected based on 

their occurrence in sewage biogas [6]. During stage II, the influence of the EBRT (14.5, 10.1, 7.3 

and 4 min) on the removal efficiency and elimination capacity of the target biogas 

contaminants was tested. The higher EBRTs used in the present study compared to those 

reported in the literature were due to the anoxic conditions selected for biodegradation, which 

are needed to prevent biogas contamination with O2 in case biogas is to be injected into 

natural gas grids. In stage III (days 153-186), 35 g of a commercial activated carbon in pellet 

size (2-3 mm particle size) were added at the top of the packed bed, which accounted for a 

layer of approximately 5 cm of packing bed. The AC selected was a wood-based chemically 

activated with H3PO4 (a.k.a. PhAC-1). It was selected due to its high siloxane adsorption capacity 

as well as its capacity to transform siloxanes into α-ω-silanediols in the presence of moisture 

(Chapter 4 and 5). Finally, the packing lava rock was removed from the column, and the 

biofiltration process was performed with the 5 cm layer of AC (introduced during Stage III) as 

the only packing bed (Stage IV, days 187-207). During stage II-4 and stage IV, the influence of 

the trickling solution irrigation on the performance of the BTF was evaluated by stopping (5 h) 

and re-starting the recirculation of the trickling solution. During these events, the outlet gas 

stream of the BTF was continuously monitored by GC-FID.  An abiotic test was initially carried 

out to evaluate the physicochemical removal of siloxane D4 in the experimental set-up.  

Table 3.3 Operating conditions of the BTF. 

Stage Period [days] C-source EBRT [min] Packing media 

I 0-42 D4 14.5 Lava rock 

II 

-1 43-85 Multicomponent 14.5 Lava rock 

-2 86-107 Multicomponent 10.1 Lava rock 

-3 108-128 Multicomponent 7.3 Lava rock 

-4 129-152 Multicomponent 4.0 Lava rock 

III 153-186 Multicomponent 12.0 Lava rock + AC 

IV 187-207 Multicomponent 2.0 AC 

Multicomponent = Mixture of D4, D5, hexane, limonene and toluene 
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The composition of the inlet and outlet gas emission of the BTF was analyzed as explained in 

Section 3.1.2. Routine analysis of the inlet and outlet gas streams was performed in triplicate 

(coefficient of variation < 6%). 

Silicic acid was measured by means of a colorimetric test in which dissolved silicic acid reacted 

with ammonium molybdate under acid conditions producing the yellow complex 

molybdosilicate acid. Oxalic acid was added to avoid the formation of molybdophosphate acid 

and therefore the interference of phosphates. The absorbance of the resulting samples was 

measured at 410 nm in a spectrophotometer (3100PC, VWR, USA). Total silica concentration 

was analyzed by means of inductively coupled plasma-optical emission spectroscopy (ICP-

OES, Agilent 5100). Finally, the biodegradation metabolites in the trickling solution were 

analyzed by GC-MS (7890B GC-5977B MS, Agilent Technologies). Silanediols determination 

procedure is reported elsewhere [42]. Limonene metabolites were identified by GC-MS analysis 

by comparing the m/z of the metabolites with those in the NIST library, and by injecting pure 

reagents (if commercially available) for further confirmation.  

On the other side, THF was used as solvent to extract polar and nonpolar species that remain 

adsorbed or biosorbed in the solid support and the biomass film. 

3.4.4 SEM analysis 

Samples of the lava rock and activated carbon were taken at different times for Scanning 

Electron Microscope (SEM) analysis in order to observe the biomass grown in the packed bed 

of the BTF. Biomass in the samples was fixed with 2.5% (wt/vol) glutaraldehyde in 0.1 M 

cacodylate buffer (pH 7.4) at 4ºC for 4 h. Then, biomass samples were washed and dehydrated 

successively in ethanol, dried at the critical point CO2 method (K 850 CPD, Emithech, Germany), 

and covered in carbon by the evaporation method with a turbo evaporator (K950, Emitrech, 

Germany).  The analysis of the samples was carried out with a scanning electron microscope 

(S-4100 FE-SEM Hitachi, Japan). Digital images were collected and processed by Quartz PCI 

program. 

3.5 Membrane separation 

This present section defines the materials and methods employed in Chapter 7. 
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3.5.1 Gas abiotic experiments 

Preliminary abiotic experiments were carried out with a polluted gas flowing through the lumen 

side (inside fibers) and clean gas through the shell side (outside membranes) as displayed in 

Figure 3.4. The feed gas flowing through the lumen side was set constant at 50 mL min-1 by a 

mass flow controller. On the other side of the fibers (shell side), a clean N2 stream was provided 

at rates ranging from 25 mL min-1 to 400 mL min-1 to give different shell-to-lumen flow ratios 

(0.5, 1, 2, 4 and 8). 

The PDMS membrane module employed for the first set of experiments was the PermSelect 

PDMSXA-10 cm2 (MedArray Inc, USA). The module consisted of 30 parallel dense hollow fibers 

of 190 µm inner diameter and 300 µm outer diameter. The membrane area was roughly 10 cm2 

and the lumen priming volume 0.67 cm3, so the gas residence time, considering that the lumen 

flow was set constant, accounted for 0.72 s. 

For each experiment, the polluted gas was run overnight to reach steady state, due to possible 

adsorption of the compounds in the membrane fibers taking place. 

Figure 3.4 Membrane setup for gas-gas experiments: (1) N2 cylinder; (2) Syringe pump; (3) 

250-mL syringe with mixture; (4, 5) Mass Flow Controllers; (6) Hollow-fiber membrane

(PDMSXA-10); (7, 8) Pressure transducers and (9, 10, 11) sampling ports for GC analysis.

3.5.2 Hollow-fiber membrane bioreactor setup 

A schematic of the HF-MBR setup is shown in Figure 3.5. The reactor consisted in a commercial 

hollow-fiber module (PDMSXA-2500, PermSelect®, MedArrays Inc, USA) that consisted in 

3200 hollow fibers of 190 and 300 µm inner and outer diameter, respectively. The total 

membrane area accounted for 2500 cm2, the lumen-side priming volume of 21 cm3 and the 

shell-side priming volume 26 cm3. A synthetic polluted gas -containing VOCs (hexane, toluene 

and limonene) and siloxanes (D4 and D5)- was regulated by a mass flow controller and fed 
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through the lumen side of the membrane module. Through the shell side, a mineral medium 

with nutrients was recycled at 100 mL min-1 by a peristaltic pump (Watson Marlow, USA) from 

an external reservoir continuously agitated. 

Figure 3.5 Schematic representation of the HF-MBR. 1 N2 bottle; 2 Syringe pump; 3 and 8 

Mass flow controllers; 4 Water column; 5 Static mixers; 6 Mixing chamber; 8 and 9 

Sampling points; 10 HF-MBR; 11 Nutrients reservoir; 12 Peristaltic pump. 

HF-MBR Inoculum 

Anaerobic sludge from the anaerobic digester of the urban wastewater treatment plant of 

Girona (Spain) was used as inoculum in the membrane bioreactor. In order to remove the 

dissolved organic matter from the sludge, the following procedure was carried out 3 times: 

centrifugation (EBA 21, Hettich Zentrifugen) at 10000 rpm for 10 min, pouring the remaining 

water and re-suspension with fresh mineral medium. The sludge was diluted to a final 

concentration of 4.2 g TSS L-1, and 250 mL of the cleaned and diluted sludge were used as 

MBR inoculum. 

Operating conditions 

Before inoculating the HF-MBR, an abiotic mass transfer characterization of the target VOCs 

and siloxanes was conducted according to Lebrero et al., (2014) [74] at different gas residence 

times in an open. The polluted gas was supplied through the lumen side of the membrane 

regulated by a mass flow controller whereas a clean water flow was circulated at a constant 

flow of 100 mL min-1 through the shell side of the module. The abiotic transfer of the target 

pollutants vas evaluated at 9.6, 16, 24, 40 and 60 s of gas residence time. 

Then, the membrane module was inoculated with 250 mL of the cleaned sludge corresponding 

to a concentration of 4.2 g TSS L-1 and operated at 18 s of gas residence time in the period 0-

36 days (stage I) as detailed in Table 3.4, corresponding to a gas flow of 70 mL min-1. The 

recirculating solution was renewed every 72 corresponding to a dilution rate of 0.3 d-1. The 
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influence of the gas residence time on the removal of the target pollutants was evaluated by 

increasing it to 31.5 s (period II days 37-64) and 63 s (days 65-73). At day 73, an automatic 

injection of NO3
- was started by infusing a solution of 200 g NO3

- L-1 (provided by NaNO3 of 

99% purity) to the recirculation solution by means of a syringe pump (Harvard Apparatus) and 

the dilution rate of the recirculation solution was decreased to 0.1 d-1. The infusion rate of the 

NO3
- solution was started at 15 µL h-1 and adjusted when necessary. In the period 101-133, the 

gas residence time was decreased back to 18 s. A membrane cleaning was carried out at day 

107 following the procedure described by Lebrero et al., (2014), which consisted in increasing 

the liquid recycling rate in order to slough off the biomass clogging. In stage IV the carrier gas 

was supplemented with 1% of O2 at day 134 and was operated with NO3
- and O2 as final 

electron acceptors until day 152. Finally, from day 153 to 164, the reactor was operated with 

only O2 and the automatic infusion of NO3
- was stopped.  

Analytical procedures 

NO3
- concentration in the recycling solution of the HF-MBR was analyzed by a 

Spectrophotometer (Cary3500, Agilent Technologies) following the Standard Methods. 

Biodegradation by-products in the trickling solution were analyzed by Gas Chromatography 

coupled to a Mass Spectrometry detector (GC-MS, 7890B-5977B, Agilent Technologies) and 

α-ω-silanediols determination was carried out following the procedure reported by Cabrera-

Codony et al., (2017) [42].  

CO2 in the effluent of the HF-MBR was analyzed by means of a gas sampling valve in the GC-

MS described above, by monitoring the ion with m/z 44. Calibration standards were prepared 

by diluting CO2 (99.99%, Abelló Linde, Spain) to N2 streams.  

The performance of the HF-MBR was evaluated by the removal efficiency (RE) and the 

elimination capacity (EC) following Eq. 5 and Eq. 6, respectively. In order to evaluate the 

biological degradation, the carbon mineralization efficiency (CME) was defined as in Eq. 7. 

Table 3.4 Operating conditions of the HF-MBR. 

Stage Period 

[days] 

EBRT 

[s] 

Final e- 

acceptor 

Strategy 

I 0-36 18 NO3
- Manual 

II 37-64 31.5 NO3
- Manual 

III 
65-73 63 NO3

- Manual 

74-100 63 NO3
- Automatic 

IV 

101-133 18 NO3
- Automatic 

134-152 18 NO3
-+O2 Automatic 

153-164 18 O2 Automatic 
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𝑅𝐸 (%) = (
𝐶0 − 𝐶𝐹

𝐶0

) × 100 
Eq. 5 

𝐸𝐶 (𝑔 𝑚−3ℎ−1) = (
(𝐶0 − 𝐶𝐹) × 𝑄

𝑉
) 

Eq. 6 

𝐶𝑀𝐸 (%) = (
𝐶𝐶𝑂2 𝑝𝑟𝑜𝑑𝑢𝑐𝑒𝑑

(𝐶𝐻𝑒𝑥𝑎𝑛𝑒 + 𝐶𝑇𝑜𝑙𝑢𝑒𝑛𝑒 + 𝐶𝐿𝑖𝑚𝑜𝑛𝑒𝑛𝑒 + 𝐶𝐷4 + 𝐶𝐷5) 𝑟𝑒𝑚𝑜𝑣𝑒𝑑
) 𝑥100

Eq. 7 

Where C0 and CF are the target compound concentrations (g m-3) in the inlet and outlet of the 

HF-MBR, Q is the gas flow (m3 h-1) and V the reactor volume (m3). 
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4.1 Background and objectives 

Most studies on siloxanes adsorption at lab-scale using activated carbons report the removal 

of D4 and D5, correlating the accessibility and uptake of D4 and D5 with the textural properties 

of the activated carbons, i.e. surface area and pore volume [20,33].  However, to simulate a 

real application scenario it is necessary to consider mixed component streams, introducing the 

complexity of competitive adsorption. In this regard, volatile organic compounds (VOCs) -

including limonene, toluene, xylenes or methylated benzene compounds- are found in a wide 

range of concentrations in biogas and may compete with siloxanes in the adsorption process 

[4,29]. There is scarce experimental work done on the adsorption of siloxanes in the presence 

of other trace compounds of biogas [22,39], thus, little is known about the competitive 

adsorption to understand the system for design purposes.  

The objective of this study is the screening of a series of nanoporous carbons for the removal 

of multicomponent mixtures of siloxanes and VOCs from biogas. To understand the 

parameters ruling the coadsorption of these compounds, a set of ACs from different origin 

and activation process displaying a wide range of textural and chemical properties were used 

in multicomponent dynamic adsorption tests, in both dry and wet gas matrices. 

4.2 Methodology 

A set of 10 commercial activated carbons with different origin and varied textural and 

physicochemical properties were selected for the removal of siloxanes and VOCs removal in 

competitive dynamic adsorption tests. The series of investigated adsorbents includes steam-

derived activated carbons (samples denoted as SAC), and phosphoric acid activated carbons 

(samples denoted as PhAC) and their origin and activation are detailed in Table 3.1 (Section 

3.3). Among the samples, one of them is specifically commercialized for biogas treatment 

(sample denoted as SAC-2). An extensive characterization was carried out (detailed in Section 

3.3.2).  

In order to investigate their capacity for removing siloxanes, multicomponent dynamic 

adsorption experiments -in dry conditions and in the presence of humidity- were carried out 

according to Section 3.3.5 with the target compounds in Section 3.3.3. The catalytic activity of 

the materials was investigated by means of extraction with THF, as explained in Section 3.3.6.  
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4.3 Results 

4.3.1 AC textural characterization 

A thorough textural characterization of the investigated activated carbons was carried out by 

the analysis of the N2 (Figure 4.1A,B) and CO2 (Figure 4.1C,D) adsorption isotherms. Selected 

textural parameters obtained from different methods are summarized in Table 4.1. Inspection 

of the N2 adsorption/desorption isotherms revealed a number of distinctive features in the 

carbons. For instance, SAC-1, SAC-2 and SAC-3 (later referred to as Group A) exhibited type Ia 

N2 adsorption isotherm according to the IUPAC classification [75], characterized by a marked 

knee at low relative pressures and almost negligible hysteresis loops in the desorption branch. 

These are the typical porous features of highly microporous materials with a pore structure 

dominated by narrow micropores.  

Figure 4.1 N2 adsorption/desorption isotherms at 77 K: a) steam-AC, and b) H3PO4-AC. 

CO2 adsorption isotherms at 273K obtained for c) steam-AC, and d) H3PO4-AC. 
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This was further confirmed by the CO2 adsorption data (Figure 4.1C,D). In the case of carbon 

SAC-4 (Figure 4.1A) and PhAC-1 (Figure 4.1B), the knee of the isotherm is more open at low 

relative pressures (type Ib isotherm), indicating the presence of wider micropores. At converse, 

the nitrogen adsorption isotherms of samples SAC-5 (Figure 4.1A) as well as the rest of 

chemically activated carbons (ca. PhAC-2, PhAC-3, PhAC-4 and PhAC-5 in Figure 4.1B) showed 

more pronounced and gradually increasing slopes at relative pressures above 0.2 (still 

characteristic of type Ib isotherms), accompanied by well-defined hysteresis loops (type H4) 

typically reported for microporous activated carbons with a well-developed mesoporosity.  

The analysis of the distribution of pore sizes was performed by the 2D-NLDFT-HS method 

applied to the N2 adsorption isotherms corroborated these findings (Figure 12.3). As seen, the 

steam-activated carbons SAC-1, SAC-2 and SAC-3 showed distribution of pore sizes 

dominated by the micropores, with a large contribution of micropores below ca. 1 nm. In 

contrast, the pore size distribution (PSD) are broader and shifted towards pores of larger 

dimension for carbons SAC-4 and SAC-5, both showing an important contribution of wide 

micropores and small size mesopores (Figure 12.3). Similarly, the carbons obtained by 

phosphoric acid activation displayed wide distributions of pore sizes (Figure 12.3), with lower 

volumes in the primary micropore region (below ca. 1 nm) and higher volumes in the secondary 

micropores (ca. 1-2 nm) and mesopores region (2-50 nm). 

