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RESUMEN

Los compuestos organicos volatiles (COV) son unos de los principales
contaminantes atmosféricos presentes en las emisiones gaseosas de una gran
variedad de industrias. ElI conocimiento de los efectos nocivos que presentan estas
sustancias sobre el medio ambiente y la salud humana ha tenido como consecuencia
el desarrollo de normativas ambientales en la Unién Europea en relacion al control
de las emisiones industriales de COV. Esto ha originado, a su vez, el interés por el
desarrollo de nuevas tecnologias de depuracidon para la reduccion de estos
contaminantes. En este sentido, los sistemas bioldégicos como los biofiltros y los
biofiltros percoladores se presentan como una alternativa de tratamiento eficaz,
econOmica y respetuosa con el medio ambiente. En la actualidad existen numerosos
estudios de laboratorio realizados bajo condiciones de operacion controladas cuyo fin
principal es determinar la eficacia del biotratamiento. Sin embargo, la informacién a
nivel microbiologico del proceso es todavia escasa. El desarrollo de nuevas
aplicaciones de las técnicas de biologia molecular para la identificacibn microbiana
en ecologia ambiental proporciona nuevas posibilidades para profundizar en el papel
gue la comunidad microbiana tiene en el proceso de biofiltracidn, siendo ésta una de

las lineas emergentes en este campo.

El presente trabajo de tesis doctoral se centra en la identificacion y el
seguimiento de las comunidades microbianas en biofiltros y biofiltros percoladores
para el tratamiento de emisiones gaseosas de COV, asi como en la relacién de las
mismas con el funcionamiento de estos sistemas. El analisis de las comunidades
bacterianas se ha llevado a cabo mediante la puesta a punto y la aplicacion de las
siguientes técnicas de biologia molecular: hibridacion fluorescente in situ (FISH),
electroforesis en gel con gradiente desnaturalizante (DGGE) y secuenciacion del gen
16S ARNTr.

En una primera parte, las técnicas de biologia molecular se han aplicado en
experimentos de laboratorio bajo condiciones de funcionamiento controladas en los
que se utilizaron tanto biofiltros como biofiltros percoladores para el tratamiento de
emisiones gaseosas que contenian un unico contaminante. Se realizaron tres

estudios experimentales cada uno de ellos con uno de los siguientes compuestos:



iIsopropanol, estireno y 2-butoxietanol; todos ellos constituyentes habituales de las
emisiones gaseosas de numerosos sectores industriales. En una segunda parte, se
procedié a la transferencia del proceso de biofiltro percolador para su aplicacion
industrial al tratamiento de las emisiones de COV procedentes del sector de
recubrimientos. Se realizaron dos estudios experimentales centrados en la
caracterizacion microbiana, uno a nivel de planta piloto y otro utilizando el proceso de
biofiltro percolador como solucion final de depuracion de las emisiones de una

instalacion industrial.

El primer estudio que se presenta en esta tesis doctoral consistié en el analisis
de la evolucion de las comunidades bacterianas desarrolladas en dos biofiltros
percoladores que se emplearon para el tratamiento de aire contaminado con
isopropanol, contaminante tipico presente en las emisiones industriales del sector
flexografico. En este experimento se evalud la influencia de los parametros de
operacion: carga masica volumétrica (CV) y tiempo de residencia a volumen vacio
(TRVV); y del material de relleno sobre la comunidad bacteriana desarrollada en
cada biorreactor durante 300 dias de ensayo. Cada reactor se llené con un material
diferente: relleno plastico estructurado o anillos de polipropileno con un diametro
nominal de 16 mm. Después de la inoculaciéon con un fango activado procedente de
una estaciéon depuradora de aguas residuales (EDAR), los biofiltros percoladores se
operaron usando CV comprendidas entre 20y 65 g C m® h y TRVV comprendidos
entre 14 y 160 segundos. Se obtuvieron eficacias de eliminacion (EE) superiores a
80% trabajando con CV superiores a 35 g C m™> hty TRVV tan bajos como 24 s. Los
resultados obtenidos mediante las técnicas FISH y DGGE mostraron diferencias en
la composicion de las comunidades bacterianas desarrolladas en cada uno de los
dos sistemas a pesar de utilizar idénticas condiciones de operacion, lo que se
relacion6 con el uso de un material de relleno diferente en cada biorreactor. A su vez,
se observo una variacion temporal en las comunidades bacterianas identificadas en
ambos biorreactores debido a los cambios aplicados en los parametros de operacion
a lo largo del periodo experimental. En particular, el grupo bacteriano
Gammaproteobacteria, identificado habitualmente en los sistemas de biotratamiento
de aire contaminado con COV, presentd0 en ambos biorreactores un incremento

importante de su abundancia relativa alcanzando valores superiores al 20% al final



del experimento. El andlisis de los patrones de bandas obtenidos con la técnica
DGGE mostré que Pseudomonas putida, especie bacteriana perteneciente al grupo
Gammaproteobacteria, estuvo presente en ambos biorreactores desde el dia 60

hasta el final de la operacion.

En el siguiente estudio se investigo la eliminacion de estireno mediante los
procesos de biofiltro y de biofiltro percolador. El estireno es un contaminante comun
de las emisiones industriales del sector del procesamiento y de la sintesis de
polimeros. En este experimento se llevd a cabo un estudio comparativo de la
influencia que el tipo de bioproceso y el tipo de indculo presentan sobre las
comunidades bacterianas y la eficacia del proceso. Se operaron durante 6 meses
dos biofiltros y un biofiltro percolador. En los biofiltros se emplearon dos materiales
de relleno organicos diferentes: turba y fibra de coco; y el biofiltro percolador se
rellend con anillos de polipropileno con un diametro nominal de 25 mm. Se
emplearon dos tipos de indculos diferentes: un cultivo enriquecido de la cepa
Pseudomonas putida CECT 324 para los biofiltros y un fango activado procedente de
una EDAR para el biofiltro percolador. Durante el funcionamiento de los sistemas se
efectuaron variaciones de la CV y del TRVV con valores comprendidos entre 10 y 45
gm=3h? yentre 30 y 120 segundos. Los resultados obtenidos indicaron que ambos
tipos de biorreactores alcanzaron una CE similar, alrededor de 40 g m™ h, para una
CV de 75 g m2 hy un TRVV de 60 segundos. Los resultados de la aplicacién de las
técnicas FISH y DGGE mostraron una composicién de las comunidades bacterianas
diferente segun el tipo de in6culo utilizado. ElI grupo bacteriano
Gammaproteobacteria presenté abundancias elevadas, superiores al 15%, tanto en
los biofiltros como en el biofiltro percolador durante todo el periodo experimental. Al
final de la operacion, este grupo bacteriano fue predominante con abundancias
superiores al 25%. En el caso concreto del biofiltro percolador inoculado con fango
activado se detect6 un elevado incremento de la especie Pseudomonas putida. Esta
especie se identifico inicialmente en el fango activado con una abundancia relativa
del 1%, sin embargo, después de 165 dias de operacion, su abundancia alcanzé

valores del 15%.



En el dltimo estudio que se realizé en el laboratorio se analizé la eliminacion
de 2-butoxietanol mediante el proceso de biofiltro percolador. El 2-butoxietanol es un
compuesto habitual de las emisiones industriales del sector de recubrimiento de
superficies. Al igual que en el experimento anterior, se llevd a cabo un estudio
comparativo de la influencia que el tipo de in6culo presenta sobre la comunidad
bacteriana y la eficacia del proceso. En este caso, dos biofiltros percoladores
rellenos de espuma de poliuretano PPl 10 se operaron durante 100 dias. Cada
biorreactor se inoculé con un tipo de inéculo diferente: un cultivo puro de la cepa
Pseudomonas sp. BOE200 y un fango activado procedente de una EDAR. El
experimento se llevé a cabo utilizando dos CV con valores de 130 y 195 g m> h'y
un TRVV constante de 12.5 segundos. Los resultados mostraron que ambos
sistemas alcanzaron un valor similar de CE, alrededor de 100 g m™ h*, parala CV de
195 g m?® h'. Las comunidades bacterianas se estudiaron mediante DGGE vy
posterior secuenciacion del ADN procedente de las bandas predominantes. Ademas,
se utilizaron métodos de cultivo en placa en los que se aislaron bacterias presentes
en los biorreactores y se analizé la capacidad de éstas para usar el 2-butoxietanol
como fuente de carbono. Los resultados indicaron que existi6 proliferacion de
diversas especies en ambos sistemas a lo largo del periodo experimental. De las
especies identificadas al final del experimento en el biorreactor que se inocul6 con el
cultivo puro, Pseudomonas fue la Unica especie con capacidad de usar el 2-
butoxietanol como fuente de carbono. En el biorreactor que se inoculé con fango
activado se detectd la aparicion de nuevas especies, s6lo algunas de ellas con
capacidad para degradar el 2-butoxietanol como fueron Pseudomonas putida y

Pseudomonas aeruginosa.

La siguiente fase de experimentacion corresponde al estudio del proceso de
biofiltro percolador durante el tratamiento de emisiones industriales. En este caso, las
corrientes gaseosas a depurar se caracterizaron por patrones irregulares de

concentracion y de compaosicion.

Un biofiltro percolador a escala de planta piloto con un volumen efectivo de
0.75 m® se ubicé en una empresa dedicada a la fabricacién de productos

automovilisticos que incluia actividades de recubrimiento de plasticos en las que se



aplicaban imprimaciones, pinturas y barnices en base disolvente. Las emisiones
gaseosas resultantes de esta actividad industrial presentaron una concentracion
variable de COV comprendida entre 100 y 450 mg C Nm™. A lo largo del
experimento, de un afio de duracién, se produjeron cambios en la composicion de las
emisiones gaseosas con variaciones de la proporcion de sustancias de distinta
naturaleza quimica como n-butil acetato, xileno, cumeno o naftaleno, entre otros. El
principal objetivo de este estudio fue determinar el minimo TRVV necesario para que
la concentracion de COV en el efluente gaseoso cumpliera los limites legales
exigidos para esta actividad industrial (75 mg C Nm™®). A su vez, se analizé la
influencia que la composicion de las emisiones gaseosas presenta sobre el
rendimiento del biorreactor y sobre la evolucién de las poblaciones bacterianas. El
biorreactor se llené con anillos de polipropileno con un diametro nominal de 50 mmy
se inoculd mediante el procedimiento méas sencillo empleando fango activado
procedente de una EDAR. Los resultados experimentales indicaron que existia una
relacion entre el rendimiento del biorreactor y la composicion de las emisiones a
depurar. De modo que para el tratamiento de emisiones compuestas principalmente
por sustancias biodegradables (>70%) como n-butil acetato, se cumplieron los limites
legales establecidos con TRVV comprendidos entre 30 y 40 segundos. Sin embargo,
para el tratamiento de emisiones que contenian una elevada proporcion (~60%) de
compuestos aromaticos como xileno y compuestos recalcitrantes como cumeno y
naftaleno, fue necesario incrementar el TRVV a 80 segundos para el cumplimiento
de los limites legales. La aplicacion de la técnica FISH mostrd que las comunidades
bacterianas desarrolladas en el sistema también se vieron afectadas por la variacion
en la composicion de las emisiones gaseosas a lo largo del periodo experimental,
dando lugar al desarrollo de comunidades bacterianas diferentes a las identificadas
en el in6culo. Por ejemplo, Gammaproteobacteria se detect6 con elevada
abundancia (17%) en el tercer mes de operacion, coincidiendo con el tratamiento de
emisiones compuestas mayoritariamente por sustancias facilmente biodegradables.
Sin embargo, en el quinto mes de operacion la abundancia de este grupo disminuyo
hasta el 7%, coincidiendo, en este caso, con el tratamiento de emisiones que
contenian compuestos aromaticos y recalcitrantes. Tras un afio de operacion, con

una composicion de las emisiones basadas de nuevo en sustancias facilmente



biodegradables, la abundancia de Gammaproteobacteria se increment6 de nuevo
hasta el 20%.

Finalmente, se presenta un estudio que completa la transferencia de
tecnologia del proceso de biofiltro percolador desde la escala de laboratorio hasta la
escala industrial. En este caso, se utilizé un biofiltro percolador con un volumen
efectivo de 60 m? instalado como solucién final de depuraciéon de las emisiones
procedentes de una empresa de fabricacion de muebles con diversas actividades de
pintado en las que se aplican productos en base disolvente. En este estudio se
analizé la influencia que la composicion de las emisiones gaseosas presenta sobre la
dindmica de la comunidad bacteriana. Las emisiones gaseosas resultantes de esta
actividad industrial presentaron una concentracion de COV comprendida entre 120 y
600 mg C Nm™>. Estas emisiones se caracterizaron por patrones irregulares y
oscilantes, con picos de concentracion relativamente elevados (hasta 500 y 600 mg
C Nm™) y de duracién normalmente inferior a 60 segundos. Por este motivo, y a fin
de amortiguar la variacion de la concentracion de COV en las emisiones de entrada
al biofiltro percolador, se instalé un prefiltro de carb6n activado. El biofiltro percolador
se rellend con anillos de polipropileno y se inocul6é con fango activado procedente de
una EDAR. El sistema se opero6 durante 17 meses con TRVV comprendidos entre 20
y 100 segundos. Los resultados de la aplicacion de la técnica FISH mostraron una
variacion temporal de la composicion de las comunidades bacterianas que se
relacion6 con los cambios en la composicion de las emisiones gaseosas a lo largo
del periodo experimental. Al igual que en los experimentos anteriores, se
desarrollaron comunidades bacterianas diferentes a las que se identificaron en el
in6culo. En el caso particular del grupo bacteriano Gammaproteobacteria, éste
incrementd su abundancia desde un 10% en el cuarto mes de operacidén hasta un
44% en el décimo mes. Este elevado incremento coincidié con la reduccion de

compuestos aromaticos (0-5%) en las emisiones gaseosas a depurar.



SUMMARY

Volatile organic compounds (VOCs) are one of the main air pollutants which are
present in gaseous emissions from a wide range of industrial activities. The knowledge
of the adverse effects on human health and environment caused by these substances
has led to the development of environmental regulations in Europe related to the
control of industrial VOC emissions. Thus, these regulations have generated interest
on the development of new treatment technologies in order to reduce these pollutants.
Therefore, biological processes, such as biofilters and biotrickling filters, provide a
successful treatment, which is a cost-effective and environmentally friendly alternative.
Nowadays, there are many studies being carried out at laboratory-scale under
controlled operational conditions with the aim of determining the biotreatment
efficiency. However, information about the process from a microbiological point of view
is still scarce. The development of novel applications of molecular biology tools for
microbial identification on the field of environmental ecology provides new possibilities
to deepen the role that the microbial community plays in the biofiltration process, with

this being one of the emergent research subjects in this field.

This doctoral thesis focuses on the identification and monitoring of microbial
communities in biofilters and biotrickling filters for the removal of VOCs from gaseous
emissions, as well as their relationship with the system performance. The analysis of
bacterial communities has been carried out by the development and application of the
following molecular biological tools: fluorescent in situ hybridisation (FISH), denaturing

gradient gel electrophoresis (DGGE) and sequencing of the 16S rRNA gene.

Firstly, the molecular biology tools have been applied in laboratory experiments
under controlled operating conditions, in which biofilters and biotrickling filters were
used for the treatment of gaseous emissions containing a single contaminant. Three
experimental studies were performed, each of them with one of the following
compounds: isopropanol, styrene and 2-butoxyethanol. All of these are the usual
components of gaseous emissions of many industrial activities. Secondly, the process
of biotrickling filter was scaled-up to industrial scale to be applied for the treatment of
VOC emissions from the coating sector. Two experimental studies focused on the

microbial characterization were carried out, one at pilot-scale and the other using a full-



scale biotrickling filter as the final solution for the treatment of the waste gas emissions
in an industrial facility.

The first study included in this doctoral thesis consisted of analysing the
evolution of the microbial community developed in two biotrickling filters treating waste
air contaminated with isopropanol, a typical pollutant contained in the flexographic
sector emissions. In this experiment, the influence of the operational parameters inlet
load (IL) and empty bed residence time (EBRT) and the packing material on the
bacterial community in each bioreactor was evaluated during the 300 day experiment.
Each reactor was packed with a different packing material: plastic cross-flow-structured
material or polypropylene rings with a nominal diameter of 16 mm. After inoculation
with activated sludge from a wastewater treatment plant (WWTP), the biotrickling filters
were operated using ILs from 20 to 65 g C m™® h™ and EBRTs from 14 to 160 s.
Removal efficiencies (REs) higher than 80% were obtained with ILs up to 35 g C m™ h™
working at EBRTs as low as 24 s. Results from DGGE and FISH techniques showed
differences in the composition of the established bacterial communities in each of the
two bioreactors despite using identical operational conditions; this was related to the
use of different packing materials in each bioreactor. In addition, a dynamic of the
identified bacterial community was observed in both bioreactors due to changes in the
operational conditions throughout the experimental period. Specifically, the bacterial
group Gammaproteobacteria, often identified in biotreatment systems used to remove
VOCs from gaseous emissions, showed an important increase of relative abundance in
the two bioreactors, reaching values greater than 20% at the end of the experiment.
The analysis of the DGGE banding patterns revealed that Pseudomonas putida, a
species belonging to the Gammaproteobacteria group, was found in both bioreactors

from day 60 until the end of the operation.

In the next study, the abatement of styrene waste gas emissions by biofilter and
biotrickling filter was investigated. Styrene is a common pollutant of the emissions from
industries that process and synthesize polymers. In this experiment, a comparative
study was carried out to analyse the influence of the kind of bioprocess and the type of
inoculum source on the bacterial communities and on the process efficiency. During 6

months, two biofilters and one biotrickling filter were operated. In the biofilters, two



different organic packing materials were used: peat and coconut fibre; and the
biotrickling filter was packed with polypropylene rings with a nominal diameter of 25
mm. Two different inoculum sources were used: an enriched culture of the strain
Pseudomonas putida CECT 324 in the biofilters and an activated sludge from a WWTP
in the biotrickling filter. During the operation of the systems, the IL and EBRT were
changed with values between 10 and 45 g C m™® h™* and between 30 and 120 s,
respectively. Results indicated that both kinds of bioreactor reached a similar value of
elimination capacity (EC) ~40 g m™ h™ with an IL of 75 g m™® h™ and an EBRT of 60 s.
Results of FISH and DGGE techniques showed a different composition of the bacterial
communities with the source of wused inoculum. The bacterial group
Gammaproteobacteria showed high abundances, greater than 15%, in both the
biofilters and the biotrickling filter during the entire experimental period. At the end of
the experiment, this bacterial group was predominant, with abundances greater than
25%. In the case of the biotrickling filter inoculated with activated sludge, a high
increase of the species Pseudomonas putida was detected. This species was
previously identified in the activated sludge with a relative abundance of 1%; however,

after 165 days of operation, its abundance achieved values of 15%.

In the last study carried out in the laboratory, the removal of 2-butoxyethanol
was conducted using biotrickling filtration. 2-Butoxyethanol is a common compound of
the industrial emissions from the surface coating sector. As in the previous experiment,
a comparative study of the influence of the kind of the inoculum on the bacterial
community and on the process efficiency was carried out. In this case, two biotrickling
filters packed with polyurethane foam PPl 10 were operated during 100 days. Each
bioreactor was inoculated with a different kind of inoculum source: a pure culture of the
strain Pseudomonas sp. BOE200 and an activated sludge from a WWTP. The
experiment was performed at two ILs with values of 130 and 195 g m™ h™, and at a
constant EBRT of 12.5 s. The results showed that both bioreactors achieved a similar
value of EC ~100 g m™ h™* with an IL of 195 g m™® h™. The bacterial communities were
studied by DGGE and subsequent sequencing of the DNA contained within the
predominant bands. In addition, plating methods were used where bacteria from the
bioreactors were isolated and the ability of such bacteria to use 2-butoxyethanol as

carbon source was analysed. The results indicated that an emergence of species



occurred in both bioreactors during the experimental period. From the identified
species at the end of the experiment, Pseudomonas sp. was the only species with the
ability to use 2-butoxyethanol as carbon source. In the bioreactor inoculated with
activated sludge, the appearance of new species was detected; only some of them,
such as Pseudomonas putida and Pseudomonas aeruginosa, were able to degrade 2-

butoxyethanol.

The next experimental phase corresponds to the study of the biotrickling filter
process for the treatment of industrial emissions. In this case, the waste gas emissions

were characterised by uneven patterns of concentration and composition.

A biotrickling filter at pilot scale with an effective volume of 0.75 m* was located
in a company dedicated to manufacturing products which included plastic coating
activities in which solvent-based primers, paints and varnishes were applied. The
gaseous emissions from this industrial activity comprised variable VOC concentrations
ranging between 100 and 450 mg C Nm™. During the experiment, with a duration of 1
year, changes in the composition of gaseous emissions with variations of the
proportion of substances of different chemical nature such as n-butyl acetate, xylene,
cumene or naphthalene, among others, were produced. The main objective of this
study was to determine the minimum value of EBRT so that the VOC concentration of
the waste gas satisfies the legal limits of this industrial activity (75 mg C Nm?™). In
addition, the influence of the composition of the waste gases on the bioreactor
efficiency and on evolution of the bacterial community was analysed. The bioreactor
was packed with polypropylene rings with a nominal diameter of 50 mm and it was
inoculated with the easiest procedure using activated sludge coming from a WWTP.
The experimental results pointed out a relationship between the bioreactor
performance and the composition of the waste gas emissions. Thus, for the treatment
of emissions containing mainly biodegradable substances (>70%), such as n-butyl
acetate, the legal limits were satisfied with the EBRT range between 30 and 40 s.
However, for the treatment of emissions containing a greater proportion (~60%) of
aromatic compounds, such as xylene, and recalcitrant compounds, such as cumene
and naphthalene, it was necessary to increase the EBRT to 80 s to meet the legal
limits. The application of the FISH technique showed that the bacterial communities



developed in the system were also influenced by changes in the composition of the
gaseous emissions during the experimental period, resulting in the development of
different bacterial communities from those identified in the inoculum. For example,
Gammaproteobacteria was detected with high abundance (17%) in the third month of
operation when the treated gas emissions were mainly composed of easily
biodegradable substances. However, in the fifth month of operation, the abundance of
this bacterial group decreased by up to 7% during the treatment of emissions
containing aromatic and recalcitrant compounds. After a year of operation, the
abundance of Gammaproteobacteria increased by up to 20% with industrial emissions

again composed of biodegradable substances.

Finally, a study that completes the scale-up of the biotrickling filter process from
laboratory to the industrial scale is presented. In this case, a full-scale biotrickling filter
with an effective volume of 60 m* was used as the final solution for the treatment of
gaseous emissions from a furniture facility with diverse paint activities in which solvent-
based products were applied. In this study, the influence of the composition of the
gaseous emissions on the dynamic of the microbial community was analysed. The
gaseous emissions from this industrial activity presented VOC concentrations between
120 and 600 mg C Nm=™. These emissions were characterised by uneven and
oscillating patterns, with peaks of relatively high concentration (up to 500 and 600 mg
C Nm?®) and a duration of usually lower than 60 s. In fact, in order to smooth the
variation of the VOC concentration of the inlet emissions to the biotrickling filter, an
activated carbon pre-filter was installed. The biotrickling filter was packed with
polypropylene rings and was inoculated with activated sludge from a WWTP. The
system was run for 17 months at TRVV between 20 and 100 seconds. FISH results
showed a temporal variation in composition of the bacterial communities which was
associated with changes in the composition of the gaseous emissions during the
experimental period. As in previous experiments, different bacterial communities from
those identified in the inoculum were developed. Specifically, the group
Gammaproteobacteria increased its abundance from 10% in the fourth month of
operation up to 44% in the tenth month. This high increase matched with the decrease

of aromatic compounds (0-5%) in the waste gas emissions requiring treatment.
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1. JUSTIFICACION Y OBJETIVOS






Justificacion y Objetivos

1.1. Justificacion de la tesis

Hasta la fecha el estudio del proceso de biofiltracién para el tratamiento de
emisiones gaseosas de COV se ha centrado basicamente en la evaluacion del
funcionamiento de los biorreactores a escala de laboratorio. Sin embargo, la
comunidad microbiana que se desarrolla en estos sistemas y que, a su vez, es la
responsable de la degradacion de los contaminantes se ha estudiado en menor
medida. Asi, la realizacion de esta tesis doctoral queda justificada por la necesidad
de ampliar el conocimiento sobre los aspectos microbiolégicos del proceso de
biofiltracion de emisiones gaseosas tanto en laboratorio, bajo condiciones de
operacion controladas, como en emplazamientos industriales, bajo patrones de

emision irregulares.

La presente tesis doctoral proporciona informacion acerca de la
caracterizacion y el seguimiento de las comunidades bacterianas desarrolladas en
biofiltros y biofiltros percoladores y su relacion con las condiciones de funcionamiento
de estos sistemas como resultado de la aplicacion de técnicas de biologia molecular.
En este sentido, se estudia la influencia que el tipo de bioproceso y el tipo de in6culo
presentan sobre la microbiologia y la eficacia del proceso. Este trabajo se ha
orientado al estudio de la eliminacibn de compuestos que habitualmente son
constituyentes de los efluentes gaseosos de numerosos sectores industriales. A su
vez, esta tesis doctoral supone una aportacion novedosa para la aplicacion industrial

del proceso de biofiltro percolador en el tratamiento de emisiones de COV.

1.2. Objetivos

El objetivo general de la presente tesis doctoral consiste en el andlisis de las
comunidades bacterianas desarrolladas en biofiltros y biofiltros percoladores para el
tratamiento de emisiones gaseosas de COV, y en el estudio de su relacion con las
condiciones de funcionamiento del proceso. El desarrollo de este objetivo general se
ha llevado a cabo utilizando biorreactores a escala de laboratorio en los que se
trataron emisiones gaseosas contaminadas con un unico contaminante (isopropanol,

estireno y 2-butoxietanol) y sistemas a escala industrial en los que se trataron
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emisiones caracterizadas por patrones irregulares de concentracion y de
composicién. El objetivo general de esta tesis doctoral se desglosa en los siguientes

objetivos parciales:

1. Puesta a punto y aplicacion de las siguientes técnicas de biologia molecular:
hibridacion fluorescente in situ (FISH), electroforesis en gel con gradiente

desnaturalizante (DGGE) y secuenciacién del gen 16S ARNT.

2. Analisis de la dindmica de las comunidades bacterianas desarrolladas en el
proceso de biofiltro percolador para el tratamiento de emisiones gaseosas
contaminadas con isopropanol. Estudio de la influencia que presenta el tipo de

material de relleno sobre las comunidades bacterianas.

3. Estudio de la biofiltracion de emisiones gaseosas de estireno mediante el
proceso de biofiltro y biofiltro percolador. Estudio comparativo de la influencia que el
tipo de bioproceso y el tipo de in6culo presentan sobre la dindmica de la comunidad
bacteriana y sobre la eficacia del proceso.

4. Estudio de la biofiltracibn de emisiones gaseosas de 2-butoxietanol mediante
el proceso de biofiltro percolador. Estudio comparativo de la influencia que el tipo de
indculo presenta sobre las comunidades bacterianas desarrolladas y la eficacia del

proceso. Identificacion de especies degradadoras de 2-butoxietanol.

5. Estudio de la biofiltracion de emisiones industriales mediante el proceso de
biofiltro percolador. Andlisis de la dinamica de las comunidades bacterianas ante

variaciones en la composicion y en la concentracion de las emisiones a depurar.
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1.3. Estructura de la tesis y contribucion a los articulos pertenecientes
alatesis

Esta tesis doctoral se presenta como compendio de 5 articulos cientificos
dispuestos en 5 capitulos (capitulo 5-9) de acuerdo con los objetivos expuestos
anteriormente. La tesis doctoral incluye dos capitulos introductorios en los que se
describen la aplicacion de la biofiltracion al tratamiento de emisiones gaseosas de
COV (capitulo 2) y la aplicacion de las técnicas de biologia molecular para la
caracterizacion de las comunidades microbianas de estos sistemas (capitulo 3). A fin
de proporcionar una vision integrada de las principales técnicas experimentales
utilizadas, en el capitulo 4 se incluye una breve descripcion de las mismas. Las

referencias completas de los articulos cientificos son las siguientes:

Articulo | (capitulo 5): Pérez MC, Alvarez-Hornos FJ, San Valero P, Marzal P,
Gabaldon C. 2013. Microbial community analysis in biotrickling filters treating

isopropanol air emissions. Environmental Technology. 34: 2789-2798.

Articulo Il (capitulo 6): Pérez MC, Alvarez-Hornos FJ, Portune K, Gabaldon C. 2015.
Abatement of styrene waste gas emission by biofilter and biotrickling filter:
comparison of packing materials and inoculation procedures. Applied Microbiology
and Biotechnology. 99: 19-32.

Articulo 1l (capitulo 7): Pérez MC, Alvarez-Hornos FJ, Engesser K-H, Dobslaw D,
Gabaldon C. 2015. Removal of 2-butoxyethanol gaseous emissions by biotrickling

filtration packed with polyurethane foam. New Biotechnology. En revision.

Articulo IV (capitulo 8): Alvarez-Hornos FJ, Lafita C, Martinez-Soria V, Penya-Roja
JM, Pérez MC, Gabaldén C. 2011. Evaluation of a pilot-scale biotrickling filter as a
VOC control technology for the plastic coating sector. Biochemical Engineering
Journal. 58-59:154-161.

Articulo V (capitulo 9): Pérez MC, Alvarez-Hornos FJ, San Valero P, Gabaldén C,
Martinez-Soria V. 2012. Evolution of bacterial community in a full-scale biotrickling
filter by Fluorescence in Situ Hybridization (FISH). Procedia Engineering. 42: 666-
671.
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En el capitulo 5 se analiza la dinamica de las comunidades bacterianas
desarrolladas en dos biofiltros percoladores empleados para el tratamiento de
emisiones contaminadas con isopropanol. Se realiz6 un experimento con una
duracion de 300 dias utilizando dos biofiltros percoladores cada uno de ellos con un
material plastico diferente: relleno estructurado y anillos de polipropileno con
diametro nominal de 16 mm. Los biorreactores se inocularon con fango activado
procedente de una EDAR y se operaron con CV comprendidas entre 20y 65 g C m™
h? y TRVV comprendidos entre 14 y 160 segundos. En lo que respecta a mi
contribucion en el trabajo que se presenta en este capitulo, he desarrollado la parte
experimental relacionada con la puesta a punto de las técnicas de biologia
molecular, asi como la subsiguiente aplicacién de las técnicas FISH y DGGE con el
objeto de llevar a cabo la caracterizacion y el seguimiento de la comunidad
bacteriana. Ademas, he trabajado en la evaluacion de los resultados, la obtencion de
las conclusiones y la escritura del articulo cientifico bajo la supervision de mis

directores de tesis, la Dra. Carmen Gabaldon y el Dr. Fco. Javier Alvarez-Hornos.

El capitulo 6 incluye un estudio sobre la eliminacion de estireno en emisiones
gaseosas mediante biofiltro y biofiltro percolador. Para este experimento se utilizaron
un biofiltro de turba, un biofiltro de fibra de coco y un biofiltro percolador relleno con
anillos de polipropileno de diametro nominal de 25 mm. Se utilizaron dos tipos de
in6culos: un cultivo enriquecido de la cepa Pseudomonas putida CECT 324 para los
biofiltros y fango activado procedente de una EDAR para el biofiltro percolador. Los
biorreactores se operaron durante 6 meses con CV comprendidas entre 10y 45 g C
m= h?y TRVV comprendidos entre 30 y 120 segundos. Acerca de mi aportacién en
el trabajo detallado en este capitulo, he llevado a cabo toda la parte experimental,
desde la puesta en marcha y la operacion de los biorreactores hasta el analisis de la
comunidad bacteriana mediante las técnicas de biologia molecular FISH y DGGE.
Ademas, he trabajado en la evaluacion de los resultados, la obtencion de las
conclusiones y la escritura del articulo cientifico bajo la supervision de mis directores

de tesis.
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El capitulo 7 se centra en la depuracion de emisiones gaseosas contaminadas
con 2-butoxietanol mediante biofiltro percolador. Se emplearon dos reactores
rellenos con espuma de poliuretano PPI 10 y se utilizé un tipo de in6culo diferente
para cada uno de ellos: cultivo puro de la cepa Pseudomonas sp. BOE200 y fango
activado procedente de una EDAR. El experimento de 100 dias de duracion se llevé
a cabo utilizando dos CV con valores de 130 y 195 g m™ h™y un TRVV constante de
12.5 segundos. En relacion a mi contribucion en este trabajo, he desarrollado el
experimento completo desde la puesta en marcha y la operacion de los biorreactores
hasta el analisis de la comunidad bacteriana mediante las técnicas de biologia
molecular: DGGE y secuenciacion del gen 16S ARNr y técnicas de cultivo en placa.
Ademas he trabajado en la evaluacion de los resultados, la obtencién de las
conclusiones y la escritura del articulo bajo la supervisién de mis directores de tesis.
Este capitulo incluye resultados obtenidos en la Universidad de Stuttgart donde
realicé una estancia de investigacion de tres meses de duracién, requisito
indispensable para la obtencion de la Mencidn Internacional en el titulo de Doctor, y

que fue supervisada por el Dr. Karl Engesser.