Table 4.1 Packing density and main textural properties of the series of investigated ACs. 

 Sample ρap SBET VDRa
CO2 VDRb

N2 Vmeso c Vt
d micropores 

[g cm-3] [m2 g-1] [cm3 g-1] [cm3 g-1] [cm3 g-1] [cm3 g-1] [%] 

SAC-1 0.366 1114 0.35 0.43 0.03 0.48 93.7 

SAC-2 0.356 909 0.26 0.34 0.05 0.42 87.7 

SAC-3 0.490 970 0.31 0.36 0.04 0.43 90.3 

SAC-4 0.332 1250 0.23 0.44 0.16 0.65 73.9 

SAC-5 0.202 1530 0.29 0.46 0.56 1.10 45.4 

PhAC-1 0.340 1737 0.29 0.58 0.25 0.91 70.0 

PhAC-2 0.305 1082 0.23 0.38 0.64 1.07 37.3 

PhAC-3 0.241 1567 0.24 0.35 0.96 1.41 33.6 

PhAC-4 0.240 2170 0.32 0.62 0.76 1.51 44.9 

PhAC-5 0.288 2190 0.35 0.70 0.77 1.58 47.3 
a narrow micropores vol. obtained from the Dubinin-Radushkevich method applied to CO2 adsorption data 
b total micropore vol. obtained from the Dubinin-Radushkevich method applied to N2 adsorption data
c obtained from 2D-NLDFT-Hs method applied to N2 adsorption data
d obtained at relative pressure P/P0 0.99 
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4.3.2 AC chemical characterization 

To investigate the acidic/basic character of the ACs, the pH values of aqueous slurries of the 

carbons were measured (Table 4.2). As expected, the steam-activated carbons (series SAC) 

display a basic character with pH values ranging about 7.8-8.5; on the other hand, the 

chemically activated carbons (series PhAC) showed an acidic character, with pH values between 

2 and 4 in the case of PhAC-2 and PhAC-4, and close to neutrality for the rest of the series. 

Low pH values are often reported for nanoporous carbons after activation using phosphoric 

acid, due to the difficulties in eliminating the activating agent remaining inside the nanopores 

[76]. Indeed, the ion analysis of the slurries revealed a high concentration of phosphates in the 

leachates of certain H3PO4- activated samples, such as PhAC-2. PhAC-1 leached also a 

remarkably high amount of PO4
-3, neutralized by NaOH resulting in an almost neutral pHslurry. 

TPD-MS analysis was used to characterize the different O-containing surface groups of the 

studied activated carbons, whose nature and amount depend on the starting material and the 

activation treatment. Upon thermal treatment, CO2 evolution results from the decomposition 

of carboxylic acid moieties at temperatures below 500 ºC, and/or lactone groups at above 

600ºC. Phenols, ether and carbonyl/quinone-type groups (non-acidic ones) decompose as CO 

above 600 ºC [77]. Carboxylic anhydrides originate both a CO and CO2 peak (Figure 12.4). 

Table 4.2 pHslurry, relevant ions in the slurry, humidity content of the samples and amounts of 

CO and CO2 realized, obtained by integration of the areas under the TPD peaks of each AC.  

pHslurry Soluble PO4
-3 

[mmol g-1] 

Soluble Na+ 

[mmol g-1] 

Humidity 

[wt%] 

CO 

[µmol g-1] 

CO2 

[µmol g-1] 

SAC-1 8.64 - - 9.4 182 206 

SAC-2 8.22 - - 3.2 229 140 

SAC-3 7.89 - - 5.1 448 221 

SAC-4 8.34 - - 2.7 97 38 

SAC-5 7.95 - - 13.6 377 352 

PhAC-1 6.51 10.7 14.4 8.8 2049 579 

PhAC-2 2.23 17.9 0.4 12.0 2702 604 

PhAC-3 6.08 1.4 1.8 5.2 1055 242 

PhAC-4 4.67 2.8 2.9 7.0 2030 507 

PhAC-5 7.35 0.8 1.8 7.6 2315 558 

Table 4.2 shows the amounts of CO and CO2 released, obtained by quantification of the TPD-

MS profiles corresponding to the m/z 28 and 44, respectively. As seen, steam-ACs showed a 

low O-functionalization, in terms of low amount of CO and CO2 releasing groups. This feature, 

along with the increasing pattern of the CO profiles above ca. 700 ºC is characteristic of 

hydrophobic activated carbons [78]. The CO2-desorbing patterns of the PhAC series showed a 

broad peak between 300-550 ºC, attributed to the decomposition of carboxylic, lactone and 
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anhydride groups. It should also be noted that the TPD-MS measurements were performed in 

the as-received (i.e. non-dried) carbons. Therefore, a marked desorption peak for signal m/z 

18 was observed at around 100 ºC for all the carbons, due to the removal of the moisture 

(Figure 12.4). Interestingly, the patterns of the profiles corresponding to H2O and CO 

desorption peaks were similar above 450 ºC; this suggests that the high temperature m/z18 

peaks may be originated from the condensation of neighbour –OH moieties.  

The humidity content of the AC samples was determined by the loss of mass caused by dry N2 

flow during 5 h and verified by infrared moisture analyser (Table 4.2). As a general rule, higher 

humidity contents were obtained for the carbons prepared by phosphoric activation, which 

displayed higher amounts of O-containing functional groups, indicating the hydrophilic 

character of theses carbons with higher functionalization. 

4.3.3 Multicomponent breakthrough curves 

The dynamic competitive adsorption of the series of 10 commercial ACs for a gaseous mixture 

of siloxanes and VOCs (Table 3.2) was investigated. The breakthrough curves corresponding 

to the adsorption in the absence and the presence of moisture are shown in Figure 4.2, 

showing quite complex profiles. In general terms, the curves presented an S-shape profile 

characteristic of the adsorption of compounds with high affinity for the solid phase. However, 

the profiles of toluene, L2 and D4 are quite steep, as opposed to those of limonene and D5 

showing a flatter shape, indicating some mass transfer resistance inside the micropores for the 

former (likely due to the larger dimensions of D5). 

The breakthrough curves showed a different pattern depending on the nature of the 

compounds adsorbed, with a clear overshot (the outlet concentration, C, exceeds the feed 

concentration, C0, for some period of time) for the adsorption of toluene, L2 and D4 from the 

mixture in most of the studied activated carbons. Such roll-up effect is characteristic of systems 

where the most weakly adsorbed compound of the mixture is displaced by the strongly 

bonded one along the length of the column [79]. 

The correlation of the adsorption patterns in the mixture and the characteristics of the activated 

carbons did not show a straightforward correlation. However, three distinct groups can be 

established upon further analysis of the breakthrough sequence and patterns. The first set of 

adsorbents (group A) comprises the steam activated carbons SAC-1, SAC-2 and SAC-3. As 

shown in Figure 4.2A (see also Figure 12.5), limonene was, by far, the compound removed to 

the highest extent, despite of its low concentration in the test gas. The other four components 
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in the mixture (i.e. toluene and the three siloxanes) broke through at t < 100 min, following the 

order: toluene ≈ L2 < D4 < D5. Furthermore, the profiles of toluene, L2 and D4 showed 

overshoots, indicating the displacement of these compounds upon the adsorption of D5 

and/or limonene. Interestingly, these carbons showed PSD dominated of micropores with a 

minor contribution of mesopores (accounting for ca. 6, 12 and 10%, respectively).  

SAC-4 and SAC-5 account for the second group (group B), showing the characteristic profiles 

exemplified in Figure 4.2B (see also Figure 12.5). Limonene was also the compound with the 

highest uptake; the profiles were spaced out compared to group A, with breakthrough times 

following the trend: toluene < L2 < D4 < D5 < limonene. At bed exhaustion, the amount of 

D5 adsorbed was higher than the other compounds (Figure 12.6). The profiles of toluene, L2 

and D4 showed marked overshoots, being this effect more pronounced than in the case of 

group A, particularly for L2. Interestingly, carbons SAC-4 and SAC-5 showed a higher 

contribution of mesopores, and micropores of wider sizes compared to group A.  

The third group of materials (group C) was composed by the PhACs, and all of them followed 

the common dynamic competitive adsorption pattern represented in Figure 4.2C (see also 

Figure 12.5). The weakest adsorbed compound was toluene, followed by L2, D4 and limonene. 

Again, the breakthrough curves show a clear roll-up behaviour due to the displacement 

promoted by D5 (the compound showing the highest retention time). In terms of porosity, 

these carbons presented the larger pore volumes and PSD of wide micro- and mesopores. 

Another important difference is the acidic character of these carbons and their higher 

functionalization (O-containing groups) compared to the carbons of groups A and B.  

Interestingly, the adsorption capacities at bed exhaustion for each compound (Figure 12.6) 

were significantly higher for the series of chemically activated carbons (i.e., H3PO4-ACs) than 

those for the steam-activated ones, with total uptakes (x/M) of up to 1373 mg g-1. Additionally, 

the amount of VOCs adsorbed at bed exhaustion represents less than 20% of the total x/M for 

all the carbons.  
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Figure 4.2 Multicomponent dynamic adsorption breakthrough curves obtained for a) Group A 

(SAC-1), b) Group B (SAC-4), c) Group C (PhAC-4). The first column corresponds to dry adsorption 

tests and the second column to the adsorption tests in presence of humidity. 
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4.3.4 Dynamic adsorption tests in the presence of humidity 

The competitive adsorption of siloxanes and VOCs was further explored in the presence of 

humidity in the gas inlet. Deionized water was injected to the synthetic multicomponent test 

gas to simulate the 30% of relative humidity typically present in pre-dried biogas. Figure 4.2 

shows the dynamic breakthrough curves corresponding to groups A, B and C. Data obtained 

for each AC are shown in Figure 12.7. For the series of steam-activated carbons (groups A and 

B), the presence of humidity in the gas feed induced small differences in their adsorptive 

behaviour; all the samples of the series displayed similar breakthrough profiles, with differences 

in the breakthrough times and adsorption capacities at bed exhaustion of up to 20%. It should 

also be pointed out that the siloxanes breakthrough time increased for the steam activated 

carbons with higher number of oxygen-functional groups (carbons SAC-1, SAC-3 and SAC-5), 

and decreased for SAC-2 and SAC-4.  

On the other hand, significant changes were observed in the breakthrough curves of the PhACs 

measured in moisture conditions (Figure 4.2 C2). The breakthrough times of every compound 

were quite similar to those in dry tests (except for carbons PhAC-1 and PhAC-2), with the 

exception of D5. In the presence of moisture, the outlet concentration of compound D5 

remained below the inlet concentration during the whole dynamic adsorption tests, for all the 

carbons of Group C. As seen in Figure 12.7, D5 outlet concentration stabilized at C/C0 of around 

0.8 for all the carbons after 1000 min of run, when dynamic tests where stopped. Consequently, 

the final uptake corresponding to bed exhaustion (x/M) could not be calculated for any H3PO4-

AC.  

4.3.5 Spent ACs extraction 

To further understand the observed adsorption trends of the multicomponent mixture on the 

investigated carbons, the spent carbons samples (after the adsorption tests) were extracted in 

THF, so as to determine the nature of the compounds adsorbed inside the porosity of the 

activated carbons, as well as evaluating the overall mass balance. For these experiments and 

for comparison purposes, adsorption tests under both dry and moisture conditions were 

stopped after 30 min; when none of the compounds had broken through, thus the amount of 

siloxanes adsorbed on each carbon is the same, disregarding desorption due to competitive 

effects. The composition of the THF extracts was compared to a THF standard prepared with 

the same volume of multicomponent mixture injected to generate the test gas during 30 min 

(i.e. 42 L), as shown in Figure 4.3A. 
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Higher molecular weight cyclic siloxanes  than D4 and D5 (referred as Other cyclic in Figure 

4.3) -i.e. dodecamethylcyclohexasiloxane (D6) and tetradecamethylcycloheptasiloxane (D7)- 

and small amounts of α-ω-silanediols (cited as Silanediols in Figure 4.3) were found in the THF 

extracts of the phosphoric activated carbons after 30 min of adsorption under both dry and 

wet conditions. Similar results have been observed upon the adsorption of D4 single 

component adsorption tests in a previous study [20]. Siloxane transformation was enhanced 

in the presence of water in the inlet gas, as shown in Figure 4.3B, with a higher amount of 

cyclic siloxanes, α-ω-silanediols and other lineal siloxanes than L2 (i.e. L3, L4, L5 and L6 referred 

as Other lineal in Figure 4.3) detected in the THF extracts. This corroborated that siloxanes 

undergo important modifications upon adsorption on chemically modified carbons of acidic 

nature at both dry and moisture conditions. On the other hand, fewer amounts of cyclic 

siloxanes of different molecular formulae were detected for the steam-activated carbons under 

dry conditions.  

Figure 4.3 Amount of L2, D4 and D5 and other lineal siloxanes, other cyclic siloxanes and α-

ω-silanediols extracted after 30 min adsorption tests in A) dry and B) wet conditions. 

Results expressed as MSD signal difference between the sample extraction and a THF 

standard. 
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4.3.6 Bed volume treated 

Taking into account the great difference in the packing density (ρap) of the ACs considered (see 

Table 4.1), the throughput given as number of bed volumes fed to the adsorber (BV) is a 

parameter frequently used in practice. The dimensionless parameter BV is defined as the 

volume of gas fed to the adsorber divided by the bed volume of the adsorber, according to 

Eq. 8 

BV =
𝑉𝑊

𝑉𝐹

Eq. 8 

where Vw is the volume of gas treated and VF is the volume of the adsorbent bed. 

Moreover, the performance of the adsorbents must be assessed at the first siloxane 

breakthrough, i.e. when the siloxane concentration after the adsorbent bed is under the limit 

tolerated by the energy conversion systems manufacturers. In the lab-tests performed, L2 and 

D4 are the first siloxanes that break up in all cases (see Figure 12.5). For comparison purposes, 

the breakthrough was established at 20 mg m-3, which is in the range of the siloxane 

concentration limits reported, namely between 0.03 and 30 mg m-3 depending on the system 

and model [3]. Therefore, BV are calculated at L2 and D4 breakthrough respectively for each 

carbon (Figure 4.4), both in dry and wet adsorption tests. As seen, PhAC-2 (224 min), PhAC-4 

(225 min) and PhAC-5 (225) presented the highest breakthrough times for the first siloxane 

(L2). The higher packing density of PhAC-2 leads to the highest number of bed volumes treated 

(55k BV) at L2 breakthrough at these dry conditions. The number of BV treated increased up 

to 83k at D4 breakthrough using PhAC-5, which is particularly important when dealing with 

biogas containing low L2 concentrations. 
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Figure 4.4 Multicomponent adsorption in N2 dry matrix (empty symbols) vs in presence of 

30% humidity (full symbols). Results expressed in BV treated at L2 (rhombs) breakthrough 

(CL2=20 mg m-3) and BV treated at D4 (squares) breakthrough (CD4=20 mg m-3). 

4.4 Discussion 

It is well-know that the adsorption of a given compound on activated carbons is governed by 

the textural and chemical features of the carbon adsorbent and the physicochemical features 

of the target compound, in terms of molecular size and weight, polarity, solubility and so forth 

[80]. For instance, matching the nanopore dimensions of a carbon adsorbent with those of the 

target gas molecule to be adsorbed usually increases the adsorption capacity, and results in 

stronger adsorption due to the increased adsorption potential between the pore walls and the 

retained compound (provided that size exclusion effects are discarded) [80–82]. Furthermore, 

it has been widely reported that the uptake of VOCs in activated carbons is governed by the 

volume of narrow micropores (i.e., pore width below 0.7 nm), while the adsorption strength 

increases with the molecular weight.  

Considering this, the adsorption performance of the series of studied activated carbons 

towards the mixtures of siloxanes and VOCs will be discussed in terms of their differences in 

texture and composition. As a general rule, the uptakes of all the siloxane compounds is higher 

in the phosphoric activated carbons than in the steam-activated ones, which may be attributed 

to the basic character of the siloxanic Si-O-Si groups. The number of moles of each compound 
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adsorbed per surface unity is shown in Figure 12.8: higher number of moles of cyclic siloxanes 

(D4 and D5) were adsorbed per m2 of BET surface area of phosphoric acid activated carbons, 

while steam activated carbons adsorbed more moles of VOCs. Also, cyclic siloxanes are 

preferentially adsorbed over linear ones (L2) at the conditions tested, where their competitive 

effects are increased by the different inlet concentration of each compound. Thus, no apparent 

lineal correlation between the carbon porosity and the uptake of the molecules adsorbed and 

later desorbed were observed, i.e. toluene and limonene (Figure 12.9) or L2 and D4 (Figure 

12.10) while, a positive relation between the number of D5 moles adsorbed and the volume of 

pores was observed (Figure 4.5A) as well as the total adsorption capacity and pore volume 

(Figure 4.5B).  