En el capitulo 8 se incluye un estudio sobre la aplicacion del proceso de
biofiltro percolador a escala piloto para el tratamiento de emisiones industriales. El
biorreactor, de 0.75 m® de volumen efectivo, se ubicé en una empresa dedicada a la
fabricacion de productos automovilisticos que incluia actividades de recubrimiento de
plasticos en las que se aplicaban imprimaciones, pinturas y barnices en base
disolvente. Las emisiones gaseosas resultantes de esta actividad industrial
presentaron una concentracion variable de COV comprendida entre 100 y 450 mg C
Nm™. El biofiltro percolador se rellené con anillos de polipropileno de 50 mm y se
inoculé con fango activado procedente de una EDAR. Acerca de mi participacién en
este estudio, desarrollé los experimentos sobre la caracterizacion microbiolégica del
sistema mediante la técnica FISH. Ademas, participé en la operacion y en el control
de la planta piloto junto al estudiante de doctorado Carlos Lafita. Por ultimo, trabajé
en la evaluacion de los resultados, la obtencion de las conclusiones y la escritura del
articulo junto con mis directores de tesis. Este articulo cientifico inicamente ha sido
incluido en esta tesis doctoral y se utiliza exclusivamente para la defensa de mi titulo

de doctor.
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En el capitulo 9 se presentan los resultados de la caracterizacion y el
seguimiento de la comunidad bacteriana en un biofiltro percolador industrial. El
biorreactor, de 60 m® de volumen efectivo, se instal6 como solucién final de
depuracion de las emisiones procedentes de una empresa de fabricacion de muebles
con actividades de pintado y de barnizado en las que se aplican productos en base
disolvente. Las emisiones gaseosas resultantes de esta actividad industrial
presentaron una concentracién de COV comprendida entre 120 y 600 mg C Nm™. El
biofiltro percolador se rellené con anillos de polipropileno, se inoculé con fango
activado procedente de una EDAR, y se realizd su seguimiento a lo largo de 17
meses de experimentacion. Mi principal aportacion a nivel experimental estuvo
relacionada con la aplicacion de la técnica FISH para el estudio de la dinamica de las
poblaciones bacterianas. Ademas, llevé a cabo la evaluacion de resultados, la
obtencion de las conclusiones y la escritura del articulo bajo la supervision del Dr.
Vicente Martinez-Soria y de mis directores de tesis.
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Biofiltracién de COV

2.1. Compuestos organicos volatiles

La contaminacion atmosférica causa efectos perjudiciales tanto en la salud
humana como en el medio ambiente, o que a su vez deriva en importantes pérdidas
econOmicas. La Agencia Europea de Medio Ambiente (European Environment
Agency, EEA) ha determinado un aumento de la incidencia de una amplia gama de
enfermedades e incluso fallecimientos como consecuencia de la mala calidad del
aire, ademas de las pérdidas que se generan en la agricultura y en la biodiversidad
de los ecosistemas. Por ejemplo, en Espafa, durante el afio 2011 se atribuyeron
25,000 fallecimientos a la acumulacion de ozono troposférico en concentraciones
excesivas. Los dafos derivados de la contaminacion atmosférica han supuesto a
Espafia costes econdmicos superiores a 20,000 millones de euros en el periodo
comprendido entre 2008 y 2012 (EEA, Informes 5/2014 y 20/2014). Por todo ello, en
las ultimas décadas se ha reforzado la politica ambiental europea en esta materia,
sin embargo, los problemas de contaminacion del aire persisten, especialmente en
zonas urbanas donde se rebasan ocasionalmente los valores limite de los
contaminantes en el aire. Uno de los principales grupos de contaminantes

atmosféricos son los compuestos organicos volatiles (COV).

Los COV se definen como todo aquel compuesto organico, asi como la
fraccion de creosota, que tenga a 293.15 K una presion de vapor mayor o igual de
0.01 kPa, o que tenga una volatilidad equivalente en las condiciones particulares de
uso (Articulo 3 de la Directiva 2010/75/UE de 24 de noviembre de 2010).

A pesar de que existen fuentes naturales de emision de COV como
microorganismos y plantas, las principales fuentes de emision son de origen
antropogénico. La emision de estos compuestos esta fuertemente influenciada por
las actividades industriales, tal y como se puede apreciar en la Figura 2.1, en la que
se presenta el porcentaje de emisiones de COV no metanicos de distintas
actividades industriales en Espafa durante el afio 2012. Las actividades que
presentan mayores emisiones son las instalaciones de combustidén (26%), refinerias
de petréleo y gas (25%) y el tratamiento de superficies con disolventes organicos
(17%).
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H Instalaciones de combustién (>50 MW)
H Refinerias de petréleo y gas

i Tratamiento de superficies con disolventes organicos
(Cap. de consumo > 200 tn/afio)

M Tratamiento de superficie por procedimiento
electrolitico o quimico

E Procedimiento quimico o bioldgico para fabricacion
de medicamentos de base

i Fabricacion de hidrocarburos oxigenados

i Fabricacion materias plasticas de base

i Fabricacion cauchos sintéticos
i Fabricacion de pasta de papel

u Otros

Figura 2.1. Distribucion de emisiones de COV distintos del metano en Espafa durante el
afio 2012 (PRTR-Espafia 2012).

El principal impacto ambiental de estos compuestos se produce cuando se
mezclan con otros contaminantes atmosféricos, como los 6xidos de nitrégeno (NOy),
y reaccionan con la luz solar, formando ozono troposférico que contribuye al
problema del esmog fotoquimico. En cuanto a sus consecuencias sobre la salud
humana, los efectos de los COV dependen de la naturaleza de cada compuesto y del
nivel y del tiempo de exposicién al mismo. En general, la exposicién a corto plazo
puede causar irritacion de los ojos y de las vias respiratorias, dolor de cabeza,
mareo, trastornos visuales, fatiga, pérdida de coordinacién, reacciones alérgicas de
la piel, ndusea y trastornos de la memoria. La exposicion a largo plazo puede causar
lesiones del higado, de los rifiones y del sistema nervioso central e incluso cancer

(Kjaergaard y col., 1991).

A consecuencia del aumento de las actividades industriales emisoras de COV
por el uso de disolventes organicos y del avance en el conocimiento de los efectos
nocivos que estos compuestos presentan sobre la salud humana y el medio
ambiente, se ha establecido legislacion europea especifica que regula la emision de

estos contaminantes. En este contexto, el Consejo de la Unién Europea aprobo el 11
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de marzo de 1999 la Directiva 1999/13/CE relativa a la limitacion de las emisiones de
COV debidas al uso de disolventes organicos en determinadas actividades e
instalaciones. Esta directiva se transpuso al ordenamiento espafiol mediante el Real
Decreto 117/2003. El 21 de abril de 2004 se aprobo la Directiva 2004/42/CE relativa
a la limitacion de las emisiones de COV debidas al uso de disolventes orgénicos en
determinadas pinturas y barnices y en los productos de renovacion del acabado de
vehiculos, por la que se completa la Directiva 1999/13/CE. La transposicion de esta
directiva al derecho espafiol se realizd mediante el Real Decreto 227/2006.
Finalmente, se aprobd la Directiva 2010/75/UE, de 24 de noviembre, sobre las
emisiones industriales (prevencién y control integrados de la contaminacion) con el
objetivo de lograr un alto nivel de protecciéon del medio ambiente y simplificar el
marco juridico existente en esta materia. La transposicion de esta nueva Directiva,
actualmente vigente, se llevd a cabo mediante la Ley 5/2013 y el Real Decreto
815/2013.

2.2. Tecnologias de tratamiento de emisiones gaseosas

Las tecnologias disponibles para el tratamiento de emisiones gaseosas de
COV se agrupan en dos tipologias, los sistemas fisico-quimicos y los sistemas
biologicos. Tradicionalmente, los sistemas de tratamiento fisico-quimicos como la
adsorcion, la absorcion, la condensacion y la incineracion han sido ampliamente
utilizados. Sin embargo, en la actualidad, los sistemas de tratamiento bioldgicos
como la biofiltraciébn se han consolidado como alternativas competitivas, eficientes,

econdmicas y respetuosas con el medio ambiente (Delhoménie y Heitz, 2005).

La seleccion de la técnica Optima para una aplicacion concreta depende de
diversos factores, entre los que destacan la naturaleza del compuesto a degradar, la
concentracion de contaminante, el caudal de aire, los niveles de eliminacion
requeridos y el coste global del proceso de depuracion. Existen recomendaciones
para la seleccion de alternativas de tratamiento en funcién de la concentracion de
COV en la corriente gaseosa a depurar y del caudal de aire (Figura 2.2). Cada

técnica posee un campo de aplicacion definido por un intervalo 6ptimo de caudal y
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de concentracion de contaminante. En ocasiones se pueden solapar dos técnicas, en

tal caso, la decision dependera de factores tanto econémicos como técnicos.
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Figura 2.2. Intervalos de concentracion y caudal para la seleccion de tecnologias de
tratamiento de emisiones de COV. Adaptada de Shareefdeen y Singh (2005).

2.2.1. Sistemas fisico-quimicos

Los sistemas de tratamiento fisico-quimicos se han utilizado ampliamente para
el tratamiento de emisiones gaseosas de COV. Dentro de estas tecnologias existen
técnicas que permiten la recuperacion de contaminantes como la condensacion, la
adsorcion, la absorcién y los procesos de separacion por membranas, y técnicas de
destruccion total o parcial del contaminante como la incineracion térmica o catalitica
(Ruddy y Carroll, 1993; Khan y Ghoshal, 2000).

La condensacion es un proceso que permite la recuperacion de vapores de
disolventes de una corriente de gas residual reduciendo su temperatura por debajo
del punto de rocio (Dunn y El-Halwagi, 1994a y 1994b). Existen tres tipos de
condensadores: convencionales, criogénicos y de refrigeracion. Esta técnica se
utiliza frecuentemente cuando el contaminante puede ser reutilizado en el proceso,
evitando asi el coste de materiales nuevos. Se trata de una tecnologia que permite
altas eficacias de recuperaciéon y esta indicada para la depuracién de corrientes

gaseosas con elevada concentracion de COV (5000 ppm,).
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La adsorcién consiste en la retencion de las moléculas de gas sobre una
superficie solida llamada adsorbente que presenta mayor afinidad por determinados
compuestos, eliminandolos asi de la corriente de aire. Cuando el adsorbente alcanza
la capacidad maxima de retencion de contaminantes se necesita su regeneracion
(Ruthven, 1984), por ello, se suelen instalar dos lineas de adsorcion en paralelo para
mantener siempre una de ellas en estado operativo mientras la otra linea se
encuentra en proceso de regeneracion. El carbon activado es uno de los
adsorbentes mas empleados debido a su elevada area especifica (Foster y col.,
1992; Das y col., 2004; Yi y col., 2009). También gel de silice, zeolita, alimina y
polimeros pueden ser utilizados como adsorbentes (Takeuchi y col., 1995; Kosuge y
col., 2007). Los tratamientos basados en este proceso se aplican a corrientes de aire
que presentan una humedad inferior al 70% Yy concentraciones de COV

comprendidas entre 20 y 2000 ppm,.

La absorcion es un proceso en el que se separan los contaminantes de la
corriente gaseosa poniendo en contacto el aire contaminado con un disolvente
liquido (agua, aminas, sosa caustica, hidrocarburos con alto punto de ebullicién). Los
compuestos solubles se disuelven en la fase liquida depurandose asi la corriente de
aire (Geisthardt y col., 1989; Stockeley, 1994). El contacto gas-liquido se realiza en
torres de relleno en las que se atomiza el liquido. En general esta técnica se
aconseja para corrientes con alto contenido en humedad y concentraciones de COV

comprendidas entre 500 y 5000 ppm,.

La tecnologia de separacion por membranas utiliza una estructura basada en
compuestos poliméricos semipermeables para separar los compuestos organicos del
aire. La fuerza impulsora para el flujo de aire es el gradiente de presion a través de la
membrana que se consigue con ayuda de un sistema de compresion (Paul y col.,
1988). Las membranas pueden ser laminares, tubulares, capilares o de fibras huecas
y también pueden disponerse en modulos. Los médulos capilares y de fibras huecas
presentan altos coeficientes globales de transferencia de materia debido a su
elevada area superficial. Esta técnica presenta elevadas eficacias de recuperacion y
se suele aplicar al tratamiento de efluentes con concentraciones variables de COV
entre 1000 y 10000 ppm, (Majumdar y col., 2001; Everaert y col., 2003).
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La incineracién térmica es un proceso de oxidacion de los compuestos
combustibles para situaciones de alta carga de contaminantes. La corriente gaseosa
se calienta a una temperatura comprendida entre 200 y 400 °C por encima de su
punto de inflamacioén y se mezcla en un horno con aire u oxigeno hasta la completa
combustion manteniendo temperaturas elevadas comprendidas entre 700 y 1100 °C
(O’Reilly, 1997 y 1998). Esta técnica presenta elevadas eficacias, pero es necesario
aportar un combustible adicional si las concentraciones de contaminantes en el aire a
depurar estan por debajo del punto de autoignicion y en cualquier caso, para la
puesta en marcha y para mantener la estabilidad de la llama. En los casos de
combustion incompleta se pueden producir emisiones de CO y NOy, ademas en el
caso de compuestos clorados existe riesgo de formacién de dioxinas. Los
incineradores recuperativos y regenerativos mejoran la eficiencia energética
recuperando parte de la energia calorifica de la corriente de gas de salida. Los
incineradores recuperativos utilizan intercambiadores de calor y estan indicados para
tratar emisiones gaseosas con una concentracion de COV inferior a 2000 ppmv. Los
incineradores regenerativos utilizan intercambiadores de calor de contacto directo
construidos de material ceramico que puede alcanzar temperaturas elevadas. Los
incineradores regenerativos se recomiendan para corrientes de aire con

concentraciones de COV inferiores a 1000 ppmv (EPA, 2002).

Los sistemas de incineracion catalitica oxidan directamente los COV de forma
similar a los sistemas de incineracion térmica. La principal diferencia es que en la
incineracion catalitica se opera a temperaturas inferiores (500-700 °C) debido a la
utilizacion de catalizadores que reducen las necesidades térmicas (Spivey, 1987).
Las eficacias de eliminacién son ligeramente menores que en el caso de la
incineracion térmica, pero los requisitos de combustible auxiliar son inferiores. Las
emisiones de CO se reducen aunque existe el riesgo de produccion de dioxinas. Uno
de los principales costes de este tipo de tecnologia es la sustitucion del catalizador
gue presenta una vida Util de entre 3 y 5 aflos (Everaert y Baeyens, 2004).
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2.2.2. Sistemas biolbdgicos

El tratamiento de aire contaminado con COV mediante procesos biologicos
resulta una alternativa eficaz y versatil que se basa en la capacidad de ciertos
microorganismos de transformar los contaminantes organicos e inorganicos del aire
en compuestos menos toxicos y menos olorosos. El proceso de eliminacion de los
contaminantes del aire en sistemas biolégicos estd compuesto de varias etapas tal y
como se esquematiza en la Figura 2.3. En primer lugar, el contaminante y el oxigeno
se deben transferir desde el aire a la fase acuosa para, posteriormente, difundirse
desde ésta a la biopelicula donde se produce la biodegradacién de los COV. La
biopelicula consiste en una asociacion compleja de microorganismos que se
encuentran embebidos sobre la matriz extracelular polimérica, resultado de la
segregaciéon por parte de los microorganismos de estructuras adhesivas
polisacéaridas. Las biopeliculas presentan caracteristicas como heterogeneidad,
diversidad de microambientes y capacidad de comunicacién intercelular que los
convierte en consorcios microbianos complejos con elevada resistencia (Characklis y
Marshall, 1990). Los microorganismos degradan los contaminantes presentes en la
corriente gaseosa utilizandolos como fuente de energia y de sustrato, en presencia
de oxigeno y nutrientes, transformandolos en energia, biomasa y subproductos

organicos e inorganicos principalmente agua y CO, (Deshusses y col., 1995).