Figure 4.5 Relation between A) adsorption capacity of D5 (reported at bed exhaustion), and B) 

adsorption capacity (totality of compounds reported at bed exhaustion) with the textural 

properties of the ACs. 

Furthermore, significant differences were obtained for the uptakes of the steam activated 

carbons. Indeed, in the case of group A (samples SAC-1, SAC-2 and SAC-3), the uptake 

followed the trend: limonene>toluene>D5>D4>L2, whereas for group B the trend was as 

follows: D5>limonene>toluene>D4>L2. Since both groups are characterized by a basic surface 

pH and low surface functionalization (Table 4.2), these differences may be explained in terms 

of their porous features. The porous features of carbons of group A are characterized by a 

distribution of micropores of small sizes with a minor contribution of mesopores. This would 

explain the smaller uptake of bulky D4 and D5 (critical diameters are 1.08 and 1.10 nm, 

respectively) compared to limonene and toluene. Among the adsorbate molecules with critical 

diameters under 0.8 nm, limonene molecular weight is the heaviest, resulting in the highest 

adsorption capacity. Carbons of the group B (SAC-4 and SAC-5) displayed a higher 
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contribution of larger pores (i.e., wide micropores and mesopores), that allows the access of 

D4 and D5. Thus, the adsorption capacity of both compounds increases, and the competitive 

effects between the different compounds in the mixture become stronger. Thus, toluene, L2 

and D4 were displaced by the strongest adsorbed D5 and limonene. Additionally, data 

suggests no competitive adsorption between D5 and limonene. 

On the other hand, for the phosphoric activated carbons (group C), the porosity is comprised 

of larger pore volumes and widths, thus the uptake of most compounds is larger than for 

groups A and B, being the effect more pronounced for D5 and D4. The weakest adsorbed 

compounds for these samples were toluene and L2; the sharp desorption profiles of toluene 

and L2 initiated at the same time that D4 was detected in the column outlet (Figure 4.2-C1). 

The L2 concentration profile levelled off at C/C0 within a running time close to that of bed 

exhaustion for D4. For toluene, the ratio C/C0 stabilizes at C/C0 = 1.1, right after D4 breaks 

through, and this plateau lasted until limonene breakthrough. The D4 breakthrough curve also 

showed a wider and less stepped hump; the C/C0 = 1 for D4 was achieved once the bed had 

reached the maximum adsorption capacity for D5. The two most efficiently removed 

compounds (i.e, limonene and D5) did not show any evidence for competitive adsorption.  

Concerning the role of the surface chemistry of the activated carbons, it has been previously 

observed that the acidic sites on the AC’s surface can promote bond cleavage of siloxanes 

leading to the formation of α-ω-silanediols that further condense to form other cyclic siloxanes 

[10]. Formation and detachment of α-ω-silanediols requires water, however the inherent 

moisture present in the carbons (Table 4.1) does not seem to play an important role on the 

adsorption tests carried out using dry gas, likely due to its relatively small amount (ca. 2.7-

13.6 wt.%) and the drying impact of the gas stream upon adsorption. On the other hand, for 

the ACs of acidic nature characterized by high amounts of oxygen-functional groups, some 

polymerization occurs after 30 min of adsorption; this was corroborated by the higher 

molecular weight of the cyclic siloxanes and α-ω-silanediols extracted in these carbons. 

When the adsorption tests were carried out under moisture conditions, there was a much 

higher availability of water, necessary for further polymerization. Thus, upon 30 min of 

adsorption in moisture conditions, the amount of other siloxane species detected in the extract 

increased for all the studied ACs (Figure 4.3); the effect was more pronounced for the 

phosphoric activated carbons, which are expected to retain higher amounts of water due to 

their increased hydrophilic character (provided by a higher amount of oxygen-functional 

groups). The coadsorption of the formed α-ω-silanediols -of smaller sizes than D4 and D5-, 

could enhance the siloxane uptake, as it has been reported for some zeolites [12]. Interestingly, 
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none of the newly formed compounds upon the hydrolysis and condensation of siloxanes were 

detected in the outlet gas during the adsorption tests, which suggests that they are strongly 

retained in the pores and/or bonded to the surface oxygen-functional groups of the carbons. 

As above-mentioned, the D5 concentration at the end of adsorption runs under moisture 

conditions does not reach the inlet concentration for any of the carbons of the PhAC series; 

we also attribute this behaviour to the siloxane transformation reactions in the presence of 

water.  

4.5 Final remarks 

The porous features of the activated carbons were found to be responsible of VOCs and 

siloxanes uptake in competitive adsorption. Carbons presenting small size microporous 

distribution were more favorable for the adsorption of toluene and limonene than carbons 

that displayed a higher contribution of wider micropores and mesopores, which allow the 

access of bulky D4 and D5. Phosphoric acid activated carbons showed the larger pore volumes 

and width, leading to higher uptakes of the siloxane D4 and D5. However, L2 is completely 

desorbed after its breakthrough.  

The presence of water increased the siloxane uptake of some activated carbons, leading to a 

higher number of BV treated. This was the case for carbon PhAC-5, which turned out to be the 

most suitable carbon adsorbent to remove siloxanes from wet gas. The use of phosphoric-

activated carbons with a larger mesoporosity and medium-high packing densities increased 

the efficiency of siloxane removal, in terms of a higher number of BV treated. This is important 

since it would allow to reduce the costs associated to the adsorbent replacement, even if the 

average cost of phosphoric-activated carbons is higher (typically double) than that of steam-

produced carbons.
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5.1 Background and objectives 

Activated carbon (AC) is the most widely used adsorbent support in filters for biogas upgrading 

to remove siloxanes prior to biogas combustion. The major drawback of this technology is the 

high operational costs due to the carbon replacement when the adsorbent beds are exhausted 

[23]. Moreover traditional activated carbons are commonly produced from really expensive 

and non-renewable feedstocks such as coal, lignite or anthracite [83]. The current economic 

pressure over these materials has pushed the market to look for alternative precursors for 

producing activated carbon. Low-cost and sustainable bioresources like biomass residues have 

gained attention in the recent years.  

The objective of the present work is to obtain activated carbons capable of removing siloxanes 

and volatile organic compounds (VOCs) from the valorisation of lignocellulosic waste as 

precursor material. The resulting materials will be evaluated in adsorption equilibrium 

experiments to compare their performance with the commercial ACs currently used for biogas 

upgrading and prove the efficiency of this residue valorisation.  

5.2 Methodology 

The experimental procedure for obtaining the lignocellulosic waste-based activated carbons is 

detailed in Section 3.3. The activation conditions for both the experimental and commercial 

samples as well as their origins are summarized in Table 3.1. The commercial activated carbons 

used in this chapter were also studied in Chapter IV but were named differently: AC5 (PhAC-

1), AC6 (SAC-2) and AC7 (SAC-4).  

The chemistry, texture and morphology of all materials were exhaustively characterized 

following the methodologies in Section 3.3.2. The capacity of the materials to adsorb both 

siloxanes (D4 and L2) and VOCs (toluene and limonene) was investigated through adsorption 

equilibrium experiments at 25 ºC, as detailed in Section 3.3.4. Moreover, the siloxanes 

transformation reactions were studied in spent carbon analysis with THF, further explained in 

Section 3.3.6.  
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5.3 Results and discussion 

5.3.1 Chemical characterization 

The lignocellulosic waste used in the preparation of the activated carbons had a high carbon 

content (45.83%) and a low ash content (3.66%). After the pyrolysis process, the char obtained 

presented an increase in both parameters (82.15% and 8.10% carbon and ash content, 

respectively). Thus, both pyrolyzed and non-pyrolyzed samples presented a chemical 

composition, i.e. carbon content, appropriated to be used as precursors for obtaining activated 

carbon.  

The elemental analysis and ash content of both the experimental and commercial activated 

carbons is presented in Table 5.1. The experimental carbons displayed higher carbon contents 

(>94% vs <90%) and lower ash content (<2% vs >7%) than the commercial ACs. Similar C 

contents have been reported for activated carbons obtained from the valorisation of other 

residues such as chestnut shells [84] and algae meal waste [61]. The commercial H3PO4-

activated carbon AC5 stood out for its relatively low carbon (80.15%) and high hydrogen 

(2.31%) and oxygen (7.37%) contents among the rest of the materials. Nitrogen content was 

found greater for the experimental carbons (>1%) than the commercials (<0.7%), while sulphur 

content was under 0.5% for all the materials.  

Table 5.1 Proximate and ultimate analysis of the activated carbons 

Sample 
Mass fraction (%), dry basis 

Humiditya Ash C H N S Ob 

Experimental 

AC1 10.1 0.21 95.76 0.50 1.48 0.11 1.94 

AC2 6.0 0.40 95.15 0.42 1.39 0.13 2.51 

AC3 15.9 1.29 94.60 0.37 1.52 0.08 2.14 

AC4 11.7 1.05 95.08 0.30 1.29 0.10 2.18 

Commercial 

AC5 18.9 9.65 80.15 2.31 0.51 0.01 7.37 

AC6 6.9 7.50 89.50 0.65 0.63 0.40 1.32 

AC7 5.2 9.29 88.06 0.55 0.60 0.44 1.06 
aDetermined as-received 
bDetermined by difference 
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5.3.2 Textural characterization 

N2 and CO2 adsorption isotherms are shown in Figure 5.1A and B, respectively. According to 

the IUPAC classification [75], AC5 and AC7 displayed a type Ib N2 adsorption isotherm which 

indicated the predominance of wider micropores. [75], AC5 and AC7 displayed a type Ib N2 

adsorption isotherm which indicated the predominance of wider micropores. Moreover, AC5 

presented a hysteresis cycle and a more defined slope from low relative pressures, which 

indicates the presence of mesopores. On the other hand, all the experimental materials and 

the commercial AC6 exhibited a type Ia N2 adsorption isotherm, characteristic of materials 

dominated by narrow micropores. CO2 adsorption isotherms further confirmed the high 

presence of narrow micropores within the experimental ACs. 

The pore size distribution of the materials calculated by the DFT method is gathered in Table 

5.2. These results show that, while most experimental materials are fundamentally 

microporous, the commercial ACs have lower contribution of narrow micropores. The greatest 

adsorption in medium micropores (Vmmi: volume corresponding to pore width 0.7-2 nm) is 

observed in the commercial AC5 and the experimental AC2. On the other hand, mesoporosity 

contribution, indicated by the hysteresis loop and steep slope in N2 isotherm, is practically 

negligible in most samples except AC5. CO2 adsorption data further confirmed that the 

experimental ACs had a major contribution of narrow micropores. From Table 5.2 it can be 

observed that AC4 was the most outstanding material in terms of narrow microporosity (0.73 

cm3 g-1) and DR surface (1899 m2 g-1). Commercial samples had a clear minor contribution of 

such microporosity being the steam-activated coal-based AC7 the poorest material. 

Figure 5.1 N2 adsorption/desorption at 77K (A) and CO2 adsorption isotherms at 273K (B) 

for the experimental (dashed lines) and commercial carbons (solid lines) 
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Table 5.2 Textural parameters of the materials 

N2 adsorption at 77K CO2 adsorption at 273K 

Sample ρHe 

[g cm-3] 

SBET 

[m2 g-1] 

VTOT 

[cm3 g-1] 

aVumi 

[cm3 g-1] 

bVmmi 

[cm3 g-1] 

cVme 

[cm3 g-1] 

W0 

[cm3 g-1] 

SDR 

[m2g-1] 

E0 

[KJ mol-1] 

L 

[nm] 

AC1 2.19 1512 0.63 0.26 0.22 0.02 0.42 1123 23.00 0.90 

AC2 2.12 1668 0.70 0.25 0.28 0.03 0.63 1692 23.78 0.83 

AC3 2.05 1025 0.40 0.22 0.11 0.00 0.45 1215 26.48 0.70 

AC4 2.13 1419 0.57 0.24 0.21 0.01 0.73 1899 25.13 0.72 

AC5 1.74 1659 0.86 0.09 0.36 0.28 0.26 683 24.61 0.82 

AC6 2.15 862 0.39 0.10 0.17 0.03 0.21 560 26.90 0.70 

AC7 2.31 1281 0.63 0.10 0.25 0.17 0.20 527 25.49 0.77 
aVumi: ultramicropore volume (pore width <0.7 nm) / bVmmi: medium-micropore volume (pore 

width 0.7-2 nm) / cVme: mesopore volume (pore width 2-50 nm) 

5.3.3 Effect of the activation conditions on the carbon development 

In some cases, lignocellulosic wastes undergo a pyrolysis process for the production of other 

products such as liquid bio-oils and fuel gas. In these scenarios, the pyrolyzed waste is obtained 

as a char residue which can be regarded as a potential precursor material for activated carbon 

[85]. However, pyrolyzed waste presents an ordered structure that requires more reactive 

chemicals for its activation than non-pyrolyzed lignocellulosic waste.  

Alkali activating agents K2CO3 and KOH have been widely used and reported in the activation 

of carbonaceous materials. They were selected in this study due to previous experience on the 

activation of lignocellulosic waste [86]. Generally, it is known that KOH is a more reactive agent 

than K2CO3 at a same activating temperature. For this reason, K2CO3 was the activating agent 

selected for the non-pyrolyzed samples (AC1 and AC2) and KOH for the pyrolyzed samples 

(AC3 and AC4). 

The temperature in the activation process is a critical parameter in the development of the 

porosity. Ferrera-Lorenzo et al., (2014b) studied the temperature effect (500 ºC – 900 ºC) to 

activate a macro algae residue using KOH concluding that higher temperatures led to higher 

yields in this range. In the working conditions of this study, the non-pyrolyzed carbons 

activated with K2CO3 demonstrated higher BET surface area and total pore volume than the 

pyrolyzed materials. Within the pyrolyzed samples, which were activated at 900 ºC the textural 

development increased significantly with the KOH concentration (AC3<AC4). As a result of the 

pyrolysis prior to the activation process, the original structure of the biomass is highly 

preserved even at the highest KOH concertation used. SEM images of AC3 (Figure 5.2) show 

such preservation, which enables a more ordered development of the structure than those 

observed in other materials. Regarding the non-pyrolyzed samples, AC1 (1/1, 850°C), which was 
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obtained using a higher amount of activating agent than AC2 (0.5:1, 900°C), did not 

demonstrate a major textural development. Thus, temperature is critical in the activation of 

these samples. In the activation conditions of AC2, the largest mesoporosity was developed.  

K2CO3 is an agent with a high capacity to react with the mineral matter of the biomass, leading 

to the formation of soluble compounds that will be removed during the post-cleaning step of 

the adsorbent. For this reason, the ash content of both AC1 and AC2 is the lowest of the set of 

carbons considered (Table 5.1). Accordingly, mineral matter (white shiny parts) cannot be 

observed in the SEM of AC1. On the contrary, AC6 is a commercial anthracite-based carbon 

physically activated with steam. Within this type of activation, the mineral matter remains in 

the resulting adsorbent material, as in the H3PO4-activated AC5, which is denoted by the ash 

content and the SEM images (Figure 5.2). Moreover, a major difference observed in the AC6 

SEM captions in comparison with the other materials commented above, is the absence of 

cavities and channels. This fact might be indicative of a low porosity development, agreeing 

with the textural data in Table 5.2. 
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Figure 5.2 SEM pictures of two experimental (AC1 and AC3) and two commercial ACs (AC5 

and AC6) at magnifications x500 (left side) and x2500 (right side). 
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5.3.4 Siloxanes and VOCs adsorption equilibrium at 25 ºC 

Figure 5.3 shows the gas uptakes (x/M) obtained in static adsorption tests at different 

equilibrium concentrations (Ce) for both siloxanes (D4 and L2) and VOCs (toluene and 

limonene) for the whole set of carbons. In general terms, it can be observed that higher uptakes 

were achieved by lignocellulosic carbons rather than anthracite and coal-based materials. The 

best candidate adsorbing D4 was the commercial H3PO4-activated AC5, whereas the 

experimental material AC2 stood up in the adsorption of all the pollutants. 

Figure 5.3 Gas uptake obtained at different equilibrium concentration (Ce) of (A) D4, (B) L2, 

(C) limonene and (D) toluene in static adsorption tests at 25 ºC and DA fitting (lines).
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parameter Dubinin-Astakhov (DA) equation. The best fit was obtained with the latter, 

expressed as Eq. 9, 

𝑊 = 𝑊0 · 𝑒

[−(
𝑅𝑇 ln(

𝑃0
𝑃⁄ )

𝐸
)

𝑛

] Eq. 9 

where W is the mass of adsorbate adsorbed per mass of AC (mg g-1), W0 is the maximum mass 

of adsorbate adsorbed in the micropores (cm-3 g-1), E is the adsorption energy (kJ mol-1), T is 

the temperature (K), R the universal gas constant (0.008314 kJ K-1 mol-1), P vapor pressure at 

saturation and P0 adsorbate partial pressure (mm Hg), and n is an exponent that can range 

from 1 to 5 [88]. n parameter equal or above 3 represents molecular sieve carbons dominated 

by narrow micropores, whereas n values below 2 represent microporous carbons with wider 

pore size distribution [89,90]. DA fitting data is shown in lines in Figure 5.3. Maximum 

adsorption capacities (x/M) calculated for each adsorbate are presented in Table 5.3, together 

with the n, β and r2 resulting from the DA fitting. L2 adsorption capacities calculated ranged 

from 220 (AC3) to 438 mg g-1 (AC2), while D4 ranged from 185 (AC3) to 577 mg g-1 (AC5). D4 

presented the highest x/M from the compounds considered in this study, probably because it 

is the highest molecular weight molecule. Nam et al., (2013) reported similar adsorption 

capacities of siloxanes within adsorption equilibrium experiments fitted to Langmuir-

Freundlich isotherm model using commercial activated carbons. 

Table 5.3 Adsorption capacities (x/M, in mg g-1), values of n and β determined by Dubinin-

Astakhov equation and r2 obtained from the model fitting. 

Pollutant Parameter AC1 AC2 AC3 AC4 AC5 AC6 AC7 

L2 x/M* 359 438 220 321 394 255 314 

n 3.80 3.10 3.06 3.26 3.50 2.38 2.73 

β 1,57 1.32 1.69 0.97 1.44 1.50 1.57 

r2 0.982 0.977 0.976 0.984 0.976 0.919 0.975 

D4 x/M* 436 512 185 356 577 233 398 

n 2.93 3.26 2.94 2.36 2.44 2.08 5.71 

β 1.84 1.75 1.11 1.92 2.15 2.57 1.50 

r2 0.996 0.899 0.997 0.941 0.994 0.893 0.962 

Toluene x/M* 374 417 255 318 343 192 268 

n 3.01 3.41 4.59 4.79 2.31 2.96 2.13 

β 1.00 1.00 1.00 1.00 1.00 1.00 1.00 

r2 0.970 0.975 0.996 0.990 0.992 0.957 0.983 

Limonene x/M* 427 446 282 408 452 275 354 

n 2.53 3.11 3.93 2.13 2.04 2.33 3.51 

β 1.61 1.05 1.01 1.57 1.41 1.04 1.13 

r2 0.988 0.997 0.943 0.989 0.988 0.936 0.967 

β – Affinity coefficient (calculated from the adsorption energy in the DA equation E=βE0) where 

toluene is taken as a reference compound assuming βTOLUENE = 1. 
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Thus, the highest x/M calculated for siloxanes corresponded to AC1, AC2 and AC5, all of them 

lignocellulosic-based activated carbons with chemical activation, and the performance of the 

experimental material AC was comparable in terms of efficiency to the best commercial carbon 

tested. 

On the other hand, toluene capacities calculated range from 192 (AC6) to 417 mg g-1 (AC2), 

whereas limonene capacities range from 275 (AC6) to 446 mg g-1 (AC2). Toluene adsorption 

capacities ranging 62-183 mg g-1 have been reported from adsorption data fitted to Langmuir 

isotherm model of several commercial activated carbons [91]. Lillo-Ródenas et al., (2005) 

reported toluene adsorption capacities that are in good agreement with our study using 

experimental activated carbons impregnated with different chemicals. Hence, the experimental 

carbon AC2 resulted the carbon with the highest efficiency to remove VOCs of the set studied 

in this work. 

5.3.5 Importance of the texture 

We investigated the relationship of the adsorption capacities calculated by DA fitting (Table 

5.3) with textural characterization (Table 5.2). In general terms, there was a positive correlation 

between the textural development of the carbons and their adsorption capacity for all 

adsorbates. Ultramicropore volume did not relate with the adsorption capacity for any of the 

compounds studied due to their molecular sizes, larger than ultramicropore width (<0.7 nm), 

which was observed by other studies working with D4 [20]. The best lineal correlations are 

shown in Fig. 3, i.e. total pore volume and the total micropore volume (Vmi). 

As denoted by the different slopes in the lineal correlations obtained, experimental and 

commercial carbons showed different trends. Commercial activated carbons presented larger 

contribution of mesopores in their total porosity. While AC2 is the experimental sample with 

the most significant presence of mesopores, it was still lower than commercials.  

D4 adsorption is known to occur within wide micropores and mesopores [33,34]. While L2 

critical diameter is smaller, it is still preferently adsorbed in narrower mesoporosity (Cabrera-

Codony et al., 2018). Thus, D4 and L2 adsorption capacities were correlated with the total 

volume of pores for the whole set of carbons (Figure 5.4A,C). When studying the effect of 

microporosity, experimental and commercial materials presented different correlations due to 

their difference on the mesoporosity contribution (Figure 5.4B,D). 

On the other hand, adsorption of toluene and limonene is not ruled out by mesoporosity, but 

microporosity is the major contributor as pointed out in other studies [93]. Thus, similar 

tendency between the two groups of carbons regarding VOCs adsorption was found out when 
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considering micropore volume (Figure 5.4F,H), and it is observed that for the same total pore 

volume experimental samples performed the best (Figure 5.4E,G). 
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Figure 5.4 Relationships between total pore volume (VTOT) and micropore volume (Vmi) 

with adsorption capacity of (A-B) L2, (C-D) D4, (E-F) toluene and (G-H) limonene 

(calculated on a dry basis by DA adjust). Gray circles represent experimental ACs and black 

squares commercial ACs 

5.3.6 Siloxane transformation 

It has been previously observed that the acidic sites on the activated carbons’ surface may lead 

to the transformation of siloxanes into linear by-products, known as α-ω-silanediols [41,94]. 

We studied the catalytic activity of the samples towards D4 and L2 by extracting the adsorbed 

compounds and transformation products in THF suspensions. 

In the extracts of the D4-spend carbon samples, other cyclic siloxanes (D5, D6 and D7) were 

found along with small amounts of α-ω-silanediols (Figure 5.5B). The highest D4 recoveries 

were found for the steam-activated carbons AC6 and AC7 reaching 94% in both cases. D4 

hydrolysis and condensation reactions take place due to the oxygenated groups in the surface 

of the activated carbons [20]. In agreement with the elemental analysis (Table 5.1), AC6 and 

AC7 are the carbons with lowest oxygen content. On the contrary, a significant presence of α-

ω-silanediols was found in the extract of the acid activated AC5, similar behaviour as those of 

the experimental ACs in this study.  

On the other hand, in the THF extractions of L2-spend samples, no transformation products 

were found, and more than 85% of the L2 was recovered from most of the carbon samples 

(Figure 5.5A), denoting that L2 transformation reactions do not take place on the surface of 

the studied materials. 
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Figure 5.5 Percentage of A) L2 and B) D4 recovered or transformed to other siloxanes and 

α-ω-silanediols from THF extraction of spend samples. Non-extracted refers to the 

amount of siloxane adsorbed and not detected on the THF extracts. 

5.4 Final remarks 

The experimental carbons developed in this study performed better than commercial samples 

for the adsorption of L2 and toluene (up to 438 and 417 mg g-1, respectively), and as good as 

the best commercial samples for limonene and D4. Thus, activation through K2CO3 of 

lignocellullosic wastes is an effective process for obtaining feasible adsorbents for biogas 

purification. Pyrolyzed samples activated by KOH led to carbons with lower porosities than 

non-pyrolyzed ones. Yet they presented performances comparable with steam ACs 

commercialized for biogas upgrading. AC4, activated using higher concentration of KOH 

presented a significant microporosity development, facilitating the uptake of VOCs. 
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6.1 Background and objectives 

Biotrickling filtration (BTF) offers many advantages such as low pressure drops, simplicity in the 

operation and low operational costs, which make it more attractive and eco-friendlier than its 

physical-chemical counterparts and even than other biotechnologies (i.e. biofilters) [95]. 

Despite the advantages of BTFs, the number of publications investigating siloxane removal in 

BTFs is scarce and limited to a reduced number of siloxanes. The few studies reported in the 

literature demonstrated the biodegradability [96] of these compounds under aerobic 

conditions. However, the low concentrations of O2 in biogas (if any at all), together with its 

associated explosion risk, have limited the use of aerobic biotechnologies in biogas upgrading 

applications. In addition, there is consistent evidence in literature demonstrating the capability 

of BTFs to treat VOC-laden emissions from the petrochemical industry using nitrate as an 

alternative electron acceptor [97–99].  

The aim of the present work was to investigate the anoxic biodegradation of siloxanes (D4 and 

D5) in a lab-scale biotrickling filter. The ability of the BTF to treat other biogas impurities, i.e. 

volatile organic compounds such as hexane, toluene and limonene, was also assessed. The 

influence of the EBRT on siloxane and VOC removal performance, along with the beneficial 

role of activated carbon (AC) supplementation in the BTF (in order to enhance the mass transfer 

of biogas pollutants to the microbial community), were also investigated.  

6.2 Methodology 

The BTF set up, inoculum procedure and operating conditions (detailed in Table 3.3) as well as 

the analytical methodologies followed for the process monitoring are detailed in sections 3.4.1 

to ¡Error! No se encuentra el origen de la referencia.. The concentration of the target 

compounds is found in Table 6.1. 

Table 6.1 Concentration of the target pollutants in the feed gas of the BTF. 

Pollutant Hexane Toluene Limonene D4 D5 

Concentration 

[mg m-3] 
375 ± 18 24 ± 2 220 ± 11 54 ± 3 102 ± 5 
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6.3 Results and discussion 

6.3.1 Lab-scale BTF start up 

The experimental set-up was initially operated abiotically to assess the physico-chemical 

processes underlying D4 removal from the synthetic gas emission. The D4 concentration at 

the outlet of the BTF, which was measured by GC-FID after 72 h of abiotic operation, matched 

the inlet D4 concentration, which ruled out the occurrence of significant abiotic siloxane 

removal mechanisms. The low D4 aqueous solubility mediated a rapid equilibrium between 

the gas and liquid phases in the BTF, which explains the similar concentrations in the inlet and 

outlet emissions. 

The lab-scale biotrickling filter was inoculated with anaerobic sludge from an urban wastewater 

treatment plant. D4 biodegradation under anoxic conditions in WWTPs was previously 

described [17], with microbial catalytic hydrolysis of cyclic siloxanes identified as one of the 

main degradation pathways. The system was run for 36 days at a D4 inlet load of 0.26 g m-3 h-

1 (Stage I), which resulted in a steady state removal efficiency (RE) of 14%.  

A sample of the bed material was collected to explore the biofilm grown in the lava rock used 

as packing material. SEM images revealed the presence of rod-shaped bacterial cells in the 

size range 1-3 µm attached on the surface of the packing rock. The population was not 

quantified, thought it could be observed that the lava rock structure was hardly noticed due 

to the high colonization of bacteria (Figure 6.1). A thorough microbial community analysis  of 

the biofilm established in the BTF was recently reported by Boada et al., (2018) [100]. According 

to the gene sequencing analysis of the biofilm samples, species from the phylum 

Proteobacteria and Actinobacteria were identified, including Rhodococcus sp., Methylibium sp. 

and Pseudomonas aeruginosa. Of them, P. aeruginosa is a facultative anaerobe that can 

proliferate with nitrate as a terminal electron acceptor and has been described as a siloxane-

biodegrading species capable of producing biosurfactant molecules [59,101,102].   
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Figure 6.1 SEM photographs of the packing lava rock in the BTF after operating with D4 as 

carbon source. 

6.3.2 BTF operation with multicomponent mixture (Stage II) 

Based on the microbial analysis conducted in stage I, a concentrated culture of P. aeruginosa 

was used to re-inoculate the BTF at day 43 in order to boost the siloxane removal capacity of 

the system. The feed gas composition was switched to a multicomponent mixture of siloxanes 

(D4 and D5) and VOCs (toluene, limonene and hexane) typically found in sewage biogas [6]. 

Figure 6.2 plots the removal efficiency (RE) and the elimination capacity (EC) of the biogas 

contaminants during the entire operation. The system was operated at an EBRT of 14.5 min 

until day 86. The outlet concentrations of toluene and limonene during stage II-1 remained 

below the detection limit of the analytical method (0.5 mg m-3 for both compounds). Thus, a 

complete removal of both toluene and limonene was achieved almost immediately (Figure 

6.2B and C, Stage II-1), which remained stable during the whole operation. Thus, the steady 

state elimination capacities accounted for 0.10 ± 0.002 and 0.83 ± 0.009 g m-3 h-1 for toluene 

and limonene, respectively. However, hexane EC during stage II-1 averaged 0.21 ± 0.02 g m-3 

h-1, which corresponded to a removal efficiency up to 14% (Figure 6.2A). Pseudomonas sp., the

dominant specie in the biofilm community, was capable of degrading hexane to some extent, 

although this biodegradation was limited by pollutant mass transport as a result of its high 

Henry’s law coefficient. On the other hand, the removal efficiency of the target siloxanes 

increased after 15 days of acclimation of the microbial communities to the multicomponent 

gas emission (Figure 6.2D and E days 55-70). Stable REs of 13% for D4 and 37% for D5 were 

achieved, which corresponded to ECs of 0.03 ± 0.009 and 0.14 ± 0.003 g m-3 h-1, respectively. 

The EBRT was decreased to 10.1 min in Stage II-2 (days 86-107). The RE of toluene and limonene 

remained at ~100 % for both compounds, whereas their ECs increased to 1.19 ± 0.002 and 0.14 
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± 0.001 g m-3 h-1, respectively. Hexane RE did not significantly vary, although its EC increased 

to 0.29 ± 0.003 g m-3 h-1. On the other hand, the REs of D4 slightly decreased to 13 and 30%, 

while their ECs incremented up to 0.04 ± 0.004 and 0.16 ± 0.001 g m-3 h-1. Interestingly, the 

capacity of the bioreactor to remove toluene and limonene was not hampered by a further 

decrease of the EBRT to 7.3 min in Stage II-3 (days 108-128), whose ECs were incremented up 

to 0.19 ± 0.002 g m-3 h-1 for toluene and 1.66 ± 0.001 g m-3 h-1 for limonene. The REs for hexane, 

D4 and D5 were slightly reduced to 11, 9 and 21%, respectively. The EC for hexane increased 

to 0.34 ± 0.005, while the EC of the two target siloxanes remained quite similar compared to 

the previous stage (0.04 ± 0.002 and 0.17 ± 0.001 g m-3 h-1 for D4 and D5, respectively). Finally, 

the EBRT was further decreased to 4 min in Stage II-4 (days 129-152). In this context, while 

toluene and limonene were still not detected in the outlet gas stream, hexane REs decreased 

to 8% (corresponding to an EC of 0.45 ± 0.004 g m-3 h-1). The REs of D4 and D5 were also 

reduced, although their ECs increased up to 0.06 ± 0.009 g m-3 h-1 for D4 and 0.23 ± 0.003 g 

m-3 h-1.

Overall toluene and limonene were completely eliminated regardless of the EBRT, exhibiting 

ECs of up to 3 ± 0.003 g m-3 h-1 and 0.35 ± 0.001 g m3 h-1, respectively at the lowest EBRT 

(Figure 6.3). Hexane’s removal efficiency remained stable over the tested range of EBRTs, with 

ECs up to 0.45 g m-3 h-1. On the other hand, the decrease in the EBRT resulted in more 

remarkable decrease in the RE of D5 compared to D4, which also experienced an increase in 

ECs up to 0.23 ± 0.003 and 0.06 ± 0.009 g m-3 h-1, respectively. The results obtained confirmed 

that the removal of the target compounds was correlated with their Henry’s law constants, 

which pointed out that the performance of the BTF was limited by the mass transport of 

hexane, D4 and D5 from the gas to the microbial community. 
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Figure 6.2 Time course of RE (●) and EC (□) of hexane (A), toluene (B), limonene (C), D4 (D), 

and D5 (E) in the BTF. Vertical dashed lines represent changes in the operation conditions: 

EBRT from 14.5>10.1>7.3>4 min, activated carbon addition (AC) and lava rock (LR) 

withdrawal. 
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Figure 6.3 Effect of the EBRT on the removal efficiency (A) and elimination capacity (B) of D4 

(●), D5 (○), toluene (▲), limonene (□) and hexane (x).