Faseacuosa Fase gaseosa
\ /

\ /
coV
coV
CO,+H,0
O,
0,

7 o
Relleno Biopelicula

Figura 2.3. Eliminacion biolégica de COV.
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En el caso de biorreactores empleados para la eliminacion de COV de
emisiones gaseosas se ha detectado una gran diversidad de microorganismos, lo
gue depende de factores tales como el tipo de in6culo, el contaminante a degradar,
las condiciones de operacion (flujo de aire y concentracion de contaminantes), los
nutrientes, el pH, la temperatura, la humedad o el oxigeno (Shareefdeen y Singh,
2005). Las comunidades microbianas estdn compuestas tanto por microorganismos
degradadores primarios que utilizan como fuente de carbono los COV presentes en
la corriente gaseosa, como por otros microorganismos que consumen productos
derivados de la lisis celular o sustancias poliméricas extracelulares que forman parte
de la biopelicula (Stoffels y col.,, 1998). Esta coexistencia de microorganismos
produce una alta diversidad que parece necesaria para la formacion del consorcio
bacteriano responsable de la degradacion de COV del aire. En este sentido, se han
identificado principalmente bacterias heteré6trofas aunque también se han detectado
otros microorganismos como actinomicetos, hongos, levaduras, algas y protozoos
(Singh y col., 2005). Los grupos filogenéticos de bacterias identificados con mayor
asiduidad son: Alfaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Firmicutes y Actinobacteria. Especialmente destacan géneros como Pseudomonas,
Bacillus, Sphingomonas, Rhodococcus, Xanthobacter o Clostridium (Ottengraf, 1986;
Friedrich y col., 2003; Kristiansen y col., 2011). También es importante resaltar el
papel de los hongos ya que se ha determinado la capacidad de algunos de ellos para
degradar compuestos organicos como es el caso de los siguientes géneros:
Paecilomyces, Aspergillus, Cladosporium o Exophiala (Garcia-Pefia y col., 2001;
Spigno y col., 2003; Moe y col., 2004).

Aunque la base de todos los procesos biologicos es la misma, éstos se
pueden implementar mediante diferentes configuraciones de biorreactor, siempre
intentando maximizar la transferencia de los contaminantes hacia la fase acuosa y
proporcionar condiciones adecuadas para el crecimiento de los microorganismos.
Las diferentes técnicas de biotratamiento de emisiones gaseosas se diferencian en el
método de retencion de la biomasa en el reactor y en las condiciones de flujo de la
fase liquida. Los principales biorreactores utilizados para el tratamiento de emisiones
gaseosas contaminadas con COV son biofiltros, biofiltros percoladores vy

biolavadores. Ademas, existen otros sistemas tales como biorreactores de
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membrana, sistemas multifasicos o reactores de tiro o corriente de aire (reactores

airlift), entre otros.

Los biofiltros son reactores en los que la corriente de gas contaminada se
hace pasar a través de un relleno organico (suelo, compost, turba, etc.) sobre el que
crecen los microorganismos responsables de la degradacion de los contaminantes
(Ottengraf, 1987). En la Figura 2.4a se estable una representacion esquemética de
un biofiltro. En estos sistemas es necesario una pre-humidificacion del aire de
entrada y la adicion de nutrientes requeridos para el metabolismo microbiano. Se
trata de una biotecnologia efectiva y econdmica que se suele aplicar al tratamiento
de emisiones de media-baja carga de contaminantes (Leson y Winer, 1991). Un
problema en la operacion de este tipo de biorreactor esta asociado con el control de
la humedad del material de relleno.

Los biofiltros percoladores se consideran una modificacion de los biofiltros
(Figura 2.4b). Las principales diferencias se encuentran en el material de relleno, en
este caso suelen emplearse materiales inertes, y en la utilizacion de una fase liquida
(soluciébn de recirculacion) que se introduce periodicamente en el biorreactor
permitiendo mayor control de pardmetros de operacién tales como el pH y los
nutrientes (Cox y Deshusses, 2001). Algunos de los materiales de relleno utilizados
en los biofiltros percoladores son: espuma de poliuretano, perlita, material ceramico o
anillos de polipropileno (Kennes y Veiga, 2002). Uno de los problemas que se puede
producir en estos sistemas después de un tiempo prolongado de operacion es el

aumento de las pérdidas de presion por el crecimiento excesivo de la biomasa

(clogging).

Los biolavadores son biorreactores en los que la biomasa se encuentra
suspendida en una fase acuosa mévil. En estos sistemas, el gas es transferido a la
fase acuosa en una torre de absorcion que puede contener un soporte inerte (Figura
2.4c). El agua con el contaminante disuelto se trata posteriormente en un biorreactor
de fangos activados (Edwards y Nirmalakhandan, 1996). Los biolavadores permiten
el control de las condiciones de operacion ya que se pueden agregar nutrientes y
soluciones amortiguadoras de pH, ademas el liquido puede regenerarse para

descargar subproductos indeseables. Sin embargo, debido a que su area de
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intercambio gas/liquido es baja, este reactor esta restringido a compuestos altamente
solubles. Ademas, se genera un exceso de fango y se necesita un suministro extra

de aire para mejorar la eficacia de eliminacion (Granstom y col., 2002).

Salida
aire
depurado

) salida
aire
depurado

__ Aguay b) salida c)
nutrientes aire v

depurado
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inerte

Relleno
organico

Recirculacion
t | Recirculacién

Aire
contaminado

Aire Aire

contaminado ) contaminado _t i Biorreactor
fangos

activados

Solucién de
recirculacion

Figura 2.4. Representacion esquematica de biorreactores: a) Biofiltro, b) Biofiltro percolador,
c) Biolavador.

Los biorreactores de membrana consisten en el paso del aire contaminado a
través de membranas hidrofébicas transfiriéndose los contaminantes a la biopelicula.
Las membranas sirven como soporte para la poblacion microbiana y proporcionan
elevada area superficial y transferencia de oxigeno (Parvatiyar y col., 1996). Existe
una variedad de membranas fabricadas a partir de diferentes materiales como el
teflon, el latex, el polipropileno o la poliacrilamida. Ademas, se pueden encontrar
diferentes configuraciones como las membranas laminares, capilares, tubulares o en
espiral (Kumar y col., 2008). Estos sistemas han sido probados con bajas
concentraciones de contaminantes debido a que en el caso contrario se han
observado problemas de obturacion de los poros de la membrana por un excesivo
crecimiento de la biomasa (Attaway y col., 2002).

Los sistemas multifasicos, también conocidos como biorreactores de particion
de dos fases, son reactores empleados para la eliminacion de COV hidrofébicos.
Estos biorreactores se basan en la adicion de una fase no acuosa conocida como
NAP (non-aqueous phase), ya sea un disolvente liquido o un polimero soélido
(Daugulis, 1997). La adicion de esta fase se lleva a cabo principalmente para
favorecer la llegada de los contaminantes a la comunidad microbiana responsable de
la degradacién (Cesario, 1997). Algunos NAP que se han utilizado son: alcanos,
perfluorocarbonos, aceites de silicona y polimeros solidos. Esta biotecnologia

favorece la transferencia de contaminantes hacia la biopelicula, especialmente en el
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caso de COV hidrofobicos tales como tolueno, hexano o a-pineno (Arriaga y col.,
2006; Muioz y col., 2012).

Los reactores de tiro o corriente de aire (reactores airlift) se caracterizan por
poseer la biomasa dispersa y adherida a un soporte que también se encuentra
disperso en un medio liquido (Zuber y col., 1997). En la Figura 2.5 se establece una
representacion esquematica de este tipo de reactor. Estos biorreactores presentan
dos zonas: una de aireacién de flujo ascendente y una zona descendente o sin
aireacion. La inyeccion de aire contaminado en la zona de aireacion mediante tubos
de aspiracion produce una diferencia de densidades que induce a la circulaciéon del
liquido a velocidades elevadas. Una tercera zona se encuentra en la parte superior
del biorreactor cuyo objetivo es lograr la separacion de las fases y la salida del
efluente gaseoso. Este proceso de tratamiento requiere de un suministro constante
de aire al sistema y puede presentar elevadas pérdidas de presién (Weny col., 2005;
Littlejohns y Daugulis, 2009).

Salida aire

depurado

Tubo de [&5isT Biomasa
aspiracion suspendida

.
Aire
contaminado

Figura 2.5. Representacion esquematica de un reactor de tiro o corriente de aire (reactor
airlift).

Las biotecnologias de biofiltro y de biofiltro percolador se describen con mayor
detalle en los apartados siguientes al tratarse de los biorreactores estudiados a lo
largo del desarrollo experimental de la presente tesis doctoral. Los principales
parametros que se utilizan para definir la eficacia del proceso de biofiltracion son los

siguientes:
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Tiempo de residencia a volumen vacio (TRVV), Empty bed residence time
(EBRT),

TRVV = Ve
Q

Carga masica volumétrica de contaminante (CV), Inlet load (IL),

_Q*Ce
= 7

cv

Eficacia de eliminacion (EE), Removal efficiency (RE),

_(C.-C)

EE
Ce

100

Capacidad de eliminacién (CE), Elimination capacity (EC),

_ Q * (C-Cs)

CE
Vr

Donde, Q es el caudal de aire (m*h™), Vk es el volumen del material de relleno
(m®) y Ce and Cs son la concentracién de contaminante en el gas de entrada y de

salida respectivamente (g m™).

2.3. Biofiltros

Los biofiltros son biorreactores en los que una corriente de aire contaminado
se hace pasar a través de un lecho de relleno organico poroso como puede ser el
compost, la turba o el suelo. Sobre este relleno se desarrollan los microorganismos
responsables de la degradacion de los contaminantes de la fase gaseosa formando
una biopelicula. Por tanto, el material de relleno ha de favorecer el contacto de los
microorganismos con la fase gas para que exista una adecuada transferencia de los
contaminantes y del oxigeno. Las caracteristicas mas importantes que deben poseer

los materiales de relleno son (Shareefdeen y Singh, 2005):
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- Elevada é&rea superficial y porosidad para favorecer la absorcién de
contaminantes en la biopelicula, la distribucion del gas y para evitar elevadas
pérdidas de presion.

- Adecuada capacidad de retencion de humedad.

- Capacidad de amortiguacion del pH.

- Contenido elevado de nutrientes.

- Presencia de una abundante y diversa microflora.

- Estabilidad a largo plazo para evitar la degradacion del material.

- Baja densidad para facilitar la construccion y reducir costes.

La utilizacion de un material de relleno organico en los biofiltros implica la
existencia inherente de microorganismos de modo que no es necesaria una etapa de
inoculacién, aunque ésta suele llevarse a cabo para mejorar la puesta en marchay el
funcionamiento de los biorreactores (Leson y Winer, 1991). Previamente a la entrada
del aire contaminado en el biorreactor la corriente gaseosa se debe humidificar para
garantizar un contenido minimo de humedad en el lecho entre el 30 y el 60%
(Ottengraff, 1986). Puntualmente se realiza un riego del sistema en el que se aporta
agua y nutrientes para favorecer la actividad microbiologica, ya que junto con el
carbono y el oxigeno presentes en la corriente gaseosa a depurar, los
microorganismos necesitan otros nutrientes como el nitrégeno, fésforo, potasio,
azufre, oligoelementos (Fe, Mg etc.) y vitaminas. Ademas, se suele utilizar una
solucion de riego tamponada para mantener el pH del proceso en un intervalo
adecuado para el metabolismo microbiano (5 - 9). La optimizacién del riego en los
biofiltros es uno de los factores mas importantes en la operacién de estos sistemas,
debido a que un déficit de humedad puede provocar el secado del material de relleno
afectando al metabolismo microbiano y reduciendo la eficacia de eliminacién. Por el
contrario, un aporte excesivo de agua al sistema puede conducir a la compactacion
del material de relleno conllevando la aparicion de zonas anaerobias, altas pérdidas
de presion y reduccion de la eliminacion del contaminante. Otros parametros
importantes a tener en cuenta en la biofiltracion son la pérdida de presion del
sistema, la temperatura y la concentracion de oxigeno. La pérdida de presién del
sistema esta relacionada con el tipo de material de relleno, la velocidad del gas, la
concentracion de biomasa en el reactor y el contenido de humedad del lecho (Yang y
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Allen, 1994; Morgan-Sagastume y col., 2001). Este pardmetro esta ligado a los
costes de operaciéon, de modo que a mayor pérdida de presion las necesidades
energéticas se incrementan. Por otra parte, la actividad microbiana esta relacionada
directamente con la temperatura, por lo que un cambio en este parametro afecta al
funcionamiento del proceso. Las especies microbianas que predominan en los
sistemas de biofiltracién suelen ser mesofilas por lo que el rango de temperatura
suele estar comprendido entre 15 y 40 °C (Bohn, 1992). Ademas los
microorganismos involucrados en los procesos biolégicos son principalmente
aerobios, de modo que es necesaria una concentracién de oxigeno suficiente para el
correcto funcionamiento de estos procesos. El oxigeno se obtiene de la corriente de
aire a depurar pero en ocasiones se detectan limitaciones de oxigeno atribuidas
principalmente a elevadas cargas de contaminante, el elevado crecimiento de

biomasa o la aparicion de zonas anaerobias por un elevado contenido de humedad.

La utilizacion de biofiltros para la depuracion de emisiones gaseosas de COV
se ha descrito ampliamente en la bibliografia. Las primeras aplicaciones consistieron
en biofiltros abiertos utilizando suelo como material de relleno y cuya funcion era la
eliminacién de olores de estaciones depuradoras de aguas residuales (Pomeroy,
1957; Carlson y col., 1966). En el periodo comprendido entre 1960 y 1990 el interés
hacia estas técnicas aument6 y se establecieron las primeras aplicaciones
industriales (Ottengraf, 1986). Ademas, surgieron biofiltros de disefio cerrado
mejorando asi la operacion y la eficacia de estos sistemas que se aplicaron tanto
para el control de olores como para el tratamiento de emisiones gaseosas de COV
(Van Langenhove y col.,, 1986). Actualmente existen numerosos estudios de
laboratorio sobre la aplicacion de biofiltros para la eliminacion de COV, analizando
una amplia variedad de condiciones experimentales, materiales de relleno y
utilizando contaminantes de muy diversa naturaleza. Se han alcanzado eficacias de
eliminacion elevadas demostrando la efectividad de esta biotecnologia. La Tabla 2.1
presenta ejemplos de ello. Se han incluido estudios sobre eliminacion de los
compuestos en los que esta tesis doctoral se ha centrado o sobre compuestos de

naturaleza quimica similar.
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Tabla 2.1. Ejemplos de aplicacién de biofiltros para la eliminacién de COV de emisiones gaseosas.

cov Material de In6culo Ccv, TRVV, EE, CEmax Referencia
relleno gm3ht S % gm3ht
Estireno Turba Fango activado 2-50 81 70-98 30 Arnold y col., 1997
Estireno Perlita No inoculado 25-550 6.5-26 >90 140 Pacay col., 2001
Estireno Ceramica Pseudomonas putida <120 17 75 90 Okamoto y col., 2003
Estireno Turba, ceramica Pseudomonas sp. 1-200 - 60-100 170 Jang y col., 2004
Estireno Perlita Rhodococcus sp. 0-400 120 74-94 279 Jung y col., 2005
Estireno Compost Fango activado <12-60 30-120 43-99 45 Dehghanzadeh y col., 2005
Tolueno Compost Fango activado 3-278 25-147 40-95 128 Rene y col., 2005
Tolueno Turba Fango activado 65-195 30-90 30-80 360 Alvarez-Hornos y col., 2008
Tolueno, xileno Turba Cultivo mixto 25-300 78-102 20-90 115 Jorio y col., 1998
Clorobenceno Compost No inoculado 20-210 20-120  20-100 70 Delhmonénie y Heitz, 2003
TEX Turba Fango activado 0-120* 82-330 60-100 118* Gabaldén y col., 2006
BTEX Maiz Bacillus sphaericus 23-63 69-184 60-96 61 Rahul y col., 2013
Isopropanol ng;ggit’ Fango activado 342 94 40-100 276 Krailas y col., 2004
MTBE Compost No inoculado 20-650 15-60 90-100 - Moussavi y col., 2009
Acetato de etilo Turba Fango activado 65-190 22-90 30-100 400 Alvarez-Hornos y col., 2007
Acetato de etilo Cascaras nuez Pseudomonas putida 0-700 60-75 80-100 421 Zare y col., 2012
Mezcla COV  Turbay carbon Fango activado 110 36 50-100 110 Aizpuru y col., 2003
Mezcla COV Poliuretano Cladosporium sp. 7-60 15-120 - 92 Qiy col., 2005
Mezcla COV Poliuretano Cultivo enriquecido 80 59 20-100 80 Moe y col., 2005

CV: carga masica volumétrica de contaminante; TRVV: tiempo de residencia a volumen vacio; EE: eficacia de eliminacion; CEmax: Capacidad de
eliminacion maxima; BTEX: benceno, tolueno, etilbenceno y xileno; TEX: tolueno, etilbenceno y xileno; MTBE: metil ter-bultil éter; *g cm>h™.
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Se han realizado estudios sobre la biofiltracion de emisiones gaseosas con
compuestos aromaticos como el estireno, contaminante mayoritario de las emisiones
de la industria del procesamiento y de la sintesis de polimeros. La biofiltracion de
este contaminante ha sido objeto de estudio de la presente tesis doctoral (capitulo 6).
En la Tabla 2.1 se resumen varios trabajos sobre la biofiltracion de estireno bajo un
amplio intervalo de condiciones, con CV comprendidas entre 0 y 550 g m=> h'y
TRVV comprendidos entre 6 y 120 s. A modo de ejemplo, Arnold y col. (1997)
operaron un biofiltro de turba evaluando la influencia de la temperatura (12-34 °C)
sobre la eliminacién de estireno. La mayor CE de 30 g m™ h™ se alcanzé a una
temperatura de 23 °C con una concentracion de entrada de contaminante de 0.45 g
m~=y una EE del 92%. Paca y col. (2001) estudiaron la eliminacién de estireno en un
biofiltro de perlita para CV comprendidas entre 25 y 550 g m™ h' y TRVV
comprendidos entre 6 y 26 s obteniendo una CE maxima de 140 g m>h™ con una EE
del 90%. Jung y col. (2005) determinaron una CE de estireno de 279 g m™> h™ para
una CV de 345 g m®h™y un TRVV de 120 segundos mediante un biofiltro de perlita.

También se han estudiado otros compuestos aroméaticos, tales como tolueno o
xileno, que son sustancias utilizadas como disolventes en numerosas aplicaciones
industriales y ademas son constituyentes de combustibles. Rene y col. (2005)
analizaron el tratamiento de tolueno mediante un biofiltro de turba en el que se
alcanzaron EE superiores al 90% para un TRVV de 147 s y concentraciones de
entrada de contaminante inferiores a 0.5 g m=. La CE maxima fue de 128 g m=>h*
para una CV de 263 g m=h™. Alvarez-Hornos y col. (2008) estudiaron la biofiltracién
de tolueno en dos biofiltros de turba rubia alcanzando EE del 80% para un TRVV de
57 sy una CV de 116 g m® h™. La CE méaxima fue de 360 g m™ h™ para una CV de
745 g m™> h™’. Este material organico ha sido uno de los seleccionados durante la
experimentacion que se presenta en este trabajo de tesis doctoral. Jorio y col. (1998)
operaron un biofiltro de turba a escala de planta piloto durante 8 meses para estudiar
la eliminacion de una mezcla de tolueno y xileno. La CE maxima para el tolueno fue
de 165 g m3 h?' (CV: 230 g m® h'; TRVV: 75 s), mientras que para el xileno se
alcanz6 una CE maxima de 66 g m>3h™ (CV: 200 g m®h™; TRVV: 102 s). También se
ha evaluado la eliminacion de compuestos que presentan una elevada dificultad de

biodegradacion. Asi, por ejemplo, Delhoménie y Heitz (2003) analizaron el
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tratamiento de emisiones gaseosas contaminadas con clorobenceno mediante un
biofiltro de compost, evaluando la influencia de tres pardmetros: TRVV (20-120 s),
CV (20-210 g m® h™) y adicién de nutrientes (0 - 0.7 g N h™). En este estudio se
obtuvo una CE méaxima de 70 g m>h™ trabajando a CV de 80 g m*h'y TRVV de 60
s. La dosis de nitrdgeno mas adecuada se establecio en valores comprendidos entre
0.3y0.4gNh™

Por otra parte, se ha evaluado el tratamiento de emisiones contaminadas con
compuestos oxigenados, que suelen presentar mayor facilidad de degradaciéon y en
general son mas solubles en agua que los compuestos aromaticos. Estas sustancias
son ampliamente utilizadas en la industria como es el caso del isopropanol,
contaminante habitual en las emisiones procedentes del sector flexogréafico, o el
acetato de etilo, compuesto habitual de las emisiones de las industrias de fabricacion
de pinturas y de tratamiento, limpieza y recubrimientos de superficies. Krailas y col.
(2004) analizaron la depuracién de emisiones contaminadas con isopropanol en un
biofiltro donde se utiliz6 una mezcla de compost y carbdn activado como material de
relleno. En este trabajo se evalu6 el incremento de la concentracion de entrada del
contaminante desde 1 a 8 g m™ utilizando un caudal de aire constante de 3 L min™
(TRVV: 94 s). La CE méaxima fue de 276 g m™ h™* para una CV de 342 g m= h™.
Alvarez-Hornos y col. (2007) analizaron la eliminacion de acetato de etilo para CV
entre 65y 190 g m>h™ y TRVV entre 22 y 90 s mediante un biofiltro de turba rubia.
Se alcanzaron EE préximas al 100% para CV de 300 g m>h* y TRVV de 15 s. Zare
y col. (2012) analizaron la eliminacion de acetato de etilo variando la CV en valores
comprendidos entre 0y 700 g m>h™ y el TRVV en valores comprendidos entre 60 y
75 s mediante un biofiltro con cédscaras de nuez como material de relleno. La CE
maxima fue de 421 g m>h™ para CV comprendidas entre 500 y 700 g m™h™. En el
caso de otros disolventes, como el 2-butoxietanol, compuesto objeto de estudio en

esta tesis doctoral, no se han encontrado estudios previos en la bibliografia.

Asimismo, se ha analizado la biofiltracion de emisiones gaseosas
contaminadas con mezclas de COV. Gabaldon y col. (2006) estudiaron el tratamiento
de emisiones gaseosas contaminadas con tolueno, etilbenceno y xileno (TEX)

utilizando dos biofiltros de turba rubia. La CE méaxima fue de 85 g C m™>h™ para una
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CV de 118 g m>h™. Rahul y col. (2013) analizaron la eliminacién de una mezcla de
benceno, tolueno, etilbenceno y xileno (BTEX) mediante un biofiltro con maiz como
material de relleno. Se determiné una CE maxima de 60.9 g m®h™y una EE elevada
del 96%. Aizpuru y col. (2003) investigaron el tratamiento de una mezcla con 11
COV, incluyendo compuestos aromaticos, oxigenados y clorados mediante dos
biofiltros, utilizando en cada uno de ellos un material de relleno diferente: turba y
carbén activado. La CV de operacién se fij6 en un valor de 110 g m2 h'y se
obtuvieron EE globales del 90% y del 80% para el biofiltro de turba y el biofiltro de
carbon activado, respectivamente. Moe y col. (2005) operaron dos biofiltros con
poliuretano como material de relleno para el tratamiento de emisiones contaminadas
con acetona, metil etil cetona, tolueno, etilbenceno y p-xileno. Las eficacias de

eliminacién fueron mayores al 99% para una CV de 80 g m>h™.

En el proceso de inoculacion de los biofiltros se han empleado diversos tipos
de cultivos microbianos. En la Tabla 2.1 a modo de ejemplo se presentan algunos
trabajos en los que se estudia la eliminacion de estireno utilizando diferentes tipos de
inoculos tales como fango activado (Arnold y col., 1997; Dehganzadeh y col., 2005) o
cultivos puros de especies como Pseudomonas sp. 0 Rhodococcus sp. (Okamoto,
2003; Jang y col., 2004; Jung y col., 2005). En todos los estudios se alcanzaron EE
elevadas. Se ha demostrado la capacidad de algunas especies bacterianas para
eliminar ciertos contaminantes como es el caso de la especie Pseudomonas para
degradar estireno, lo que ha conducido a los investigadores a utilizar esta especie en
la inoculacion de los biofiltros con el fin de obtener un mejor funcionamiento del
proceso. Jang y col. (2004) reportaron EE de estireno elevadas con valores
comprendidos entre 74 y 94% y una CE méxima de 170 g m™ h™ en un biofiltro
inoculado con Pseudomonas sp. SR-5; de igual modo, Okamoto y col. (2003)
determinaron una CE méaxima de 90 g m2 h™ (CV: 120 g m™® h™) trabajando a un
TRVV inferior a 17 segundos en un biofiltro inoculado con la especie Pseudomonas
putida. Ademas, se han desarrollado estudios en los que se ha aprovechado los
microorganismos existentes en el propio material de relleno y, por lo tanto, no se ha
realizado una inoculacion previa para la puesta en marcha de los biofiltros. Asi, Paca
y col. (2001) estudiaron el tratamiento de emisiones gaseosas contaminadas con

estireno en un biofiltro de perlita y obtuvieron una CE de 140 g m*h™*(CV: 155 g m™
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h™) o Moussavi y col. (2009) analizaron la biofiltracién de metil ter-butil éter (MTBE)
en condiciones termofilicas a 52 °C en un biofiltro de compost obteniendo EE
superiores al 90% incluso con una CV de 650 g m™ h'. También se pueden
encontrar en la bibliografia estudios utilizando cultivos de hongos para la inoculacion
de biofiltros ya que son organismos con capacidad para degradar una amplia
variedad de compuestos organicos, presentan un intervalo amplio de tolerancia al pH
y pueden desarrollarse en ambientes con baja humedad. Por ejemplo Qi y col. (2005)
estudiaron la eliminacion de una mezcla de COV en un biofiltro relleno de poliuretano
e inoculado con el hongo Cladosporium sphaerospermum, alcanzando una CE de 92
gm2h?paraunaCVde 94gm?h'yun TRVV de 15 s.

2.4. Biofiltros percoladores

Los biofiltros percoladores son biorreactores en los que se utiliza un material
de relleno inerte y una fase liquida (solucion de recirculacion) que se recircula
continuamente a través del material de relleno. El aire contaminado puede ser
introducido en contracorriente o en el mismo sentido de recirculacion de la fase
liquida (Diks y Ottengraf, 1991a y 1991b). La solucién de recirculacién permite un
mejor control de los parametros de operacion tales como el pH y la adicién de
nutrientes. Los biofiltros percoladores pueden disefiarse con mayores alturas que los
biofiltros, por tanto requieren menor superficie para su construccidon. Estos sistemas
se recomiendan para el tratamiento de emisiones contaminadas con compuestos
solubles en agua que presenten constantes de Henry inferiores a 0.1 (Kennes y
Veiga, 2013). Algunos de los materiales de relleno empleados en los biofiltros
percoladores son espuma de poliuretano, material plastico estructurado y anillos de
polipropileno (Devinny y col., 1999). Las propiedades mas importantes para la
seleccion del material de relleno son las siguientes: bajo coste econdémico, elevada
porosidad, elevada estabilidad quimica y estructural, bajo peso y elevada area
especifica para favorecer el desarrollo de la biopelicula (Shareefdeen y Singh, 2005).
La utilizacion de un material de relleno inerte implica la necesidad de llevar a cabo
una etapa previa de inoculacion para la puesta en marcha de los biofiltros

percoladores ya que no existen poblaciones microbianas inherentes.
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De igual modo que en los biofiltros, los pardmetros que afectan al
funcionamiento del proceso son los siguientes: nutrientes, pH, temperatura, pérdida
de carga, humedad y concentracion de oxigeno. LOos microorganismos necesitan
nutrientes para su desarrollo, éstos se suministran en la solucidon de recirculacion
mediante un sistema de dosificacion. El coeficiente méasico carbono y nitrogeno (C:N)
utilizado varia entre 13 y 70 (Kennes y Veiga, 2002). El intervalo 6ptimo de pH para
el crecimiento microbiano suele estar comprendido entre 5 y 9. El pH puede
controlarse durante la operacion del biofiltro percolador utilizando una solucion de
nutrientes amortiguadora o adicionando una base o un &cido a la solucién de
recirculacion. La temperatura recomendada en los sistemas de biofiltracion suele
estar comprendida entre 15 y 40 °C. El crecimiento de la biomasa en el material de
relleno disminuye la seccién de paso de los fluidos y, por tanto, ocasiona resistencia
a la circulacion del agua y del gas. Tras largos periodos de operacion de un biofiltro
percolador puede aparecer acumulacion de biomasa a causa de elevadas cargas de
alimentacion de contaminantes y elevadas concentraciones de nutrientes. Este
fenémeno se conoce como clogging e implica un aumento de la pérdida de presion y
de la aparicion de zonas anaerobias, asi como la formacion de caminos
preferenciales, traduciéndose todo ello en un mayor coste operacional y una pérdida
de eficacia del proceso (Cox y Deshusses, 1999; Okkerse y col., 1999). El suministro
de la solucién de recirculacién puede ser continuo o discontinuo. Se ha visto que la
frecuencia en el suministro de la solucion de recirculacion afecta al funcionamiento
del proceso en el caso de compuestos hidrofilicos (Sempere y col., 2008), ya que
éstos se acumulan en la solucion de recirculacion y durante el riego se desorben
produciendo picos de elevada concentracion. Por ello, si se disminuye la frecuencia
entre riegos se reduce la concentraciébn media de contaminante en las emisiones de
salida. Por otra parte, la velocidad superficial de la solucién de recirculacion puede
afectar a la eliminacién de contaminantes hidrofobicos, ya que si la capa de liquido
gue atraviesa el reactor es demasiado grande se dificulta la transferencia de los
contaminantes desde la fase gas (Cox y Deshusses, 2001). Por dultimo, la
concentracion de oxigeno en las emisiones gaseosas, en general, es superior a la
concentracion de contaminante. No obstante, a causa de la baja solubilidad del

oxigeno en el agua, el funcionamiento del biofiltro percolador puede verse afectado
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por la limitacién de la transferencia del oxigeno en la biopelicula (Kircher y col., 1992;
Kim y Deshusses, 2008a y 2008b). La limitacion de oxigeno ocurre cuando el
contaminante se difunde en mayor medida que el oxigeno en la biopelicula, lo que
normalmente se acentta a mayor espesor del biofim y con elevadas

concentraciones de contaminantes hidrofilicos.

El proceso de biofiltro percolador para la eliminacion de COV de efluentes
gaseosos ha sido descrito en la bibliografia desde la década de los 90 cuando se
publicaron los primeros trabajos (Togna y Singh, 1994; Cox y Deshusses, 1998). Tal
y como se observa en la Tabla 2.2, existen aplicaciones satisfactorias para la
eliminacion de COV de diferente naturaleza, utilizando diferentes materiales de

relleno, indculos y condiciones de operacion.

En el primer trabajo que se presenta en esta tesis doctoral (capitulo 5) se ha
utilizado el proceso de biofiltro percolador para el tratamiento de isopropanol,
compuesto oxigenado tipico de las emisiones gaseosas del sector flexografico. En
este sentido, el grupo de investigacién GI°AM en el que se ha desarrollado la
presente tesis doctoral cuenta con diversos trabajos previos sobre la depuracién de
emisiones contaminadas con compuestos oxigenados. Sempere y col. (2008)
analizaron la eliminacion de etanol, acetato de etilo y metil etil cetona mediante el
proceso de biofiltro percolador. En este estudio se seleccionaron condiciones de
operacion tipicas del sector flexografico donde habitualmente se emiten dichos
compuestos. Para ello, estudiaron patrones de alimentacion de contaminante
discontinuo con concentraciones variables de COV, asi como, diferentes patrones de
riego. Las concentraciones de contaminante en las emisiones de salida fueron
inferiores a 100 mg C m™ para CV superiores a 100 g C m®h?y TRVV de 15 s. En
otro de los trabajos se estudi6 el tratamiento de emisiones gaseosas con etanol y
acetato de etilo en un biofiltro percolador (Sempere y col., 2009). La CE maxima fue
de 485 g C m™® h' (EE: 69%) para un TRVV de 40 s. En este experimento la
instalacion de un prefiltro de carbén activado supuso una mejora del funcionamiento
del sistema ya que la CE méxima se incrementd hasta 60 g C m>h™ (EE: 92%) para
un TRVV de 40 s. Los protocolos de operacion desarrollados en laboratorio junto con

el estudio del proceso a nivel de planta piloto (Martinez-Soria y col., 2009) se
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utilizaron para la aplicacion de esta tecnologia a escala industrial. Sempere y col.
(2012) evaluaron el funcionamiento de un biofiltro percolador instalado como la
solucion final de depuracion de las emisiones gaseosas de una industria del sector
flexografico donde los contaminantes principales fueron compuestos oxigenados
(etanol, acetato de etilo, n-propanol, metoxipropanol y acetato de n-propilo). La CE
méxima fue de 122 g C m™ h™ (EE: 89%) para una CV de 138 g C m™ h™. Esta
aplicacion representa uno de los pocos ejemplos en Europa en los que se utiliza el
biofiltro percolador como tratamiento de depuracion de emisiones gaseosas de

compuestos organicos volatiles.
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Tabla 2.2. Ejemplos de aplicacién de biofiltros percoladores para la eliminacion de COV de emisiones gaseosas

Cov Material de In6bculo Cv, TRVV, EE, CEnax Referencia
relleno gm3ht S % gm3ht
Isopropanol y Carbén Fango activado 12-159  20-90 82-100 130 Chang y Lu, 2003
acetona
. , Pseudomonas sp. .
Acetona Plexiglas/fibra coco . P 33-120 75-114 20-100 96 Pielech-Przybylska y col., 2006
Acinetobacter sp.
Etanol Cilindros plexiglas Lixiviado de compost  25-130 66 10-90 46 Morotti y col., 2011
Etanol, acetato . . . .
de etilo y MEK Anillos PP Fango activado 25-140 15-60 58-95 96 Sempere y col., 2008
Eéagt?l'c’) acetato Anillos PP Cultivo mixto 50-90*  25-60 40-100 60 Sempere y col., 2009
Estireno Espuma PU Brevibacillus sp. 7-312 20-120 29-100 125 Hwang y col., 2008
Estireno Anillos PP Cultivo mixto 5-33 13-53  20-100 12 Novak y col., 2008
Estireno Espuma PU Pseudomonas putida 0-420 10-70 90 220 Moon y col., 2010
Estireno Anillos PP Fango activado 10-130 15-60 30-96 63 Sempere y col., 2011
Tolueno Anillos PP Cultivo mixto 160 45 40-80 128 Cox y Deshusses, 2002
Tolueno Ceramica Bacillus cereus 26-541  33-200 46-100 300 Liy col., 2008
Xileno Anillos PP Cultivo mixto 20-116 35 20-78 30 Trejo-Aguilar y col., 2005
Mezcla COV Esferas PP P. oleovorans 280 14 89 250 Popov y col., 2004
Mezcla COV Anillos PP Fango activado - 10-40  40-100 - Martinez-Soria y col., 2009
Mezcla COV Anillos PP Fango activado 0-160* 26-36  50-100 122* Sempere y col., 2012
Mezcla COV Anillos PP Fango activado 0-110° 20-100 35-95 - Lafita y col., 2012

CV: carga masica volumétrica de contaminante; TRVV: tiempo de residencia a volumen vacio; EE: eficacia de eliminacion; BTEX: benceno, tolueno,

etilbenceno y xileno; MEK: metil etil cetona; PP: polipropileno; PU: poliuretano.*g Cm?h?