6.3.3 The role of activated carbon on the BTF performance (Stage III) 

A layer of 5 cm of activated carbon was added at the top of the lava rock in the BTF by day 

153 (Stage III) in order to improve the removal of siloxanes and hexane, which increased the 

EBRT up to 12 min. Some reports have pointed out the capability of the oxygen functional 

groups present in the surface of porous carbons to promote hydrolysis reactions leading to 

ring-opening and the formation of α-ω-silanediols [94,103], which are more water soluble 

compounds than cyclic methyl siloxanes. Thus, a phosphoric acid chemical activated carbon 

was chosen for this purpose according to previous investigations on siloxane adsorption [103]. 

Only hexane and the two target siloxanes were detected in the outlet of the BTF during stage 

III. The outlet concentration of the three compounds with the lowest REs rapidly dropped to

negligible values when the activated carbon was added, likely due to physical adsorption 

(Figure 6.4). However, fast breakthrough curves were recorded until reaching the previous 

outlet concentration in approximately 250 min, which corresponded to the time required for 

the carbon layer to get completely wet. According to Chapter 4 and 5, the capacity of this 

carbon towards siloxanes was known to be higher than 170 mg Si gAC
-1, therefore the 

breakthrough of the carbon layer in the present study was estimated to be reached in a period 

of time longer than 3 years. However, the rapid breakthrough curves herein obtained 

suggested that adsorption of both siloxanes and hexane in soaked activated carbon was 

negligible. 

Interestingly, the beneficial role of activated carbon on hexane and D5 was evident after an 

acclimation period of 20 days (Figure 6.2 from day 170 on). Indeed, the removal efficiency of 
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hexane increased up to steady state values of 43 ± 2 %. Previous investigations on the 

biodegradation of hexane by Pseudomonas aeruginosa identified that mass transfer limited the 

performance of bioreactors, which encouraged the use of organic solvents to enhance the 

availability of this hydrophobic gas pollutant [104]. In this investigation, the mass transfer of 

hexane to the biofilm was thereby enhanced with the addition of activated carbon.  

The impact of activated carbon addition on siloxane removal depended on the type of siloxane. 

Thus, while D4 removal efficiency remained stable at 16% during stage III, D5-REs gradually 

increased up to steady state values of 45%. D5 affinity for chemically activated carbons was 

found stronger than that of D4 and other siloxanes in Chapter 4, as well as its proneness to 

transformation into α-ω-silanediols in the presence of moisture. In this context, the higher 

degradation of D5 could be related to the activated carbon layer, which supported the ring-

opening polymerization of siloxane D5 and its transformation into more water-soluble 

compounds (i.e. α-ω-silanediols), eventually enhancing their mass transfer towards the biofilm. 

Figure 6.4 (A) Effect of the addition of AC at day 153 in Stage III 

(represented by the dashed line) on the outlet stream concentration of 

hexane (○), D4 (●) and D5 (□). 

6.3.4 Activated carbon as biomass support 

The activated carbon surface was analyzed at day 180 using scanning electron microscopy to 

observe the microbial population. SEM pictures (Figure 6.5B) revealed a carbon surface 

heterogeneously colonized by microorganisms, where the cracks and fissures in the rough 

surface of granular activated carbon served as effective spots for biofilm formation [105]. 
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Figure 6.5 SEM photographs of the activated carbon (A) before and (B) after operating 30 

days in the BTF within Stage III  

Thus, after ensuring that biofilm was formed over the AC surface, the lava rock was completely 

removed from the reactor, which entailed that the 5 cm layer of activated carbon was the only 

packing material in the BTF and the EBRT decreased to 2 min (Stage IV). In this context, while 

toluene removal was complete, limonene RE decreased to 78% at the beginning of stage IV. 

This initial decrease in the RE of this monoterpene was likely mediated by the absence in the 

AC of a microbial community capable of degrading limonene, which was completely degraded 

throughout the lava rock layer during Stage II, and therefore prevented the exposure of the 

top AC-layer to limonene in Stage III. Thus, the microbial community already acclimated to 

limonene was also cleared from the BTF when removing the lava rock. However, the RE of 

limonene reached 100 % within the next 3 days from re-packing of the BTF, which highlighted 

the high robustness of the system and the rapid acclimation of the microbial community to 

VOCs. The lava rock evacuation and its associated decrease in the EBRT to 2 min resulted in a 

sharp decrease in D5 removal efficiency from 43% at the beginning of stage IV to steady stated 

values of 22. D5 abatement in the BTF during steady state was likely due to a combination of 

microbial degradation boosted by an enhanced siloxane adsorption and hydrolysis mediated 

by the activated carbon. Overall, the BTF packed with a thin layer of activated carbon 

(corresponding to an EBRT of 2 min) achieved comparable removal efficiencies to those 

recorded in the BTF packed with a 6 times larger of lava rock bed (Figure 6.3, EBRT 14.5 min). 

The AC was an effective packing material for cell attachment as well as an efficient packing 

material for the final polishing of biogas.  This study also confirmed that a short bed of AC (i.e. 

low EBRT) would entail smaller bioreactor volume than the lava rock, which will significantly 

decrease the capital and operating cost of biogas.  

A B 
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6.3.5 Processes governing siloxane removal 

In stages II and III the GC-MS analysis of the outlet gas did not detect significant amount of 

volatile metabolites. In this context, the trickling solution was analyzed to determine the 

presence of soluble transformation products during the operation with lava rock (Stage II-4) 

and lava rock and AC (Stage III). Acid silicic concentrations of 7.3 and 10.6 mg Si L-1 were 

recorded during stage II-4 and III, respectively. Moreover, GC-MS qualitative analysis revealed 

the presence of dimethylsilanediol (DMSD), tetramethyl-1,3-disiloxanediol and hexamethyl-1,5-

trisiloxanediol (Table 6.2) in the trickling liquid of stage III. Only the first two silanediols 

compounds were identified at lower concentrations in the trickling solution during stage II-4. 

These results agree with the higher removal efficiency of D5 achieved under BTF operation 

with an activated carbon packed bed. This siloxane transformation products are formed by 

both i) bond cleavage of D4 and D5 through hydrolysis reactions promoted by AC’s functional 

groups, and ii) biodegradation of larger α-ω-silanediols, D4 and D5. Thus, the higher 

concentration found was the consequence of both the AC catalytic activity and biodegradation, 

which would eventually support the hypothesis of the ability of ACs to catalyze the ring-

opening of cyclic siloxanes and thus boost siloxane degradation. Since silanediols could not be 

quantified due to lack of commercial reagents, total Si analysis were performed by ICP-OES 

aiming at closing the Si mass balance. Si contents of 13.2 and 21.8 mg L-1 were obtained in the 

trickling solution of Stages II-4 and III, respectively. For the mass balance, it was taken into 

account that the liquid samples were collected after 3 days (when the recirculation media was 

replaced) and a total liquid volume of roughly 400 cm3. The Si analyses accounted for a 22 and 

36% of the total Si that entered the reactor and was found dissolved in the recirculation liquid 

of Stages II-4 and III, respectively. Moreover, according to the average REs obtained for both 

D4 and D5 in the different stages, a 74 and 65% of Si was found in the outlet emissions in 

Stage II-4 and III, respectively, which mostly completed the Si mass balance. The remaining 

percentage of Si to reach 100 was below 4% in both stages, which could be attributed to the 

inlet concentration stability as well as the accurate liquid volume in the system. In this context, 

siloxane removal was likely due to mainly biodegradation in stage II-4. In stage III 

biodegradation would still be the major process involved, though boosted by transformation 

reactions due to the AC surface, as observed with the higher presence of Silicon soluble 

species. 

On the other hand, in stage IV the use of activated carbon as biomass support drastically 

increased the elimination capacity of siloxanes. Thus, the removal efficiency of the system 

remained stable despite the reduction of the EBRT from 14.5 min (Stage I) to 2 min. In order 

to get a further insight on the mechanisms governing siloxane removal, activated carbon 
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samples were collected at the end of Stage IV to analyze the compounds adsorbed or retained 

in the biofilm. THF extraction showed that the siloxane retained in the solid phase was in a 

concentration below the quantification limit (<0.5 mg m-3). Considering the total volume of 

the packing material and the amount of siloxane circulated during the whole stage, both 

physicochemical adsorption and biosorption of siloxane removal could be ruled out. 

While no volatile silicon byproducts were detected in the gas outlet, the CO2 production during 

Stage IV was monitored. An average increase in the concentration of CO2 up to 405 ppmv was 

detected, which corresponded to 21 g h-1 mreactor
-3. This CO2 production corresponded to an 

average pollutant mineralization of 80% considering both the siloxanes and VOCs removed. 

Such incomplete mineralization determined by the CO2 analysis could be linked to the 

accumulation of methyl-siloxane by-products in the liquid phase as well as the growth of new 

biomass. Therefore, these results supported the hypothesis that biodegradation was the 

predominant process involved in the removal of VOCs and siloxanes. 

6.3.6 Robustness evaluation of the BTF 

In order to assess the impact of trickling solution dispersion on the performance of the BTF, 

the recirculation of the trickling solution was paused during periods of ca. 5 hours and re-

started. While toluene and limonene were completely removed during the trickling dispersion 

period, both biogas pollutants were detected in the exhaust gas in the absence of irrigation 

likely due to the limitation in nitrate availability, which was the only final electron acceptor in 

the biodegradation process. Moreover, biodegradation metabolites from the incomplete 

mineralization of limonene were detected in the outlet emission. Figure 6.6 depicts the 

outlet/inlet areas ratios (C/C0) for toluene, limonene and metabolites during the stop and 

resumption of the trickling solution. After 5 h of trickling solution shutdown, the C/Co ratios for 

toluene and limonene reached 0.7 and 0.46, while a complete removal of both pollutants and 

metabolites was recorded after the resumption of trickling dispersion. GC-MS analysis of the 

outlet gas in the absence of irrigation identified 2-carene and α-terpinene (Table 6.2) as the 

main metabolites released during the incomplete oxidation of limonene in the absence of NO3
-

. Moreover, a qualitative analysis by GC-MS of the trickling solution revealed traces of p-

cymene, which could have also originated from the partial oxidation of limonene.  

On the other hand, Figure 6.6B shows the performance of the BTF packed with activated 

carbon (stage IV) during an event of irrigation stoppage. During the 5-hour trickling solution 

shutdown, the removal efficiency of both toluene and limonene remained at 100 % and no 
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metabolite was detected in the outlet gas emission. It needs to be highlighted that, as visually 

noticed, the carbon layer remained highly humidified during period without irrigation, which 

was not observed during the same experiment with lava rock.  This finding suggested that the 

porous AC was capable of retaining sufficient amount of trickling solution to provide the 

biofilm with the necessary compounds to maintain microbial activity during periods without 

irrigation. Using AC as packing material in anoxic BTF may guarantee a sustained electron 

acceptor availability to the biofilm compared to conventional packing media, which are 

dependent on stable irrigation conditions. 

Figure 6.6 Time-course toluene (▲) and limonene (□) and the GC-FID 

response in area units of the metabolites in the outlet gas (●), vertical 

dashed lines indicate the stoppage of the trickling recirculation, and vertical 

solid lines display the re-start of the recirculation. Data corresponding to 

stage II-1 with lava rock as packing material (A) and stage IV with AC (B). 

The results herein obtained also suggest that a supplementary adsorption treatment would be 

required for complete siloxanes removal. The complete removal achieved for the target VOCs 
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in the lava rock bed is particularly relevant since toluene and limonene are major competitors 

for adsorptive sites in current biogas adsorption technologies [94]. A complete VOC removal 

in an anoxic BTF prior a final adsorption polishing step, together with the partial siloxane 

biodegradation, might extend the lifetime of adsorption filters, which would ultimately 

decrease the operational costs of biogas upgrading. 

Table 6.2 Metabolites identified by GC-MS during the BTF operation. 

Metabolite 

[abbreviation] 

MW 

[g mol-1] 
Chemical formula 

Analytical ions m/z 

[abundance*] 

Dimethylsilanediol 

[DMSD] 
92.2 

77 [99.9] 

45 [14.6] 

78 [6.6] 

Tetramethyl-1,3-

disiloxanediol  
166.3 

133 [99.9] 

151 [71.2] 

135 [22.6] 

Hexamethyl-1,5-

trisiloxanediol 
240.5 

207 [99.9] 

208 [21.1] 

209 [17.0] 

2-carene 136.2 

93 [99.9] 

121 [96.8] 

136 [66.9] 

α-Terpinene 136.2 

121 [99.9] 

93 [84.7] 

136 [42.6] 

p-cymene 134.2 

119 [99.9] 

91 [34.7] 

134 [23.8] 

*Abundance – relative intensity of each ion peak in % to the maximum ion intensity

6.4 Final remarks 

This chapter confirmed the potential of biotrickling filtration to remove siloxanes and VOC 

under anoxic conditions. Toluene and limonene were effectively degraded regardless of the 

EBRT tested. Siloxane D5 was more biodegradable than D4, with a removal efficiency of 37% 

at the longest EBRT tested. The use of activated carbon as packing material to overcome the 

mass transfer limitation encountered during the biodegradation of hexane, D4 and D5 
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supported an effective biomass growth, while promoting hydrolysis reactions leading to 

soluble silanediols. Furthermore, AC supplementation enabled BTF operation at reduced 

EBRTs, which would ultimately decrease the operating and investment cost of biogas 

upgrading. This study also demonstrated a high robustness towards variations in the EBRT and 

interruptions in the trickling solution dispersion. 
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7.1 Background and objectives 

Membrane biofiltration is based on the transference of gas pollutants from one side of the 

membrane to the other side where a biofilm is grown over the membrane surface and is in 

contact with a mineral medium containing nutrients. Several membranes can be found 

commercially. Dense membranes are more selective but their capacity of diffusing the 

pollutants from one side to another will also depend on the solubility and diffusivity of the 

contaminant [50]. The driving force for the pollutants to permeate through the membrane 

depends on the concentration difference between both sides, which will therefore depend on 

the capacity of the microbial population to degrade the contaminants [106].  

Membranes are capable of selectively permeate pollutants hardly transferred with other 

reactor configurations [107]. Few scientific papers can be found in the literature evaluating the 

treatment of VOC-laden gases at laboratory or pilot scale, such as toluene, benzene and 

hexane among others [74,108]. Considering biogas treatment, siloxanes permeation through 

PDMS membranes was evaluated with clean air in the other side of the membrane [45]. No 

reports are found for this issue by means of membrane bioreactors. 

The aim of this study is to investigate the performance of a PDMS hollow-fibre membrane 

bioreactor inoculated with anaerobic digester sludge on the removal of siloxanes in the 

presence of VOCs.  

7.2 Methodology 

The hollow-fiber reactor membrane bioreactor set up, operation and inoculum procedures are 

detailed in Section 3.5. Firstly, it was operated with clean water to study the target pollutants 

transference from the lumen side (gas) towards the shell side (water). Then, it was inoculated 

with anaerobic digester sludge to investigate the degradation of both siloxanes and VOCs.  

Table 7.1 Concentration of the target pollutants in the feed gas of the membrane reactors. 

Pollutant Hexane Toluene Limonene D4 D5 

Concentration 

[mg m-3] 
375 ± 18 24 ± 2 220 ± 11 54 ± 3 102 ± 5 
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7.3 Results and discussion 

7.3.1 Abiotic diffusion of the pollutants 

Towards clean air 

The capacity of the PDMS membrane module to separate the target pollutants was 

investigated in gas abiotic experiments. Each target concentration was monitored in the feed 

gas and in both outlet streams (lumen and shell). The transport efficiency for each pollutant 

under different ratios is reported in Figure 7.1. Experiments were done by triplicate with a 

relative error below 5%. Similar experiments were carried out by Ajhar et al., (2012) [48] with 

gas polluted with cyclic and linear siloxanes, and high permeabilities for the siloxanes D4 and 

D5 were reported. 

The transport efficiency of most compounds displayed a clear steep increase with the 

shell/lumen flow ratio as observed in Figure 7.1. Incrementing the flow of clean gas in the shell 

side distinctly boosted the transference of the target pollutants through the membrane. In the 

case of limonene and D5, their transport increased from 66.5 and 74.5% at the lowest ratio, 

respectively, up to 94.8 and 99.2 at the highest ratio 8. The transport of toluene and D4 went 

respectively from 55.2 and 51.4% up to 82.7 and 76.8% by increasing the shell/lumen ratio from 

0.5 to 8. Contrarily, hexane was the compound with the lowest transport efficiencies, 

demonstrating a flat increase from 36.8 to 48% from 0.5 to 8 ratios.  

Figure 7.1 Toluene (●), limonene (□), hexane (♦), D4 (●) and D5 (×) transport efficiency 

through the membrane in (A) gas/gas experiments at different flow ratios (shell/lumen). 
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The transport efficiency of all pollutants, excluding hexane, through the membrane was above 

50% even at the lowest shell/lumen ratio tested, demonstrating that operating at such a short 

residence time (i.e. 0.72 s), and with a low gas flow through the shell side, the target pollutants 

were successfully permeated through the membrane. Moreover, the diffusion of all 

compounds levelled off at a flow ratio of 2, where high transport efficiencies were already 

recorded, being 97.1, 87.9, 77.8 and 72.1% for limonene, D5, toluene and D4, respectively. 

Therefore, incrementing the shell flow from 100 up to 400 cm3 min-1 did not significantly 

improve the pollutants transport. 

Towards clean water 

In order to approach a bioreactor configuration, in which a liquid media is found in one side 

of the membrane, the capacity of the contaminants to permeate from the lumen side towards 

water in the shell side was investigated. An open configuration with clean water continuously 

circulating through the membrane (water/gas) was set-up. The transport efficiency of each 

compound was evaluated at different gas residence time (9.6, 16, 24, 40 and 60 s) (Figure 7.2). 

A noticeable linear increase in the transport efficiency with the residence time was observed 

specially for toluene, which was the compound with the highest water solubility. At 9.6 s its 

transport across the membrane was of 40% and it raised up to 84 and 93% when the gas 

residence time was increased to 40 and 60 s, respectively. Limonene had a definite increase 

from 28% at 9.6 s up to 53% at 60 s, although the improvement from 16 (39%) to 40 s (44%) 

was not significant, which might be explained by the relatively low solubility of limonene in 

water. For the same reason, D4, D5 and hexane, that are low water-soluble compounds, were 

less transported through the membrane than toluene and limonene. Maximum transport 

efficiencies for D4, D5 and hexane were 28, 37 and 21%, respectively, obtained at 60 s of 

residence time.  

The PDMS membrane was capable of permeating both siloxanes in the abiotic gas 

experiments, but when water was present in the other side of the membrane, their diffusion 

was hampered due to their low solubility. In the case of hexane, a lower affinity with the 

membrane material than for  the rest of pollutants was observed in the abiotic gas experiments, 

and the presence of a liquid media did not improve its permeation through the membrane, 

which is in good agreement with Lebrero et al., (2014) [74]. In this sense, even the much higher 

residence time in comparison with the gas experiments, the transfer of the compounds was 

also related to their Henry’s law coefficients. 
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Figure 7.2 Toluene (●), limonene (□), hexane (♦), D4 (●) and D5 (×) transport efficiency 

through the membrane in water/gas tests at different EBRTs. 

7.3.2 HF-MBR performance 

Start-up of the HF-MBR 

At the light of the results obtained in the abiotic tests, the HF-MBR was inoculated with 

anaerobic sludge from an urban WWTP and fed with the synthetic gas stream as in the abiotic 

experiments. The outlet of the membrane was monitored for evaluating the RE and EC of each 

target compound (Figure 7.4).  

The reactor was initially operated at a gas residence time of 18 s, corresponding to the first 

period of operation (stage I, days 0-36). Steady state for toluene and limonene (Figure 7.4B 

and C) was achieved within 7-8 days reaching average REs of 52 ± 2 and 85 ± 3%, respectively, 

which corresponded to ECs of 2.4 ± 0.1 and 33.5 ± 1.2 g m-3 h-1. In the abiotic experiments with 

a clean water stream circulating continuously, the transport efficiency of these target VOCs at 

16 s of gas residence time was 39.2 and 57.9% for limonene and limonene. Therefore, the 

presence of a biofilm in the shell side of the membrane clearly promoted a higher elimination 

of these target VOCs. The degradation of these compounds favored their diffusion through 

the membrane, which led to higher REs. Hexane steady state was achieved after 15 days with 

an average EC of 2.1 g m-3 h-1 (corresponding to a RE of 4%). This compound abatement was 

expected to be lower than the other VOCs due to the low diffusion through the membrane 

previously observed in the abiotic experiments. Siloxanes removal efficiencies were found to 

be fluctuating from REs from 2 to 23% in the case of D5 (Figure 7.4E), and from 4 to 14% for 

D4 (Figure 7.4D). The lack of stability in the removal of siloxanes could be attributed to the 
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oscillating concentration of NO3
- in the recirculation mineral medium, which acted as the final 

electron acceptor (Figure 7.5B). 

The gas outlet of the membrane revealed the presence of CO2, which was not detected in the 

feed gas. CO2 was the final product resulting from the mineralization of the target pollutants 

being degraded by the biofilm in the shell side of the membrane. As observed in Figure 7.5, 

the carbon from the CO2 recorded in the outlet emission did not fit in with the C degraded 

from the pollutants, being the latter slightly higher. The CME within this stage was roughly 

60%, suggesting a partial oxidation and therefore an accumulation of byproducts resulting 

from the biodegradation of the target compounds. In this context, the presence of a byproduct 

was recorded in the outlet emission of the reactor, which was later identified as α-terpinene 

by means of GC-MS analysis and a match higher than 90% with NIST library. The occurrence 

of such byproduct was related to an incomplete oxidation of limonene, as suggested earlier in 

Chapter 6 in an anoxic biotrickling filter when the input of NO3
- in the trickling solution was 

limited due to interruptions on the irrigation system. 

Furthermore, GC-MS analysis of the recirculation solution revealed the presence of 

dimethylsilanediol, which could not be quantified due to the lack of pure commercial 

standards. Dimethylsilanediol has been reported to be one of the main metabolites of D4 [60]. 

Since no data was found in the literature assessing the biodegradation of D5, we suggest that 

the apparition of such metabolite could originate from the degradation pathway of both D4 

and D5. 

Influence of the gas residence time 

In order to improve the abatement of the pollutants, the gas residence time was increased to 

31.5 s in the second stage (stage II, days 37-64). The longer residence time led to a rapid 

increase in the RE of all the VOCs (Figure 7.4). Hexane reached a steady state RE of 30 ± 6% 

corresponding to an EC of 12.5 ± 1.2 g m-3 h-1. Toluene gradually increased until its absence in 

the outlet gas stream (i.e. below the detection limit of the analytical method) at day 52, which 

indicated that it was completely transferred through the membrane and so eliminated up until 

2.6 ± 0.3 g m-3 h-1. Limonene displayed a similar trend but right the day after increasing the 

residence time its removal was already complete reaching an EC of 22.4 g m-3 h-1. The removal 

of siloxanes increased up to REs 17 ± 6 and 21 ± 6% for D4 and D5, respectively, where the 

ECs accounted for 1.0 ± 0.2 and 2.5 ± 0.7 g m-3 h-1. Even though a higher gas residence time 

was provided, the stability of the siloxanes’ removal continued displaying ups and downs along 

the time-course of the reactor operation.  
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The gas residence time was further increased to 63 s in the third period (stage III, days 65-100). 

Toluene and limonene REs remained complete, as expected. while the RE of hexane increased 

up to 43 ± 7%, much higher than the diffusion recorded in the water abiotic tests. Average ECs 

within this were 1.3, 11.2 and 8.2 g m-3 h-1 for toluene, limonene and hexane, respectively. The 

abatement of siloxanes slightly decreased to 14 ± 4% for D4 and 17 ± 2% for D5. The CO2 

produced within this stage averaged 60 ± 7 g m-3 h-1 and a stable CME as high as 91 ± 6 % 

was registered, which suggested that pollutants were almost completely mineralized towards 

CO2. This was confirmed by a low presence of α-terpinene and even its absence in the gas 

emission.  

Overall, toluene and limonene were completely removed when the HF-MBR was operated at 

gas residence times longer than 18 s, although even at such short contact time removals were 

found above 80% for both pollutants. As regarded in Figure 7.3 the RE of these VOCs was 

positively influenced by increasing the gas residence time. The removal of hexane also 

appeared to be boosted with higher residence times from 17% at 18 s up to an average RE of 

42% at 63 s. In the case of siloxanes, their removal did not display a significant correlation with 

the gas residence time, indicating that their diffusion through the membrane towards the liquid 

side was limited due to their hydrophobicity regardless the residence time. REs ranged 17-21 

and 20-22% for D4 and D5, respectively. 

Figure 7.3 Influence of the gas residence time on the RE of hexane (♦), D4 (●), D5 (×), 

toluene (●) and limonene (□) at steady state 
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Strategies related to the final electron acceptor 

During the operation of the HF-MBR in stages III and IV, different strategies were executed in 

order to enhance the performance and the stability of the system. Up until day 73, the nitrate 

input was carried out by replacing the mineral medium. Since a fluctuating NO3
- concentration 

was observed (Figure 7.5B) in the mineral medium, an automatic injection of NO3
- was started 

by means of a syringe pump. The concentration of NO3
- was then maintained between 1.7 and 

2.2 g L-1, based on literature [97]. Moreover, the recycling solution replacement was decreased 

to a dilution rate of 0.1 d-1 to avoid so frequent washings of the biomass suspended in the 

recycling solution. Resulting from this strategy, a NO3
- consume of roughly 50 mg (L d)-1 (Figure 

7.5B) supported an efficient removal of the VOCs and a less oscillating removal of siloxanes.  

In stage IV (days 101-152) the gas residence time was decreased back to 18 s in order to evaluate 

the influence of the strategies over the removal of all the target pollutants, given the fact that 

toluene and limonene were already removed due to higher gas residence times. A sudden 

decrease in the performance of the HF-MBR occurred at day 104 due to membrane clogging. 

The clogging effect was most remarkably observed for both toluene and limonene, whose REs 

dropped to 24 and 30%, respectively. The membrane cleaning at day 108 allowed for the 

recovery of both target pollutants removal, which increased to average REs of 83 ± 12 and 94 

± 5%, clearly higher than those recorded in the first period that operated at the same gas 

residence time. Hexane removal was also achieved higher than in the first period, its RE 

increased from 5 to 21%. The performance of the HF-MBR towards siloxanes was more stable 

within this period with ECs of 1.7 ± 0.2 and 3.9 ± 0.7 g m-3 h-1. The concentration of electron 

acceptor decreased after reducing the gas residence time to 18 s, so the NO3
- infusion had to 

be adjusted due to an incremented consume of ca. 80 mg (L d)-1. 

Another strategy regarding the final electron acceptor was adopted at day 133 (days 134-152) 

and consisted in supplementing the gas matrix with a 1% of O2, which is the common content 

of oxygen in biogas [109]. The RE of hexane stabilized at 14 ± 5%, slightly higher compared to 

the operation with NO3
- alone. An enhanced RE was also observed for toluene, whose RE 

stabilized at 94 ± 3% and EC at 4.3 ± 0.2 g m-3 h-1. For the rest of pollutants, no significant 

difference was distinguished when O2 was incorporated. 79 ± 4, 15 ± 2 and 14 ± 2% steady 

state REs were recorded for limonene, D4 and D5 respectively, corresponding to ECs of 30.5 ± 

1.5, 1.4 ± 0.2 and 2.6 ± 0.7 g m-3 h-1.  



Biogas treatment in membrane bioreactors 

96 

Figure 7.4 Removal efficiency (RE, ●) and elimination capacity (EC, □) of hexane (A), toluene 

(B), limonene (C), D4 (D) and D5 (E). Solid lined represent the strategies set for the electron 

acceptor (Automatic NO3
- injection, 1% O2 supply and NO3

- injection stoppage). 

The highest CO2 production was recorded in this stage corresponding to an average 28 ± 6 g 

C m-3 h-1 (Figure 7.5A). However, the pollutants removal accounted for 45 ± 12 g C m-3 h-1, 

giving a rough CME of 65 %, which was lower than in the previous stage. In this sense, a shorter 

residence time implied lower RE and therefore an incomplete oxidation of limonene towards 

CO2, which was also observed in stage I. The change in the residence time affected specially 
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the removal of limonene (Figure 7.4C), and simultaneously the presence of α-terpinene was 

recorded, which eventually decreased the CME (Figure 7.5A).  

Finally, the automatic infusion of nitrate was stopped at day 152 for investigating the capacity 

of the O2 to act as sole electron acceptor. Limonene and toluene REs stabilized at 92 ± 1 and 

98 ± 2, respectively, which was higher than the REs obtained with NO3
- alone. The RE of hexane, 

D4 and D5 were maintained at similar values than those accomplished with nitrate. In this 

sense, the input of a 1% of O2 in the gas matrix supported an efficient performance of the HF-

MBR. These results suggest that the supplementation of NO3
- to provide the microbial 

consortium with electron acceptor would not be necessary, which would eventually reduce the 

operating costs of the technology. 

Figure 7.5 Time-course of (A) the removed pollutants in form of C (□) and the produced CO2 

as C (●). And (B) the nitrate concentration in the recirculation mineral medium (○) and its 

consume (▲). 
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7.4 Final remarks 

The present work confirmed the potential of PDMS membranes to separate siloxanes as well 

as other biogas impurities such as toluene and limonene from polluted gas towards a clean air 

stream. The presence of water in the other side of the membrane hindered the permeability 

of hexane, D4 and D5 due to their hydrophobic nature. The biofilm grown in the shell side of 

a HF-MBR enabled a complete transference of toluene and limonene when the gas residence 

time was above 31.5 s, and also a higher diffusion of hexane. The presence of CO2 in the outlet 

of the HF-MBR confirmed the degradation of the pollutants and high carbon mineralization 

efficiencies were obtained reaching values above 90%. Several strategies regarding the final 

electron acceptor were performed. Supplementing the gas with a 1% of O2 supported an 

efficient performance of the bioreactor, which eventually would reduce the costs of the 

technology since it is the common oxygen content in biogas. Moreover, byproducts from the 

limonene partial degradation were identified as α-terpinene in the gas emissions, and 

dimethylsilanediol was detected in the recirculation mineral medium from the degradation of 

siloxanes D4 and D5.  
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8.1 Background and objectives 

Activated carbon is by far the most applied technology for siloxanes abatement in biogas due 

to its maturity and high efficiencies [37]. However, its major disadvantage is the frequent 

replacements of exhausted material and disposal as waste, which leads to high operating costs 

[110]. Contrarily, biotechnologies are generally more convenient in terms of economic criteria 

and sustainability than their physic-chemical counterparts. Up to date, biotrickling filtration is 

the only technology that has been (scarcely) explored for siloxanes abatement. Nevertheless, 

as observed in Chapters 6 and 7, the efforts for removing these hydrophobic compounds by 

means of biological technologies has been challenged by mass transfer limitations [57,74].  

The objective of the present work is to investigate the feasibility of coupling biotechnologies, 

particularly BTF, to adsorption onto activated carbon in pursuance of decreasing operational 

costs associated with carbon frequent replacement and disposal of the spent waste generated. 

It is well known that VOCs compete for the adsorptive sites of the activated carbon surface 

with siloxanes. Thus, removal of VOCs by biological technologies may extend the lifespan of 

adsorbent beds. 

8.2 Methodology 

Breakthrough curves were carried out following the concentrations in the different scenarios 

reported in Table 8.1. A set of three activated carbons, previously characterized in Chapter 4 

was used for conducting the breakthrough experiments. AC1, AC2 and AC3 were named as 

SAC-2, SAC-4 and PhAC-1, respectively, in Chapter 5.  

Table 8.1 Target concentrations of each compound for the different scenarios and their 

corresponding standard deviations. 