Péagina 33



Capitulo 2

En la Tabla 2.2 se muestran otros trabajos sobre el tratamiento de emisiones
gaseosas contaminadas con compuestos oxigenados. Chang y Lu (2003) emplearon
un biofiltro percolador para el tratamiento de diferentes mezclas de isopropanol y
acetona, alcanzando CE comprendidas entre 90y 128 g mh™ para TRVV entre 20 y
30 sy CV entre 106 y 160 g m>h™. Pielech-Przybylska y col. (2006) investigaron la
biodegradacién de acetona determinando una CE méxima de 95.8 g m™ h™* para una
CV de 97.1 g m2® hly un TRVV de 75 s. Morotti y col. (2011) operaron un biofiltro
percolador para el tratamiento de emisiones de etanol alcanzando una CE de 46 g m’
3 h para una concentracién de entrada del contaminante de 1.1 g m™y un TRVV de
66 s. Popov y col. (2004) operaron un biofiltro percolador en una industria del sector
flexografico donde las emisiones contenian la siguiente mezcla de compuestos
oxigenados: etanol, metanol, n-propanol, isopropanol y acetato de etilo. En esta
instalacion se alcanzé una eficacia de eliminacion media del 89% con una

concentraciéon media de carbono a la salida de 71 mg m™,

A pesar de que el estireno es un contaminante que presenta baja solubilidad
en agua, se ha demostrado la efectividad del proceso de biofiltro percolador para la
eliminacién de este compuesto. El capitulo 6 de esta tesis doctoral incluye un trabajo
sobre la biofiltracion de emisiones gaseosas contaminadas con estireno. Ademas, la
eliminacion de este compuesto ha sido previamente analizada en el grupo de
investigacion donde esta tesis doctoral se ha desarrollado. En este sentido, Sempere
y col. (2011) utilizaron dos biofiltros percoladores para el tratamiento de emisiones de
estireno. A cada reactor se le suministré una solucioén de nutrientes con una fuente
de nitrégeno diferente, en un caso basada en urea y en el otro en nitrato. Los
resultados mostraron el mejor funcionamiento para el biorreactor al que se le
adiciond la solucién de nutrientes compuesta por urea obteniéndose la maxima CE
de 57.6 gC m3h*(CV: 65 g C m3h?; TRVV: 60 s), que fue un 54% superior a la CE
maxima que se obtuvo utilizando el nitrato como fuente de nitrogeno. Ademas, en la
Tabla 2.2 se pueden observar otros trabajos sobre la biofiltracion de estireno bajo un
amplio rango de condiciones con CV comprendidas entre 0 y 420 g m>h'y TRVV
comprendidos entre 10 y 120 s. A modo de ejemplo, Novak y col. (2008) analizaron
el efecto del TRVV sobre el funcionamiento de un biofiltro percolador para la
eliminacion de estireno. Para ello se disminuyd el TRVV desde 53 a 13 s
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manteniendo la concentracion de entrada de estireno en un valor constante de 100
mg m>. La CE méaxima fue 11.3 g C m> h™* para una CV de 18.6 g C m>h™*y un
TRVV alrededor de 19 s. También se han estudiado otros compuestos aromaticos
como por ejemplo Cox y Deshusses (2002) que emplearon un biofiltro percolador con
anillos de polipropileno como material de relleno para el estudio de la eliminacion de
tolueno llevando a cabo periodos de interrupcién en la entrada de contaminante al
sistema. La CE méaxima que se obtuvo fue de 128 g m™ h™ trabajando a una CV de
160 g m> h™. Trejo-Aguilar (2005) emplearon un biofiltro percolador para el
tratamiento de emisiones de xileno. En este trabajo se analiz6 el efecto que tienen
las condiciones hidrodindmicas sobre el funcionamiento del biorreactor, evaluando la
densidad de flujo (6 - 14 Kg m? s™) y la porosidad del lecho (41 - 95%). La mayor CE
de 30 g m™ h' se alcanzé para una densidad de flujo de 14.1 Kg m? s*y una

porosidad del lecho de 80%.

Se han registrado casos satisfactorios de aplicaciones del proceso de biofiltro
percolador para la eliminacion de mezclas de COV de diversa naturaleza quimica. En
este contexto, el grupo de investigacién GI°’AM tras la experiencia previa con
emisiones contaminadas con compuestos oxigenados amplié el campo de aplicacion
industrial de la biotecnologia de biofiltro percolador para el tratamiento de emisiones
gaseosas industriales de menor biodegradabilidad. En primer lugar, se probaron a
escala de planta piloto los protocolos operacionales desarrollados en laboratorio.
Martinez-Soria y col. (2009) estudiaron un biofiltro percolador a escala piloto para la
depuracion de las emisiones gaseosas de una industria de fabricacion de muebles.
Las emisiones contenian compuestos de diversa naturaleza quimica segun el foco
de emisién. Algunos de estos contaminantes fueron: tolueno, etilbenceno, xileno,
estireno, metoxipropanol, acetona, acetato de i-butilo y acetato de n-butilo. Se
alcanzaron eficacias de eliminacion superiores al 95% y las concentraciones de
carbono en las emisiones de salida cumplieron los limites legales (< 110 mg C m™).
Finalmente, se implemento un biofiltro percolador como solucion final de depuracion
en dicha empresa (Lafita y col., 2012). En el capitulo 9 de la presente tesis doctoral
se han analizado muestras de biomasa procedentes de este biorreactor industrial a

lo largo de un afo de experimentacion con la finalidad de dar respuesta a uno de los
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objetivos de esta tesis doctoral: la caracterizacion y el seguimiento de las
poblaciones bacterianas en reactores de varias escalas.

Para finalizar la revisién bibliogréfica efectuada en este apartado, se puede
destacar el uso de diferentes tipos de indculos para la puesta en marcha de los
biorreactores tal y como se puede observar en la Tabla 2.2. Por ejemplo, Hwang y
col. (2008) operaron un biofiltro percolador para el tratamiento de estireno utilizando
como in6culo un cultivo puro de la cepa Brevibacillus sp. obteniendo una CE maxima
de 125 g m™ h™ para una CV alrededor de 200 g m> h™. Moon y col. (2010)
analizaron la eliminacion de este mismo contaminante empleando como inéculo un
cultivo de la especie Pseudomonas putida. La CE maxima fue de 220 g m>h™ para
una CV de 288 g m™® h™. El estudio comparativo de la influencia que presentan
diferentes tipos de indculos sobre la eliminacion de un compuesto se ha analizado en
menor medida. Li y col. (2008) investigaron la eliminacion de tolueno comparando el
funcionamiento de dos biofiltros percoladores, cada uno de ellos inoculado con
diferente cepa, Bacillus cereus S1 y Bacillus cereus S2. Los valores maximos de CE
fueron 300.5 y 228.9 g m™ h™ para el biorreactor inoculado con la cepa S1 y S2,

respectivamente, trabajando a un TRVV de 66.5 s.
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Técnicas de biologia molecular

El desarrollo de las técnicas de biologia molecular ha supuesto el estudio de la
diversidad de las comunidades microbianas desde un punto de vista diferente: el
nivel genético. La taxonomia moderna tiende a agrupar a los microorganismos en
funcién de la similitud entre sus genes, que a su vez es un reflejo de su proximidad
evolutiva. En este sentido, se ha aceptado el uso de un sistema filogenético basado
en la secuencia del ARNr, donde el grado de semejanza entre secuencias
ribosémicas proporciona una estimacion de las relaciones filogenéticas o evolutivas
(Woese, 1987). El gen ARNr 16S se considera uno de los principales marcadores
filogenéticos debido a que esta presente en todos los microorganismos y que
contiene regiones conservadas que sirven para establecer relaciones filogenéticas
lejanas, asi como regiones variables que permiten evaluar relaciones filogenéticas
préoximas, distinguiendo entre secuencias de distintas especies. Por tanto, los genes
ARNr se consideran potentes marcadores moleculares ya que permiten la
elaboracion de arboles filogenéticos robustos, de modo que en funcién de la similitud
de la secuencia de ARNr se clasifican los microorganismos en dominios y taxones
(Woese y col., 1990).

Asi pues, a partir de marcadores moleculares se han desarrollado diferentes
técnicas de andlisis de las comunidades microbianas. Algunas de estas técnicas
moleculares son: secuenciacion de genes ribosomales, electroforesis en gel con
gradiente desnaturalizante (DGGE), hibridacién fluorescente in situ (FISH),
polimorfismo de conformacién de cadena sencilla (SSCP), analisis de restriccion del
ADN ribosomal amplificado (ARDRA), polimorfismo de longitud de los fragmentos de
restriccibn terminales (T-RFLP), andlisis de los espaciadores intergénicos
ribosomales (RISA) o pirosecuenciacion.

3.1. Clonajey secuenciacion de los genes 16S ARNr

Las técnicas de clonacion y secuenciacion del gen 16S ARNr son
ampliamente utilizadas en el campo de la ecologia microbiana (Giovannoni y col.,
1990). Esta metodologia implica la extraccién de acidos nucleicos, la amplificacién y

la clonacién de los genes de 16S ARNr, seguido de la secuenciacién y, finalmente, la
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identificacion y la afiliacion del clon aislado con la ayuda de un software filogenético.
Mientras que los amplicones generados a partir de cultivos puros de bacterias
podrian ser secuenciados directamente, en el caso de extractos de ADN gendémico
de las comunidades microbianas, el paso de la clonacién resulta necesario con el fin

de separar las diferentes secuencias de ADN.

El procedimiento metodolégico a seguir consiste en la extraccion inicial de los
acidos nucleicos de la muestra, generalmente ADN, seguida de una amplificacion de
los fragmentos de los genes 16S ARNr gracias a la reaccion en cadena de la
polimerasa (PCR). La PCR permite amplificar un fragmento de ADN de interés, es
decir, obtener un gran nimero de copias de dicho fragmento por la accién de la
enzima Tag Polimerasa. En la PCR, la doble hélice de ADN se desnaturaliza (fase de
desnaturalizacion) y se pone en contacto con los llamados primers o cebadores (fase
de hibridacién). Los cebadores son una secuencia de nucleétidos complementaria a
los extremos del fragmento de ADN que se pretende amplificar. Cuando se pretende
amplificar el gen 16S ARNr practicamente completo, se utilizan cebadores disefiados
en base a secuencias conservadas proximas a los extremos 5’ y 3’ del gen, que
originan amplicones de 1500 pares de bases aproximadamente. Sin embargo, una
identificacion precisa no siempre requiere la amplificacion, y posterior secuenciacion,
del gen 16S ARNr completo, pudiéndose utilizar cebadores de menor tamafio. Estos
cebadores son extendidos en la PCR por la polimerasa que usa como molde el ADN
de cadena sencilla para crear una hebra de ADN complementaria (fase de
extension). Cada una de estas tres fases de la PCR (desnaturalizacion, hibridacion y
extension) se define por un tiempo y una temperatura determinados y en su conjunto
se denomina ciclo. La repeticion sucesiva de estos ciclos permite el incremento
exponencial del numero de copias del fragmento de ADN de interés (Erlich y col.,
1991).

Una vez completada la etapa de amplificacién por PCR, se llevan a cabo las
reacciones de secuenciacion. La secuenciacion de ADN se basa en determinar la
estructura primaria del material genético, es decir, establecer el orden en el que los
cuatro nucleotidos que constituyen el ADN (Adenina, Timina, Citosina y Guanina) se

encuentran en un fragmento dado. Los métodos actuales de secuenciacion de ADN
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son una variacion del método clasico de Sanger (Sanger y Coulson, 1975), que
requiere una hebra molde de ADN de cadena sencilla, un cebador de ADN, una ADN
polimerasa con nucledtidos marcados radiactivamente o mediante fluorescencia y
nucleotidos modificados (didesoxinucleétidos trifosfato, ddNTPs) que terminan la
elongacion de la cadena de ADN. La muestra de ADN se divide en cuatro reacciones
de secuenciacion separadas en las que se afiade so6lo uno de los cuatro
didesoxinucleotidos (ddATP, ddGTP, ddCTP, o ddTTP). Estos didesoxinucleétidos
terminan la elongacion de la cadena al carecer de grupo 3'-OH que se necesita para
la formacion del enlace fosfodiéster entre dos nucleétidos durante la elongacion de la
cadena de ADN. La incorporacién de un didesoxinucleétido en la cadena naciente de
ADN termina su extension, lo que produce varios fragmentos de ADN de longitud
variable. Los fragmentos de ADN sintetizados y marcados de nuevo son
desnaturalizados por calor y separados por tamafio mediante electroforesis en gel de
poliacrilamida-urea. Cada una de las cuatro reacciones de sintesis se lleva a cabo en
carriles individuales, uno para cada nucleotido (Carril A, T, G y C), y se visualizan las
bandas de ADN mediante autoradiografia o luz ultravioleta. La secuencia de ADN se

puede leer directamente a partir de la imagen del gel (Sanger y Coulson, 1978).

La secuenciacion automatizada se consigue con el marcaje de los fragmentos
de ADN en el extremo 5 mediante un colorante. Se necesitan cuatro reacciones,
pero los fragmentos de ADN marcados con colorantes se pueden leer utilizando un
sistema O6ptico, lo que conlleva un analisis rapido, econdémico y automatizado.
Después de la secuenciacion del ADN, se comparan las secuencias obtenidas con
las depositadas en las bases de datos. Actualmente existen distintas bases de datos
como GenBank NCBI (National Center of Biotechnology Information) o EMBL

(European Molecular Biology laboratory).