Compound 
Scenario A 

[mg m-3] 

REs reported 

[%] 

Scenario B 

[mg m-3] 

Scenario C 

[mg m-3] 

Scenario D 

[mg m-3] 

Hexane 2520 ± 41 70a 714 ± 27 703 ± 16 0 

Toluene 164 ± 4 99a 0 0 0 

Limonene 1713 ± 31 99b 0 0 0 

D4 431 ± 15 40c 377 ± 19 236 ± 11 430 ± 22 

D5 765 ± 21 n.f. 673 ± 25 528 ± 44 765 ± 29 
a Hexane and toluene REs at short EBRT [74] / b Limonene RE at short EBRT [111] 
c D4 RE at long EBRT [57] / n.f. data not found 
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8.3 Results and discussion 

8.3.1 Siloxane competitive adsorption 

Biological abatement of siloxanes has recently proved to be a feasible technology to reduce 

their concentration in biogas streams while removing volatile organic compounds to further 

extend (as observed in Chapter 6). The efficiency of biotrickling filters was reported to depend 

on the EBRT of the gas with the biofilm grown in the bioreactor. Thus, the competitive 

adsorption of siloxanes with VOCs was evaluated considering biological pretreatment capable 

to reduce the concentrations of the feed gas to certain levels.  

A set of experiments was performed to evaluate the performance of three ACs on the 

adsorption of cyclic siloxanes D4 and D5 in competition with limonene, toluene and hexane. 

Breakthrough curves are presented in Figure 8.1 depicting the concentration of each 

compound at the outlet of the adsorption column along with the bed volumes treated (mgas

treated
3 LAC

-1). 

8.3.2 Scenario A: Raw biogas 

Scenario A (S-A) corresponded to the raw biogas, where both siloxanes and VOCs presented 

the highest concentrations in comparison with the other scenarios (Table 8.1). In all the carbons 

tested (Figure 8.1) the first compound to break through was hexane, showing a steep profile in 

every case. Even being the highest concentrated molecule, the low molecular weight and size 

of hexane made this component the hardest to adsorb and the breakthrough curves showed 

an overshot, where the outlet concentration exceeded the inlet concentration, i.e. C/C0>1. This 

roll-up effect demonstrated that hexane was weakly adsorbed and displaced by the other 

molecules in the mixture. When it comes to the rest of compounds, the lowest porous-

developed AC1 (Figure 8.1A-1) behaved differently than AC2 and AC3 (Figure 8.1A-2 and A-3); 

breakthrough of siloxanes occurred simultaneously along with toluene and limonene when ca. 

13 BVs had been treated. Complete exhaustion of the material (i.e. concentration in the outlet 

reached the feed concentration) did not occur until 22.5 BV had been treated. Limonene and 

D5 resulted the most strongly adsorbed compounds displacing both toluene and D4 as shown 

in competitive breakthrough curves.  

In the contrary, breakthrough of target compounds in AC2 and AC3 followed the order: 

hexane>toluene>D4=limonene>D5, being more spaced out in AC3. Pore size distribution of 

these materials, where mesoporosity contribution is higher, led to stronger adsorption of the 

bulkiest D5 displacing the rest of compounds including limonene.  
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Figure 8.1 Breakthrough curves corresponding to the different scenarios (titled by its letter; A, 

B, C and D) and each activated carbon (denoted by the number after the scenario letter). 

Dashed lines correspond to the inlet concentration of each compound. 
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The adsorption uptake of each compound was calculated at i) D4 breakthrough (D4 BT), ii) D5 

breakthrough (D5 BT), and iii) bed exhaustion (BE). In contemplation of Figure 8.2, the amounts 

of each compound adsorbed at different experimental points is compared. The hexane and 

toluene remaining at D4 breakthrough were completely displaced at bed exhaustion for all the 

carbons tested, while D4 uptake was successively reduced because of the displacement caused 

by limonene and D5. According to what is observed in the breakthrough curves, limonene was 

displaced by D5 only in AC2 and AC3 while the amount adsorbed increased until bed 

exhaustion for AC1. Thus, AC2 and AC3 are more suitable for siloxane adsorption than AC1 due 

to the larger pore size development. The comparative performance of these materials was 

evaluated by the BV treated at the time of the first siloxane breakthrough (D4 C/C0=0.05): 23.9 

and 35.5 m3 L-1, for AC2 and AC3 respectively.  

Figure 8.2 Distribution of the adsorbed target pollutants in S-A for all materials tested at 

D4 breakthrough (BT), D5 BT and bed exhaustion (BE). 

8.3.3 Scenario B: Biological treatment 

The gas in scenario B (S-B) corresponded to the biogas pretreated in a biotrickling filter 

operating at a short EBRT (1.5 min) where target compounds’ concentration is reduced 

according to reported removal efficiencies in Table 8.1. Therefore, feed concentrations of 

siloxanes ~12% lower than in S-A, toluene and limonene were completely removed, and 

hexane’s concentration decreased a ~70% because of the low mass transfer reported for this 

compounds [104]. It is important to highlight that, while toluene and hexane produced a low 

impact upon the siloxane adsorption capacities, as shown in Figure 8.2, the biological removal 
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towards siloxane removal. Moreover, the competition of the remaining hexane with siloxanes 

is further discussed in Section 8.3.5. 

The adsorption curves are depicted in Figure 8.1B. Overall, while the profile shape of the 

remaining compounds was similar to those in S-A, the absence of limonene in the test gas 

dramatically increased the BV treated for all the adsorbent materials; breakthrough of D4 

increased up to 64.5 in AC1, 121.7 in AC2 and 181.1 m3 L-1 in AC3 (Table 8.2). This corresponded 

to an enlargement of the adsorbent bed lifespan up to 500%. At bed exhaustion, the BV 

corresponded to 143.5, 305.5 and 351.2 m3 L-1 for AC1, AC2 and AC3 respectively. 

8.3.4 Scenario C: Extensive biological pretreatment 

Further extending the EBRT in the BTF, up to 14 min, leads to a siloxane concentration decrease 

of ~40% as reported for D4 [57]. Thus, siloxane feed gas concentration in scenario C (S-C) 

were accordingly lower (Table 8.1). The curves depicted in Figure 8.1C revealed a significant 

decrease in the slope after the breakthrough because of the adsorption kinetics slow down 

due to the lowest inlet concentration. Thus, the bed exhaustion was reached at longer 

experimental time, reaching 450 m3 L-1 of BV treated for AC3, which was 1.2 and 2.5 times 

higher than the BV treated in S-B and S-A, respectively.  

8.3.5 Scenario D: complete VOC removal 

Experiments corresponding to scenario D (S-D) were devoted to get further insights in the 

competence of VOCs and siloxanes for the adsorption sites in each activated carbon. Thus, 

adsorption tests of D4 and D5 in absence of VOCs were run to determine the maximum 

siloxane uptake and the performance decay caused by the presence of VOCs. BV results are 

gathered in Table 8.2 at different experimental points, i.e. D4 breakthrough, D5 breakthrough 

and bed exhaustion (D5 C/C0 = 0.9). At the light of the breakthrough curves obtained (Figure 

8.1D) it was confirmed that in AC1 both siloxanes broke through at the same time when 64.5 

m3 L-1 of BV had been treated without D4 roll-up while in AC2 and AC3 D5 displaced the 

smaller siloxane. At bed exhaustion, AC2 duplicated the performance of AC1 while AC3 

triplicated it.  

In general terms, results pointed out that hexane did not much interfere in siloxanes’ 

adsorption in S-B, where the ~12% reduction on siloxanes concentration led to larger BV 

treated at bed exhaustion of all the carbons. Besides this, when siloxanes were previously 

abated ~40% using BTF with longer EBRT (S-C) the lifespan of activated carbon is further 

increased.  
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Table 8.2 Bed volumes treated at D4 and D5 breakthrough (BT) and bed exhaustion (BE). 

D4 BT D5 BT BE 

AC1 AC2 AC3 AC1 AC2 AC3 AC1 AC2 AC3 

S-A 12.6 23.9 35.5 12.6 35.1 56.8 22.5 66.7 88.3 

S-B 64.5 121.7 181.1 64.5 140.3 221.6 143.2 305.5 351.2 

S-C 78.4 181.0 245.5 78.4 194.1 302.2 185.3 397.1 450.2 

S-D 64.8 139.2 186.1 64.8 152.5 218.5 113.0 255.6 353.4 

8.3.6 Performance evaluation and economic approach 

AC1 is currently being used in a WWTP for siloxanes removal from sewage biogas and the 

other materials are commercially available for other applications. Activated carbon is 

commonly replaced by fresh adsorbent when the carbon material is saturated in a lead-lag 

configuration.  

In order to evaluate the performance of each activated carbon in the different scenarios 

explored, bed exhaustion was considered when D5 in the outlet of the column reached 90% 

of the feed concentration. Thus, this parameter was set for comparing the adsorption 

experiments in terms of total silicon uptake shown in Figure 8.3. The presence of VOCs clearly 

decreased the silicon adsorption capacity up to >2 times for the three materials. Furthermore, 

the steam-activated AC1 presented the lowest capacity (40 mg Si g-1) and the phosphoric-

activated AC3 displayed the highest capacity (274 mg Si g-1). Contrarily, scenarios S-B and S-C 

presented comparable silicon adsorption capacities for each AC, but the BV treated were much 

higher in scenario C, where the concentration of the pollutants was reduced by a BTF operating 

at long EBRT.  
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Figure 8.3 Adsorption capacities reported as silicon adsorbed from the contribution of D4 

and D5 and bed volumes treated at bed exhaustion for each AC and scenario tested 

In contemplation of all the scenarios, a pretreatment of biogas in a BTF at a high EBRT (S-C), 

clearly increased the BV treated with all the materials tested. Moreover, if biogas was 

pretreated and AC3 was used instead of AC1 (AC1 in S-A vs AC3 in S-C), the durability of the 

material would be extended up to 20 times. This remarkable lengthening of the material 

lifespan would induce savings in the operating costs of the adsorption technology, due to a 

reduced frequency in the replacement of the activated carbon as well as the exhausted material 

deposition.  

A comparative economic evaluation of the operational costs of adsorption using each AC was 

carried out considering the bed volumes treated upon adsorbent exhaustion in each scenario 

according to the prices of the materials provided by the suppliers (ranging 2-7 € kg-1). As shown 

in Figure 8.4, the steam-activated AC1, which is currently used in the studied WWTP, displayed 

the highest costs. When biological pretreatment is considered, i.e. S-B and S-D, activated 

carbon costs drastically decreased for the three materials up to 6 and to almost 10 times 

respectively. According to removal efficiency and material price, the lowest operating costs 

calculated were obtained by the steam-activated AC2 in S-C reaching 0.78 € (1000 m3
treated)-1. 
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Figure 8.4 Operating costs in € (1000m3
treated)-1 as a function of the biogas treated 

considering bed exhaustion as well as the AC market cost. 

The economic feasibility of polishing the biogas in a BTF prior to the adsorption unit was also 

explored by taking into account not only the operating costs of the carbon filter but also the 

CAPEX and OPEX of the technologies involved in each scenario (Figure 8.5). Regarding the 

CAPEX of activated carbon technology, the adsorption unit was thought to be equal for all 

scenarios (~1400 € year-1). The annual OPEX was calculated according to the costs shown in 

Figure 8.4, which ranged from >50000 € year-1 (in S-A with AC1) to <6000 € year-1 (in S-B with 

AC2). On the other hand, the annual capital costs associated with the BTFs was of ca. 4100 and 

15600 € year-1 for S-B and S-C, respectively, considering a 10-year annualization. A higher 

residence time in the BTF leads to higher reactor volumes for treating the same flowrate, hence 

the greater costs obtained in S-C (EBRT = 14 min) compared to S-B (EBRT = 1.5 min). CAPEX 

of BTF was higher than for the adsorption unit, which is in agreement with other reports [12]. 

Contrarily to the OPEX of the AC filter, the BTF presented significantly lower operating costs, 

especially when compared with S-A. This remarkable difference is mainly due to the packing 

material replacement and disposal as a hazardous waste. Activated carbon filters require not 

only frequent replacement of the saturated material but also its disposal as hazardous waste. 

In contrast, the packing material in BTFs are much cheaper and have longer lifespans than 

porous activated carbons.  

Overall, total annual costs were noticeably the highest obtained in the scenario treating a 

mixture of siloxanes and VOCs. The competition of VOCs and siloxanes for the porous sites of 
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material, which could be translated into higher operating costs. Even the costs associated with 
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the pre-treatment of biogas in a BTF, both in S-B and S-C, the total annual costs in these 

scenarios was much lower than S-A suggesting that the implementation of a BTF for polishing 

biogas from VOCs was economically feasible. The lowest annual costs were obtained for the 

steam AC2 in S-B (14315 € year-1). 

Figure 8.5 Total annual costs estimated for the treatment of biogas in all scenarios for 

each activated carbon. 

8.4 Final remarks 

The present chapter investigates the performance of three activated carbons on the adsorption 

of siloxanes at different concentrations in competence with VOCs aiming to evaluate the 

beneficial use of biological pretreatment of biogas. The abatement of limonene led to a high 

extension of the activated carbon lifespan, while using mesoporous carbons reduced the 

operational costs of the adsorption despite their higher price. Moreover, the economic 

approach on the technologies coupling confirmed the beneficial economic aspect of 

biotrickling filtration implementation to abate VOCs. The coal-based steam-AC (AC2) resulted 

in the material depicting the lowest operating costs, which decreased from 4.6 (in the worst-

case scenario) to 0.7 € (1000 m3
treated)-1 in the scenario representing a pre-treated biogas in a 

BTF. Even contemplating both the CAPEX and OPEX of a BTF, the total annual costs were much 

lower when biogas was pre-polished from VOCs in a BTF. Therefore, the installation of a BTF 

operating at short EBRTs prior to an activated carbon filter with AC2 as the adsorbent material 

would imply savings in the total annual costs up to 4 times due to the lengthening of the 

lifespan of the adsorbent as well a less frequent disposal as hazardous waste. 
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General discussion 

Biogas from anaerobic digesters in WWTP and landfills constitutes an alternative renewable 

source of energy that can be used for its conversion into heat or energy, injected to the gas 

grid or even used as a vehicle fuel. The energy conversion within the ECS is greatly hampered 

by the presence of siloxanes given their abrasive properties when exposed to combustion 

reactions. Therefore, its removal from biogas is a mandatory step in most of biogas 

applications. The most widely used technology for siloxanes abatement is non-regenerative 

adsorption onto activated carbon due to its major removal efficiency compared to other 

currently available techniques (e.g. absorption, refrigeration). Chemical interactions of carbon 

surfaces with siloxanes have been reported to occur, leading to polymerization reactions in 

which siloxanes are converted into silicon compounds of larger molecular weight that hinder 

thermal regeneration of spend adsorbents [112,113]. Hence the necessity to frequently replace 

the exhausted materials and so its disposal as a hazardous waste resulting in high operating 

costs and environmental impact. In this context, the elimination of siloxanes is a crucial topic 

of interest and there exists a pressing need to enhance the current technologies to more 

sustainable processes. 

The present dissertation explores the abatement of siloxanes from biogas in both adsorption 

process and biological technologies. Since adsorption is currently applied for this issue in real 

facilities, the efforts within this work advance towards improving the performance of activated 

carbons, which is regarded in Chapters 4 and 5. Moreover, the elimination of siloxanes in a 

biotrickling filter (Chapter 6) and a membrane bioreactor (Chapter 7) was investigated in order 

to overcome the high operating costs linked to non-regenerative adsorption. Moreover, 

Chapter 8 analyses the benefits of coupling both technologies to overcome the limitations 

identified in the biological processes towards their implementation. 

Adsorption of siloxanes onto activated carbons 

Since adsorption is the most applied technique, it is an essential issue to screen the adequate 

carbon adsorbent to be integrated into biogas treatment technologies for removing siloxanes. 

Most of the reports on siloxane abatement found in the literature are focused on the removal 

of D4 or D5, correlating their uptake with textural properties such as surface area and pore 

volume [24,30,33]. It is also important to highlight that other biogas impurities compete for 

the adsorptive sites, which confers an unexplored topic in this field so far.  
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In the framework of Chapter 4, a set of 10 commercial ACs from different precursor materials 

and activations is evaluated towards the adsorption of a mixture of siloxanes (L2, D4 and D5) 

and VOCs (toluene and limonene). From the adsorption breakthrough curves carried out for 

all the materials, 3 main groups of carbons were classified according to the adsorption profiles. 

The competitive behavior of the adsorbates was explained by the porous features. The porosity 

in the H3PO4-ACs in group C was comprised of large pore volumes and widths and displayed 

higher siloxane uptakes than steam-ACs (group A and B). The carbons in group A were 

characterized by a distribution of small-size micropores leading to a higher uptake of VOCs 

than siloxanes D4 and D5. Contrarily, ACs in group B presented a greater contribution of larger 

pores which enabled the accessibility of D4 and D5. In most materials D5 and limonene were 

the most efficiently removed pollutants and were even capable of displacing the rest of 

compounds (i.e. roll-up).  

The adsorption tests were also carried out with a relative humidity in the synthetic gas of ca. 

25% (similar to real biogas). The high availability of water promoted transformation reactions 

of siloxanes into other cyclic siloxanes as well as α-ω-silanediols, leading to greater amounts 

of siloxane species, specially the phosphoric-ACs (given the higher presence of oxygen-

functional groups). These species were identified in THF extractions of the spent carbon 

samples, but not in the outlet gas, which suggested that they were strongly retained in the 

carbon surface and/or the pores. The polymerization and transformation of siloxanes into 

silanediols enhanced the siloxane uptake. However, it need to be outlined that α-ω-silanediols 

condense into non-volatile polymers over the adsorbent surface thus hampering its thermal 

regeneration [112,114].  

Seeking sustainable precursor materials 

The main disadvantage of non-regenerative adsorption is the high operating costs related to 

the frequent replacement of the exhausted carbon and its disposal [20]. Not to mention the 

unsustainability derived from the constant generation of waste material and the subsequent 

demand of fresh adsorbent. Moreover, traditional activated carbons are commonly produced 

from expensive and non-renewable feedstocks such as coal, lignite, anthracite. The production 

of adsorbent materials from the valorization of lignocellulosic wastes as precursor materials is 

of great interest given the low cost associated in valorizing wastes from industrial activities 

[115,116]. Waste valorization not only implies the optimization of industrial production but also 

creates positive resources, which are some of the objectives of Circular Economy. CE is a 
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trending topic nowadays and it consists in an economic system that looks for minimizing waste 

and valorizing as much as possible the resources closing the loops of the materials. 

In Chapter 5, a set of four experimental activated carbons were obtained from the valorization 

of lignocellulosic waste generated in a food industry. The lignocellulosic waste for two of the 

materials was pyrolyzed to explore the potentialities of the char residue as precursor material. 

The precursor materials were activated with K2CO3 and KOH at different activating 

agent/precursor weight ratios and activation temperatures, and the resulting adsorbents were 

characterized in terms of chemistry and texture together with three commercial ACs. Regarding 

their texture, all the experimental materials displayed BET surfaces above 1000 m2 g-1 and total 

pore volumes between 0.4 and 0.7 cm3 g-1. These parameters were comparable or even higher 

than the commercial ACs. From the experimental materials, better textural developments were 

obtained within the non-pyrolyzed carbons activated with K2CO3.  

The performance of these materials was investigated towards the adsorption of siloxanes and 

VOCs present in biogas. Upon adsorption equilibrium experiments, the waste-based ACs 

performed similarly or even better than some of the commercial samples (from non-renewable 

material precursors). The experimental data was fitted to the Dubinin-Astakhov model for 

predicting the maximum adsorption capacity for each target pollutant and AC. The highest 

capacity was found for the siloxane D4 in the commercial lignocellulosic-based H3PO4-

activated carbon reaching 577 mg g-1. One of the experimental carbons, K2CO3-activated, 

demonstrated the highest adsorption capacities for both toluene and limonene, up to 417 and 

446 mg g-1, respectively.  

The relationship between the adsorption capacities (predicted by the DA model) and the 

textural development was explored. Ultramicropore volume did not correlate with any of the 

target pollutants, due to the molecule sizes being higher than the width of such porosity (0.7 

nm). Microporosity was the major contributor for the adsorption of VOCs whereas for siloxanes 

both micro and mesoporosity played an important role.  

Biogas pre-polishing in biological technologies 

Non-regenerative adsorption onto activated carbon is the technology widely used for siloxane 

removal despite frequent exhausted material replacement and associated costs. Biological 

technologies are commonly superior in terms of economic and environmental sustainability 

criteria [54]. Emerging technologies such as biotrickling filtration and membrane separation in 

biogas are currently under investigation. BTF is a greatly versatile technology that can cope 
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with highly loaded waste gas effluents as well as low concentrations of odor-causing 

compounds in off-gas emissions [74,97]. Furthermore, the removal of H2S from biogas in BTFs 

is a technically effective and economically feasible alternative to the physicochemical processes 

[7]. Regarding the biological abatement of siloxanes, some papers can be found in the 

literature reporting on the performance of BTFs for the treatment of a synthetic air stream 

spiked with D4 or D3 [57,58,60]. Most of these studies agree on a limited mass-transfer of 

siloxanes even operating at EBRT as high as 30 min. However, the performance of a BTF 

treating a synthetic biogas closer to real biogases (i.e. without O2 and with other impurities) 

has not been explored up until the present dissertation. In the case of membrane processes, 

Ajhar et al., (2012) proved siloxane permeation using PDMS membranes in gas-gas 

experiments [48], but the performance of membrane bioreactors has not been explored up to 

date. This thesis explores the potential of a BTF (Chapter 6) and an MBR (Chapter 7) for the 

cotreatment of VOCs and siloxanes under anoxic conditions.  

The BTF was firstly inoculated with anaerobic sludge from a WWTP and operated at an EBRT 

of 14.5 min for the treatment of siloxane D4 reaching a RE of 14%. The microbial community 

analysis revealed that Pseudomonas sp. was one of the predominant species attached to the 

packing bed, so a pure inoculum of this specie was used for re-inoculating the reactor and 

thus boost the siloxane removal capacity. The C-source was switched from D4 to a mixture of 

siloxanes (D4 and D5) and VOCs (hexane, toluene and limonene) to approach real biogases, 

and the influence of the EBRT was evaluated (from 14.5 to 4 min). Toluene and limonene were 

completely removed from the influent gas regardless the EBRT. The removal of hexane and D4 

did not show a significant relationship with the contact time, but D5 RE increased from 16 to 

37% by increasing the EBRT from 4 to 14.5 min. The performance of the BTF towards hexane 

and both siloxanes was limited by mass transfer, which was enhanced by the supplementation 

of the packing bed with a 20% of activated carbon, especially for hexane and D5. The AC 

promoted hydrolysis reactions (as observed in Chapters 4 and 5) leading to water-soluble 

silanediols and finally biodegraded into silica.  

Regarding the membrane experiments, gas-gas tests confirmed the transport of siloxanes and 

the VOCs up to transport efficiencies above 70% at flow ratios shell/lumen of 8. Also, in the 

water-gas tests high removal efficiencies (>50%) were recorded for limonene and toluene. 

Hexane diffusion was, in both scenarios, limited probably by a low affinity with the membrane 

material. When water was present in the other side, hexane and both siloxanes’ transport 

across the membrane was challenged due to their low water solubility. The inoculation of the 

membrane module with anaerobic sludge enabled the complete diffusion and degradation of 
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toluene and limonene from gas contact times above 31.5 s. At this same contact time hexane, 

D4 and D5 were removed in 43, 17 and 21%, respectively.  

On the whole, both biotechnologies tested were capable of eliminating completely toluene 

and limonene and reduce the rest of compounds’ concentration to some extent. The main 

difference that needs to be pointed out is the gas residence time required for the different 

technologies, which in practical applications will define the biogas flowrate that may be treated 

as well as the reactor volume. In this sense, the gas residence time in the BTF was in the range 

4-14.5 min whereas in the membrane was between 18 and 63 s. In terms of pollutants

abatement, this was translated into a superior elimination capacity by the MBR reaching the 

highest EC for limonene at 33 g m-3 h-1, which was more than 5 times higher than the highest 

EC accomplished by the BTF (when operated with AC at an EBRT of 2 min).  

Hybrid technologies 

Up to this point of the dissertation, the BTF set up in Chapter 6 proved to be capable of not 

only eliminating completely the VOCs but also reducing siloxanes concentration up to ca. 40%. 

However, the concentration of siloxanes in biogas must be decreased to really low levels in 

most of biogas-to-energy applications. Since accomplishing such low concentrations was not 

possible biologically, due to mass-transfer limitation, adsorption is still imperative for meeting 

the requirements for biogas applications. Furthermore, in Chapter 4 we assessed the high 

competitiveness of VOCs towards the porous sites of ACs, decreasing the siloxane uptake. In 

order to merge the knowledge acquired in these chapters, the benefits of coupling both 

technologies were examined in Chapter 8. 

Chapter 8 explored both the technical and economic implications of coupling adsorption and 

biofiltration for siloxane removal as well as the use of different activated carbons, from which 

one of them is currently being used in a WWTP for this application. Moreover, several scenarios 

were suggested according to pre-treatment steps in a BTF operating at different EBRTs or mere 

adsorption of a raw biogas. The breakthrough curves revealed a remarkable increase in the 

bed volumes treated when biogas had (hypothetically) undergone a pre-polishing step in a 

BTF. The absence of toluene and specially limonene in the influent gas of the adsorption 

column led to an extended lifespan of the adsorbent up to 6 times when the BTF operated at 

short EBRT (i.e. 1.5 min). When the BTF operated at higher EBRT (i.e. 14 min), which permitted 

the reduction of siloxanes concentration up to 40%, the bed volumes treated were increased 

up to 8 times.  
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Regarding the operating costs of the adsorption process, the increased lifetime of the 

adsorbent drastically decreased the corresponding costs from 7 down to 0.78 € (1000 m3
treated)-

1. In order to take a look at the big picture, not only the OPEX but also the CAPEX of both

technologies was taken into account, resulting in lower total annual costs for the coupling of 

BTF and adsorption than treating the raw biogas (with VOCs) by adsorption alone. 

Prospects for future research 

Biogas is a highly attractive renewable energy and its use for energy applications is a trending 

market. So is the presence of silicon compounds in this methane-rich gas, given their 

interesting properties for many industry sectors, which leads to the undeniable necessity to 

remove them in an end-of-pipe technology. Biogas cleaning technologies are already capable 

of fulfilling the quality specifications from the combustion systems manufacturers’ or 

legislations. However, additional work is necessary to further understand siloxanes behavior 

for treating them in a more sustainable and economic way. Some future prospects fueled by 

the present dissertation are listed below: 

Non-regenerative adsorption 

• Tailoring the textural properties of carbon adsorbents to improve their adsorption

capacity towards siloxanes.

• Look for effective materials in siloxane adsorption that can be feasibly regenerated

and avoid the huge amounts of material disposal as hazardous waste.

• Find technically effective and economically viable regeneration processes for

exhausted carbon adsorbents.

• Investigate the feasibility of implementing low-cost and sustainable ACs at pilot scale

and real WWTPs.

Biological technologies 

• Explore the use of organic solvents (e.g. silicon oils) in order to overcome mass

transfer limitations of siloxanes in biofiltration systems.

• Evaluate the co-treatment of VOCs, siloxanes and H2S in one phase BTF, so the typical

treatment train given to biogas (H2S-water vapor-siloxanes) could be simplified.

• Study the supplementation of a HF-MBR with activated carbon in order to enhance

the mass transfer of siloxanes to the biofilm.
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General conclusions 

This thesis presented a step towards the evaluation of different technologies, including 

adsorption and biological processes, for siloxane removal from biogas. The most relevant 

conclusions arising from the present work are listed below: 

Regarding adsorption onto activated carbons: 

• Competitive adsorption:

- VOCs impurities, commonly found in biogas, competed for porous sites of the

adsorbent materials decreasing the adsorption of siloxanes.

- Bulky siloxanes (D4 and D5) were preferentially adsorbed in the large micro and

mesoporosity.

- H3PO4 chemically activated carbons resulted in higher textural development as well

as BET surface area, which was well positively correlated with siloxane adsorption.

- Activated carbons promoted the ring-opening of siloxanes and so their

transformation to other cyclic compounds and silanediols. This catalytic activity was

superior in the H3PO4-ACs over the steam-ACs.

• Efficiency of the lignocellulosic-based activated carbons:

- Lignocellulosic waste resulted to be a potential precursor material for its valorization

into activated carbon.

- Chemical activation with both KOH and K2CO3 led to good textural development in

the experimental activated carbons.

- Lignocellulosic waste-based chemically activated carbons demonstrated comparable,

and even higher, adsorption capacities for both siloxanes and VOCs to commercial

ACs.

Regarding the performance of biotechnologies: 

• Biotrickling filter:

- A complete removal of toluene and limonene was accomplished by an anoxic lab-

scale BTF inoculated with Pseudomonas sp. regardless the EBRT.

- The removal of hexane, D4 and D5 was correlated to their Henry’s law coefficients,

which indicated that mass transfer limitations challenged their abatement in the BTF.
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- The supplementation of the packing bed of the BTF with AC enhanced the

transference of hexane and D5 to the microbial community.

- AC supplementation enabled BTF operation at reduced EBRTs while displaying a high

robustness towards interruptions in the trickling irrigation.

• Membrane bioreactor:

- High transport efficiencies were recorded for most of the compounds at flow ratios

above 1 in gas-gas tests. Hexane was the less transferred pollutant through the

membrane.

- Pollutants permeation across the membrane was challenged when clean water was

circulated on the shell side, especially for the most hydrophobic compounds.

- An anoxic lab-scale HF-MBR inoculated with anaerobic sludge was capable of

diffusing and biodegrading toluene and limonene completely when gas residence

times was set above 31.5 s.

- Hexane RE was correlated with the gas residence time achieving a 42% at 63 s.

Siloxanes removal did not depict a significant correlation with the residence time and

was limited due to scarce mass-transfer.

- The automatic injection of NO3
- enhanced the stability in the elimination of siloxanes

and improved the removal efficiency of the VOCs.

- Supplementing the gas with a 1% of O2 supported an efficient performance of the

bioreactor, which eventually would reduce the costs of the technology.

Regarding the coupling of adsorption and BTF: 

- The presence of VOCs in the synthetic biogas, especially limonene, reduced the

capacity of activated carbons to adsorb siloxanes.

- When VOCs were hypothetically removed in a BTF prior to adsorption the BV treated

were up to 8 times higher.

- A higher EBRT in the BTF led to lower concentrations of siloxanes in the BTF, which

resulted into even higher BV treated in the adsorption unit.

- The pre-polishing step in a BTF led to lower operating costs of the activated carbon

filter due to less frequent replacements of exhausted material.

- When CAPEX and OPEX of both technologies were regarded, the pre-treatment in a

BTF at short EBRT followed by adsorption was the most feasible treatment train.

- Adsorption of raw biogas, with the presence of siloxanes as well as other impurities

(i.e. VOCs), was the costliest treatment choice given the spent carbon replacement

costs.
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Molecular structure of the target VOCs and siloxanes 

a) b) c) 

d) 

. 

e) 

Figure 12.1 2D molecular structure of a) toluene, b) limonene, c) L2, d) D4 and e) D5 

Figure 12.2 3D molecular structure of a) toluene, b) limonene, c) L2, d) D4 and e) D5. Length 

measurements expressed in Å (1.2 Å corresponding to hydrogen van der Waals radium must 

be added in each extreme). 
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Textural characterization of the ACs in Chapter 5 

Figure 12.3 Pore size distribution: a) steam-AC, and b) H3PO4-AC 
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Figure 12.4 TG-MS desorption profiles of CO2, CO and H2O 
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Adsorption breakthrough curves 
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Figure 12.5 Multicomponent dynamic adsorption breakthrough curves obtained for the set of 

activated carbons (dry gas matrix). 
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Figure 12.6 Adsorption capacities reported in multicomponent dynamic adsorption tests in 

dry matrix gas test for the 10 ACs considered, A) Mass of AC considered as received and B) 

AC mass normalized on dry-basis. 
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Figure 12.7 Multicomponent dynamic adsorption breakthrough curves obtained for the set 

ACs (wet gas matrix). 
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Figure 12.8 Amount adsorbed in each AC at bed exhaustion, expressed as nmols per m2 of 

surface considering the BET-specific surface area determined (Dry condition adsorption tests, 

considering AC net mass). 
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Relationship between siloxanes adsorption and textural parameters 

Figure 12.9 Continues 
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Figure 12.9 Relation between adsorption capacity of toluene and limonene (reported at bed 

exhaustion) with the textural properties of the ACs 
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Figure 12.10 Continues 
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Figure 12.10 Relation between adsorption capacity of L2 and D4 (reported at bed exhaustion) 

with the textural properties of the ACs 
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Figure 12.11 Relation between adsorption capacity of D5 (reported at bed exhaustion) with 

the textural properties of the ACs 
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Figure 12.12 Relation between adsorption capacity (totality of compounds reported at bed 

exhaustion) with the textural properties of the ACs. 
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