El clonaje y secuenciacién de los genes 16S ARNr proporciona informacion
filogenética precisa de los miembros de comunidades microbianas complejas, por
ello, estas técnicas se han aplicado en el campo de la biofiltracion de efluentes
gaseosos de COV a fin de caracterizar las comunidades microbianas desarrolladas
en estos procesos. En este contexto, Arnold y col. (1997) utilizaron tres biofiltros de

turba para el tratamiento de emisiones contaminadas con estireno. Entre las
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especies identificadas en la biopelicula desarrollada sobre el material de rellleno de
los sistemas, se identificaron siete cepas con capacidad para degradar estireno.
Estas especies pertenecieron a los géneros Tsukamurella, Pseudomonas,
Sphingomonas, Xanthomonas y un género no identificado del grupo bacteriano
Gammaproteobacteria. Juteau y col. (1999) analizaron la comunidad microbiana de
un biofiltro de compost aplicado al tratamiento de tolueno, en el que se identificaron
los géneros Acinetobacter, Azoarcus, Mycobacterium, Nevskia, Pseudomonas,
Pseudonocardia y Rhodococcus de los cuales Pseudomonas y Rhodococcus fueron
los mas abundantes. Roy y col. (2003) estudiaron las comunidades bacterianas de
tres biofiltros de compost para el tratamiento de emisiones contaminadas con
tolueno. En este trabajo sOlo se detecté una Unica especie con capacidad para
eliminar el tolueno que se identific6 como Pseudomonas putida. Amouric y col.
(2006) analizaron la biofiltracion de hexano en un biofiltro de vermiculita. Este biofiltro
se inocul6 con un cultivo bacteriano previamente adaptado a vapores de gasolina.
Los resultados de la clonacién y secuenciacion indicaron que todas las cepas
aisladas del in6culo pertenecieron a Proteobacteria (Alfaproteobacteria,
Betaproteobacteria y Gammaproteobacteria) con dominancia del grupo bacteriano
Gammaproteobacteria que estuvo mayoritariamente constituido por la especie
Pseudomonas. Los resultados obtenidos del andlisis de muestras del biofiltro
después de 27 dias de operacién indicaron que la comunidad bacteriana estaba
compuesta principalmente por el grupo Gammproteobacteria. Ademéas se
identificaron los grupos bacterianos Betaproteobacteria, Alfaproteobacteria,
Deltaproteobavteria, Epsilonproteobacteria, Cyanobacteria, Acidobacteria,
Bacteroides y algunas especies de Actinobacteria. Mathur y col. (2007) emplearon un
biofiltro para el tratamiento de la mezcla de benceno, tolueno, etilbenceno y o-xileno
(BTEX). El material de relleno consistié en una mezcla de compost, cafia de azucar y
carbon activado. Los autores aislaron una cepa con elevada capacidad para
degradar la mezcla de contaminantes que se identific6 como Bacillus sphaericus.
Barcon y col. (2012) estudiaron la eliminacién de metanol en dos biofiltros en los que
se utilizo, en uno de ellos, un material de relleno organico de corteza de pinoy, en el
otro, un material de relleno sintético de anillos de PVC. En la primera fase de

experimentacion se operdé el biofiltro con el material de relleno organico sin llevar a
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cabo un control de pH lo que provocd una acidificacion del sistema. Bajo estas
circunstancias, las técnicas de clonacion y secuenciacion permitieron la identificacion
de los microorganismos predominantes que fueron las siguientes especies de
hongos: Candida boidinii, Nectria mariannaeae, Scytalidium lignicola y Hydrocina
chaetocladia. En la segunda fase de experimentacion se opero el biofiltro percolador
con anillos de PVC como material de relleno y, en este caso, se llevo a cabo el
control de pH a condiciones neutras. Durante esta fase, se identificaron como
predominantes los siguientes grupos de bacterias: Alfaproteobacteria,
Betaproteobacteria, Gammaproteobacteria y Deltaproteobacteria. Zehraoui y col.
(2014) estudiaron el tratamiento de emisiones gaseosas contaminadas con n-hexano
mediante un biofiltro percolador evaluando si la introduccibn de metanol
incrementaba la eliminacion del contaminante. Los autores determinaron que las
especies dominantes durante el tratamiento de la mezcla n-hexano y metanol fueron
Methylobacterium aminovorans, Hyphomicrobium sp. y Mycobacterium sp. Sin
embargo, cuando solo se introducia n-hexano en el biorreactor la especie
predominante fue Mycobacterium sp., mientras que la especie Hyphomicrobium sp.
redujo significativamente su abundancia y la especie Methylobacterium aminovorans

desaparecio.

3.2. Electroforesis en gel con gradiente desnaturalizante (DGGE)

La técnica DGGE (Denaturing Gradient Gel Electrophoresis) es un tipo de
electroforesis que permite la separacion de fragmentos de ADN del mismo tamafio
pero diferente secuencia de nucleétidos (Muyzer y col., 1993). Para ello, un gradiente
lineal creciente de agentes quimicos desnaturalizantes (una mezcla de urea y
formamida) se incorpora a lo largo de un gel de poliacrilamida. Durante la
electroforesis se mantiene una temperatura constante, normalmente de 60 °C, y los
fragmentos de ADN migran por el gel hasta encontrar una determinada
concentracion de urea y formamida (concentracion desnaturalizante) en la que las
cadenas de ADN se separan y el desplazamiento de las moléculas se interrumpe.
Para asegurar que las moléculas se detengan en su punto de desnaturalizacion se

necesita una cola poli-GC que se incorpora al extremo 5’ de uno de los cebadores.
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Esta cola estd formada por 40-60 guaninas (G) y citosinas (C) y proporciona a los
fragmentos amplificados una elevada temperatura de desnaturalizacion que evita
que las moléculas de ADN se desnaturalicen por completo para conseguir una

resolucién éptima en el gel.

Las propiedades de desnaturalizacion de los fragmentos de ADN que se
someten a analisis por DGGE se deben determinar previamente para optimizar el
gradiente desnaturalizante y la duracién de la electroforesis, de manera que los
fragmentos se separen correctamente. El porcentaje de acrilamida del gel se suele
ajustar en funcion de la longitud de los productos de PCR y dado que la técnica de
DGGE es adecuada para fragmentos de ADN de hasta 500 pares de bases (Muyzer
y Smalla, 1998) el porcentaje de acrilamida suele oscilar entre el 6% y el 10%.
Existen variaciones de la técnica DGGE, como la TGGE (Temperature Gradient Gel
Electrophoresis) que utiliza un gradiente lineal de temperatura a lo largo del gel de
electroforesis en lugar de un agente quimico desnaturalizante. Las moléculas con
distinta secuencia se desnaturalizan a distintas temperaturas, y por tanto se detienen
en su migracion electroforética en distintas posiciones en el gel (Muyzer, 1999).

La técnica DGGE es un método altamente sensible y relativamente
reproducible, permite analizar simultdneamente numerosas muestras posibilitando la
realizacion de estudios de diversidad microbiana. En este sentido, esta técnica
permite comparar las comunidades microbianas presentes en muestras tomadas en
diferentes puntos de muestreo o permite estudiar una misma comunidad a lo largo
del tiempo o en presencia de diferentes condiciones ambientales u operacionales.
Ademas una de las principales ventajas es la posibilidad de extraccién de las bandas
correspondientes a los fragmentos separados para su identificacibn mediante
secuenciacion. En contraposicion, la técnica presenta algunas limitaciones pues la
longitud de los fragmentos separados no suelen ser mayor de 500 pares de bases,
limitando la resolucién en la identificacion de secuencias diferentes, de modo que es
posible la co-migracion de fragmentos de ADN, es decir, que dos secuencias
diferentes de ADN compartan una misma posicion en el gel. Esto puede provocar la
subestimacion de la diversidad microbiana presente en las muestras analizadas.

Ademas, pueden presentarse bandas dobles provenientes de la formacion de
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moléculas heteroduplex durante la PCR, es decir, que un organismo esté
representado por varias bandas, de manera que se dificulta la interpretacion de los
perfiles de DGGE ya que, en este caso, se puede sobreestimar la diversidad

microbiana.

La técnica DGGE ha sido utilizada en el campo de la ecologia microbiana
permitiendo evaluar la dinamica poblacional en ecosistemas tales como las
biopeliculas desarrolladas en los biorreactores para el tratamiento de emisiones de
COV. En este sentido, Tresse y col. (2002) estudiaron la evolucion temporal de las
poblaciones microbianas en un biofiltro percolador en el que se evalué la eliminaciéon
de estireno. Los patrones de bandas de la DGGE mostraron que el indculo
presentaba 6 bandas, mientras que después de 182 dias de operacibn se
observaron 17 bandas en las muestras tomadas del biorreactor. So6lo el 50% de las
bandas del in6éculo se mantuvieron a lo largo de la operacién del biofiltro percolador.
Ademas, se analiz0 la comunidad microbiana a diferentes alturas del lecho del
biorreactor observandose uniformidad en los patrones de bandas obtenidos,
fendmeno que los autores asociaron a la homogenizacion causada por los flujos de
aire y de liquido que atraviesan el lecho. Una de las especies dominantes que se
identificé a lo largo de los 182 dias fue Rhodococci erythropolis, una bacteria Gram
positiva perteneciente al grupo Actinobacteria. Cai y col. (2006) estudiaron el
funcionamiento y la comunidad microbiana de un biofiltro percolador en el que se
llevaron a cabo diferentes fases de experimentacion, cada una de ellas con diferente
composicién de contaminantes. Los compuestos estudiados fueron metil etil cetona
(MEK) en la primera fase (fase 1), una mezcla de tolueno y metil isobutil cetona
(MIBK) en la segunda fase (fase Il), estireno en la tercera fase (fase Ill) y por ultimo,
de nuevo MEK en la cuarta fase (fase 1V). Los patrones de bandas obtenidos con la
técnica DGGE mostraron cambios en la comunidad microbiana. Particularmente, se
aprecio un cambio drastico en los patrones de bandas entre la fase | y Il, ya que
desaparecieron algunas de las bandas de la fase | y aparecieron mdultiples bandas
nuevas en la fase Il. Babbit y col. (2009) estudiaron dos biofiltros de carbén activado
para el tratamiento de metanol. Uno de los biofiltros se inoculd con un cultivo de
bacterias degradadoras de metanol mientras que el otro biofiltro no se inoculé. La

comunidad microbiana se analizé a lo largo del experimento mediante la técnica de
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DGGE observdndose un mayor numero de bandas en el patron correspondiente a
las muestras del biofiltro que fue inoculado, lo que implic6 una mayor diversidad
microbiana. Por otra parte, se observé una comunidad bacteriana estable a lo largo
de la operacion que no se vio afectada por los cambios en la concentracion de
metanol en las emisiones a depurar. Las bandas con mayor intensidad se extrajeron
para una posterior identificacion mediante secuenciacion, determindndose una
elevada abundancia de especies con capacidad para degradar metanol
pertenecientes al grupo Betaproteobacteria como es el caso del género
Methylophilus y al grupo Alfaproteobacteria con géneros como Hyphomicrobium y
Methylocella. Li y col. (2012) estudiaron la comunidad bacteriana desarrollada en un
biofiltro percolador a escala industrial para la depuracion de una mezcla de
contaminantes constituida por MEK, estireno y tolueno. Los patrones de bandas de la
técnica DGGE mostraron desde el dia 38 de operacion una composicion de la
comunidad microbiana diferente a la identificada en el in6culo. La comunidad
bacteriana presentdé una predominancia del filum Proteobacteria, particularmente
Betaproteobacteria, Gammaproteobacteria y Alfaproteobacteria. Los autores
relacionaron la aparicion de una cepa perteneciente al género Xanthomonadales
(Gammaproteobacteria) a partir del dia 68 con una recuperacion de la eficacia de
eliminacion del sistema. Okunishi y col. (2012) utilizaron la técnica de DGGE para el
estudio de la comunidad microbiana en un biofiltro para el tratamiento de emisiones
de tolueno empleando como material de relleno polivinilo. Se observaron cambios en
la composicion de las poblaciones bacterianas a lo largo del periodo experimental
asociados a la variacion de condiciones de operacion tales como la concentracion de
contaminante, la adicion de nutrientes o las interrupciones en la alimentacion de
COV. Los patrones de la técnica DGGE mostraron una comunidad bacteriana
diversa, identificAndose especies como Burkholderia cepacia (Betaproteobacteria),
Shingobacterium multivorum (Bacteroidetes) y Pseudomonas putida
(Gammaproteobacteria). Solo la especie Alicycliphilus denitrificans
(Betaproteobacteria) se mantuvo a lo largo de todo el periodo experimental.
Prenafeta-Boldu y col. (2012) analizaron la comunidad microbiana de tres biofiltros.
En cada biofiltro se llevd a cabo la eliminacion de uno de los siguientes

contaminantes: tolueno, etilbenceno y p-xileno. Los tres biofiltros se rellenaron de un
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fertilizante organico peletizado y se inocularon con un cultivo de bacterias
degradadoras de tolueno. Las bandas dominantes observadas en el gel de la DGGE
procedentes del in6culo, del material de relleno y de muestras de biomasa de los
biofiltros después de 185 dias de operacion, se extrajeron y secuenciaron para su
identificacion. El inéculo resultd estar constituido por las siguientes especies:
Burkholderia cepacea, Pandora pnomenusa, Xanthomonadales sp., y un hongo
Acremonium kiliense. La comunidad microbiana identificada en el material de relleno
fue altamente diversa, compuesta por bacterias y hongos como Cytophagales,
Pseudoactinobacter sp., Actinomycetales (Ruania albidiflava y Aeromicrobium
ginsengisoli), Streptomyces halotolerans, Rhodococcus coprophilus, Exophiala
oligosperma, Aspergillus sydowii y Aspergillus versicolor. En las muestras
procedentes de los biorreactores al final del experimento se identificaron especies
provenientes del material de relleno como S. halotolerans o R. coprophilus y hongos
como E. oligosperma y A. versicolor. Ademas, se detectaron comunidades
microbianas similares en dos de los biofiltros, en concreto, en los biofiltros que
trataron emisiones contaminadas de tolueno y etilbenceno, con géneros como
Alcaligenes, Microbacterium y Streptomyces. Sin embargo, la comunidad microbiana
del biofiltro alimentado con xileno fue diferente y mas compleja, con géneros
bacterianos como Sphingobacteriales y Thermoleophilales y especies de hongos

como Cladophialophora saturnica.

3.3. Hibridacién fluorescente in situ (FISH)

La técnica FISH (Fluorescense In Situ Hybridization) permite la deteccién de
secuencias concretas de acidos nucleicos mediante sondas de oligonucledtidos
marcadas con fluorocromos. Las sondas hibridan de modo especifico con la
secuencia complementaria. El uso de sondas de oligonucledtidos para regiones
especificas del gen 16S ARNr permite la identificacion filogenética de los
microorganismos dentro de una muestra ambiental (DeLong y col., 1989). La
metodologia para la aplicacion de la técnica FISH requiere una serie de pasos
(Amann y col., 1995). El primer paso necesario es la fijacion de las bacterias. De esta

forma se conserva su morfologia y se favorece el acceso de las sondas.
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Posteriormente se pone en contacto la muestra con una solucién de hibridacion
donde esté inmersa la sonda marcada con un fluorocromo. Esta solucién contiene
formamida para favorecer las condiciones de especifidad de la sonda. La formamida
hace que disminuya la temperatura de unidn de las sondas mediante el
debilitamiento de los puentes de hidrégeno. El siguiente paso es la incubacion de la
muestra donde se produce la hibridacion de la sonda con la secuencia
complementaria. Posteriormente, se requiere la visualizacion de las células
hibridadas. Para ello, se puede utilizar desde microscopia de epifluorescencia a
microscopia laser confocal o citometria de flujo (Amman y col., 1990; Wagner y col.,
1994; Delong y col., 1999). Finalmente, se realiza una cuantificacion relativa de la
presencia de un grupo microbiano, género o especie en la muestra analizada. En
este sentido, Jubany y col. (2009) crearon un método automético para la
determinacion de la fraccion de biomasa hibridada frente al total de bacterias
presentes.

La técnica FISH permite visualizar, identificar y cuantificar diferentes
microorganismos dentro de una muestra compleja, ya que se pueden utilizar sondas
con dominios especificos para especies, géneros, familias y 6rdenes (Amann y col.,
1995 y 2001). En contraposicion al potencial de esta técnica, su aplicacion esta
limitada a la disponibilidad de las sondas para los microorganismos que se pretenden
analizar ya que no siempre se encuentran en las bases de datos disponibles. Otra
limitacion de la técnica viene dada por la aparicion de falsos negativos y falsos
positivos que afectan a la cuantificacion final, subestimando o sobreestimando los

resultados.

La técnica FISH ha sido utilizada para el estudio de las comunidades de
microorganismos en diferentes bioprocesos y en concreto en el campo de la
biofiltracion de COV demostrando ser una metodologia efectiva para llevar a cabo el
seguimiento simultaneo de diferentes grupos de microorganismos en comunidades
complejas como son las biopeliculas. Por ejemplo, Stoffels y col. (1998) estudiaron la
dinamica de la comunidad bacteriana mediante la técnica FISH en un biofiltro
percolador a escala industrial para la degradacion de una mezcla de compuestos

aromaticos en emisiones gaseosas. Para la preparacion del indculo se utilizé fango
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activado de una EDAR que presentdé mayor proporcion de los grupos bacterianos
Alfaproteobacteria y Betaproteobacteria. Este fango activado se aclimat6 a la mezcla
de compuestos aromaticos durante 48 dias. Después de este periodo, el reactor se
inoculé con este cultivo que presentd una abundancia del grupo bacteriano
Gammaproteobacteria del 80% con Pseudomonas putida y Pseudomonas
mendocina como especies representativas. Sin embargo, los resultados de la
aplicacion de la técnica FISH en muestras de biopelicula del biorreactor de los dias
127 y 227 de operacién mostraron como la composicién de la comunidad bacteriana
fue diferente a la del in6culo aclimatado, ya que los grupos Alfaproteobacteria y
Betaproteobacteria volvieron a ser dominantes frente a Gammaproteobacteria.
Friedrich y col. (2003) investigaron la comunidad microbiana de un biofiltro a escala
industrial que se oper6 utilizando como material de relleno una mezcla de raices de
arboles trituradas y compost. Los resultados mostraron una dindmica temporal de las
poblaciones bacterianas a lo largo del periodo experimental con dominancia del
grupo bacteriano Betaproteobacteria seguido de Actinobacteria, Alphaproteobacteria,
Cytophaga-Flavobacteria, Firmicutes y Gammaproteobacteria. Hekmat y col. (2003)
estudiaron la comunidad bacteriana mediante la técnica FISH en un biofiltro
percolador alimentado con una mezcla de compuestos aromaticos. En primer lugar
se analiz6 la comunidad bacteriana del in6culo en el que se detectaron
mayoritariamente Actinobacterias, mientras que el filum Proteobacteria, representado
en este estudio por Alfaproteobacteria, Betaproteobacteria y Gammaproteobacteria,
se identific6 con una abundancia inferior al 2%. El andlisis de la comunidad
microbiana en el biorreactor después de un tiempo prolongado de operacién
presentd una abundancia de Proteobacteria entre el 87 y el 92%, siendo
Gammaproteobacteria el grupo bacteriano mas abundante tanto en las muestras
procedentes de la biopelicula como de la solucién de recirculacién. Ademas, se
detectaron dos cepas con capacidad para degradar la mezcla de contaminantes que
pertenecieron al género Pseudomonas. Kristiansen y col. (2011) analizaron la
estructura de la comunidad bacteriana en un biofiltro a escala industrial para el
tratamiento de amoniaco y una mezcla de COV. Los resultados indicaron el
desarrollo de una comunidad bacteriana especializada con dominancia del grupo

Betaproteobacteria (especialmente Comamonas), seguido de Bacteroidetes,
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Actinobacteria, Gammaproteobacteria, y bacterias nitrificantes como Nitrosomonas o

Nitrosococcus.

La técnica FISH también se ha empleado para el estudio de la dinamica de las
poblaciones bacterianas en otro tipo de aplicaciones asociadas a la depuracion de
emisiones gaseosas, como por ejemplo, en la desulfuraciébn de gases mediante
biofiltracion (Chung, 2007; Maestre y col., 2010).

3.4. Polimorfismo de conformacion de cadena sencilla (SSCP)

La técnica de SSCP (Single Stranded Conformational Polymorphism) se basa
en la movilidad electroforética del ADN monocatenario en geles de acrilamida bajo
condiciones no desnaturalizantes que depende de su estructura espacial
tridimensional y estd directamente relacionada con su secuencia (Lessa y
Applebaum, 1993). El primer paso para la aplicacién de la técnica SSCP consiste en
una amplificacién por PCR de la regidn de interés del gen que se pretende analizar.
Después de la amplificacion por PCR los fragmentos de ADN son desnaturalizados,
y bajo unas condiciones concretas de concentracién y de temperatura las cadenas
simples de ADN adoptan una conformacién tridimensional especifica. La técnica
SSCP puede ser facilmente automatizada mediante cebadores marcados con

moléculas fluorescentes y utilizando un secuenciador automatico de ADN.

A diferencia de la técnica DGGE, la SSCP no requiere el uso de cebadores
con cola GC, geles con gradiente o instrumentos especificos de electroforesis por lo
que resulta una técnica mas sencilla. Sin embargo, presenta algunas desventajas ya
gue la obtencion de resultados satisfactorios requiere el analisis de fragmentos con
un tamafo menor a 400 pares de bases. A medida que aumenta el tamafio de la
molécula a analizar ésta se vuelve insensible a determinados cambios, adoptando
siempre la misma conformacion tridimensional a pesar de haberse producido un
cambio en su secuencia. Ademas, la desnaturalizacibn completa es dificil de
conseguir y muchas veces aparece mas de una banda para un mismo fragmento de
ADN (Scwieger y Tebbe, 1998). Sin embargo, la técnica SSCP ha sido utilizada en

varios trabajos sobre caracterizacion de las comunidades microbianas de muestras
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ambientales, como es el caso de algunos de los estudios microbiolégicos llevados a
cabo en biorreactores para la depuracién de emisiones gaseosas contaminadas con
COV. Por ejemplo, Khammar y col. (2005) operaron un biofiltro de turba para
estudiar la relacion entre la estructura de la comunidad microbiana y la actividad de
degradacion a diferentes alturas del biorreactor. Las emisiones tratadas consistieron
en una mezcla de 11 COV (compuestos oxigenados, aromaticos y halogenados). Los
resultados obtenidos mediante la técnica SSCP indicaron una composicion de la
comunidad microbiana altamente diversa que presentaba diferencias a lo largo del
lecho, lo que se relaciond con una degradacion especifica de contaminantes. Los
compuestos oxigenados se eliminaron en la parte superior del biofiltro, zona de
alimentacion de las emisiones a depurar, mientras los compuestos aromaticos se
eliminaron en la parte final del reactor. A 10 cm de altura del biorreactor se
detectaron especies del grupo Actinobacterias como Rhodococcus erythropolis. A
partir de 70 cm de altura del biorreactor se identificaron especies del grupo
Betaproteobacteria como  Burkholderia sp. Las especies del grupo
Gammaproteobacteria, como Pseudomonas sp., se detectaron a lo largo de todo el
biorreactor. Lin y col. (2007) estudiaron la eliminacion de metil ter-butil éter (MTBE)
en un biofiltro percolador analizando dos soluciones de nutrientes en las que se
cambio la fuente de nitrogeno, en una de ellas se utilizo sulfato de amonio y en la
otra nitrato de sodio. Los resultados obtenidos tras la aplicacion de la técnica SSCP
mostraron diferente comunidad bacteriana con cada una de las soluciones de
nutrientes. La mayor eliminacion de MTBE se obtuvo utilizando nitrato de sodio como
fuente de nitrégeno, lo que ademas coincidié con una comunidad bacteriana menos
diversa, es decir mas especializada en la degradacion de MTBE. Bayle y col. (2009)
estudiaron la biofiltracibn de una mezcla de 11 COV (compuestos oxigenados,
aromaticos y halogenados), analizando como afectaba la carga volumétrica de
contaminantes sobre la comunidad microbiana desarrollada. Los resultados
obtenidos con la técnica SSCP determinaron mayor diversidad de especies para
cargas bajas de contaminante. Las especies mas abundantes pertenecieron a los
grupos Bacteroides (35%), Alfaproteobacteria (20%), Betaproteobacteria (20%),
Cyanobacteria (4-10%) y el resto se identificaron como Planctomycetes, Firmicutes,

Actinobacteria y Epsilonproteobacteria.
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3.5. Andlisis de restriccion del ADN ribosomal amplificado (ARDRA)

La técnica ARDRA (Amplified Ribosomal DNA Restriction Analysis) se basa en
una amplificacion por PCR del gen 16S ARNr y una digestion con endonucleasas de
restriccién. Posteriormente los productos se separan mediante electroforesis en gel
de agarosa o poliacrilamida (Smit y col., 1997). Los perfiles electroforéticos obtenidos
revelan la diversidad microbiana existente en la muestra analizada. ARDRA es una
técnica efectiva y sencilla que se ha utilizado usualmente en combinacion con otras
técnicas como T-RFLP o DGGE permitiendo estudiar la dinamica de las poblaciones
microbianas ante cambios ambientales. Uno de los principales inconvenientes de
esta técnica es la eleccién de la endonucleasa y la aparicion de mas de una banda
en el gel para un mismo fragmento amplificado, lo que produce una sobrestimacion
de los resultados. La técnica ARDRA se ha aplicado en algunos estudios de
caracterizacion de las comunidades microbianas presentes en bioprocesos. Friedrich
y col. (2002) analizaron la diversidad bacteriana presente en un biofiltro a escala
industrial operado para el tratamiento de una mezcla compleja de contaminantes. El
resultado de la aplicacion de la técnica ARDRA mostré6 una elevada diversidad
bacteriana ya que se detectaron 444 clones de los cuales 106 fueron secuenciados,
identificAndose que el 90.5% pertenecian a los grupos Proteobacteria vy
Bacteroidetes. Los grupos mayoritarios fueron Alfaproteobacteria (22.1%),
Betaproteobacteria (17.6 %) y Gammaproteobacteria (18.6%), seguido de
Actinobacteria (2%), Firmicutes y Verrucomicrobia (1%), Deltaproteobacteria (0.5%) y
Thermomicrobia (0.5%). Bailon y col. (2009) estudiaron la eliminacién de
diclorometano en dos biofiltros percoladores. En este trabajo se utilizé la técnica
ARDRA para realizar el seguimiento de las cepas Hyphomicrobium KDM2 y KDM4 a
lo largo del periodo de operacion ya que se emplearon como in6culo de los
biorreactores. Los resultados mostraron que estas cepas estuvieron presentes

durante toda la experimentacién, sin embargo no fueron las especies dominantes.
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3.6. Polimorfismo de longitud de los fragmentos de restriccion

terminales (T-RFLP)

La técnica T-RFLP (Terminal Restriction Fragment Length Polymorphism) se
basa en la amplificacién del ADN por PCR utilizando un cebador marcado con una
molécula fluorescente (Liu y col., 1997). El fragmento de PCR resultante se digiere
con una 0 mas endonucleasas de restriccion y los fragmentos de restriccion
terminales se separan fisicamente en un analizador automatico de ADN. La
diversidad microbiana en una comunidad puede estimarse mediante un secuenciador
capilar en el que se obtiene un electroforograma donde cada pico corresponde a un
fragmento de restriccion terminal. Una de las principales ventajas de la técnica es la
separacion de los fragmentos con alta resolucion, sin embargo esta técnica presenta
la limitacién de no poder extraer los fragmentos de las bandas separadas para su
posterior secuenciacion. La técnica T-RLFP se ha utilizado para el estudio de la
dindmica de la comunidad microbiana tanto espacial como temporal en bioprocesos.
Maestre y col. (2009) estudiaron la comunidad microbiana desarrollada en un biofiltro
percolador para la desulfuracion de gases o Yang y col. (2014) aplicaron esta técnica
para estudiar la comunidad bacteriana desarrollada en cuatro biofiltros para la

eliminacién de amoniaco.

En el caso de la biofiltracion de emisiones gaseosas de COV se pueden
encontrar trabajos donde se utiliza la técnica T-RFLP, aunque normalmente se
emplea como complemento de otras técnicas de biologia molecular. En este sentido,
Khammar y col. (2005) operaron un biofiltro de turba para el tratamiento de una
mezcla de 11 COV (oxigenados, aromaticos y halogenados). Se cultivaron muestras
de turba utilizando un medio de cultivo general de triptona, soja y agar y se aislaron
31 cepas que se analizaron mediante la técnica T-RFLP. Los resultados
determinaron que las cepas aisladas pertenecieron a los grupos bacterianos
Betaproteobacteria, Gammaproteobacteria y Actinobacteria y a las divisiones de

hongos Basidiomycota y Saccharomyces.
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3.7. Andlisis de los espaciadores intergénicos ribosomales (RISA)

RISA (Ribosomal Intergenic Spacer Analysis) es una técnica basada en la
amplificacion mediante PCR de la region entre los operones 16S y 23S ARNr
conocida como region espaciadora intergénica (ISR). Esta regién es diferente en
cada especie tanto en secuencia como en longitud. Las ISR pueden ser amplificadas
por PCR mediante cebadores a partir de nucleétidos conservados de los extremos 5’
de los genes 23S ARNr y de los extremos 3’ de los genes 16S ARNr (Borneman y
Triplett, 1997). La version automatizada de la técnica RISA se conoce como ARISA
(Automated Ribosomal Intergenic Spacer Analysis) y se basa en el uso de un
cebador marcado con una molécula fluorescente que permite la deteccién de la ISR
autométicamente mediante un detector laser (Fisher y Triplett, 1999). Este método es
rapido y simple y permite el analisis de la dindmica poblacional en respuesta a
variaciones en las condiciones ambientales u operacionales. El inconveniente es que
la base de datos existente de ISR es limitada y no siempre es posible la identificacion
de los microorganismos presentes en las muestras ambientales. No obstante, la
técnica RISA/ARISA ha sido utilizada en algunos estudios para el analisis de las

comunidades microbianas de biofiltros para la eliminacién de COV.

Steele y col. (2005) evaluaron la estructura de la comunidad microbiana
presente en dos biofiltros para el tratamiento de emisiones gaseosas contaminadas
con etanol. Cada biofiltro se oper6 utilizando diferente material de relleno, en uno de
ellos se utiliz6 arena y, en el otro, rocas de lava. Para la inoculacion de los
biorreactores se emple6 fango activado procedente de una EDAR que se aclimat6 a
etanol durante 68 dias. El resultado de la aplicacién de la técnica ARISA mostré una
disminucién en la diversidad microbiana durante el proceso de aclimatacion del
fango. Durante el funcionamiento de los biorreactores, la menor diversidad
microbiana se detectd cuando la eficacia de eliminacion fue superior al 80%. Por otra
parte, se relacioné la diversidad bacteriana con el pH de operacion, de modo que
para pH inferiores a un valor de 4 se identific6 una elevada diversidad microbiana
coincidiendo con menores eficacias de eliminacion. Sin embargo, en los periodos de
operacion a pH neutro la diversidad microbiana disminuyd mientras que la eficacia de
eliminaciéon de los sistemas se incrementd. Borin y col. (2006) analizaron la

diversidad microbiana de un biofiltro de compost alimentado con emisiones de
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benceno mediante la técnica RISA a lo largo de 240 dias. Los resultados
determinaron un aumento de la diversidad microbiana al incrementar Ila
concentracion de benceno de las emisiones gaseosas. Se determiné como grupo
mayoritario Rhodococcus, bacteria Gram positiva perteneciente al grupo de las
Actinobacterias, seguido de los géneros Bordetella y Neisseria, bacterias Gram
negativas pertenecientes al grupo Betaproteobacteria. Del total de las cepas
aisladas, mas del 35% presentaron capacidad de utilizar el benceno como fuente de
carbono. Estas cepas pertenecieron a los siguientes grupos bacterianos:

Actinobacteria, Firmicutes, Betaproteobacteria y Gammaproteobacteria.

3.8. Pirosecuenciacioén

La pirosecuenciacion esta basada en la secuenciacién por sintesis, acoplando
la sintesis de ADN a una reaccion quimioluminiscente, lo que permite una
determinacion de secuencias en tiempo real (Ronaghi y col., 1996 y 1998). Esta
técnica ha sido comercializada por la empresa Roche con el primer equipo de
secuenciacion masiva (Secuenciador GS 20™). Este método se basa en la
nanotecnologia ya que utiliza esferas atrapadas en una placa que contiene mas de
un millén y medio de microceldas de 44 ym de diametro. Al introducir una esfera por
cada celdilla se realiza una reaccion de secuenciacion individual basada en la
sintesis complementaria de ADN de cadena sencilla, el cual ha sido multiplicado por
una reaccion de PCR y alineado a cada esfera. La incorporacion de cada nucle6tido
durante la polimerizacién de ADN libera una molécula de pirofosfato (PPi), que al
interaccionar con algunas enzimas presentes en el medio (ADN polimerasa,
sulfurilasa, ATP luciferasa y apirasa) produce una sefial quimioluminiscente que es
capturada por una camara de deteccion de fotones, y que con el soporte de un
programa de computo es traducida como la adicion de un nucleétido determinado,
generando una secuencia individual por cada celda. La técnica de pirosecuenciacion
ofrece la posibilidad de obtener una visibn muy detallada de las comunidades
microbianas y de su estructura mediante el examen de secuencias bacterianas en
ordenes de magnitud mayor que mediante el uso de los métodos tradicionales tales

como la clonacion y secuenciacion de Sanger (Rothberg y Leamon, 2008).

Pagina 63



Capitulo 3

La aplicacion de la pirosecuenciacion a los estudios de biofiltracion permite el
andlisis de cambios en la estructura microbiana identificando todas las especies
presentes. La técnica de pirosecuenciacion se ha comenzado a aplicar en los ultimos
afios en el campo de la biofiltracién. Jianming y col. (2014) estudiaron la comunidad
bacteriana de dos biofiltros percoladores que trataron emisiones de diclorometano
mediante pirosecuenciacion. Los resultados determinaron que los tres filum
dominantes fueron Acidobacteria, Bacteroidetes y Proteobacteria siendo Pandoraea
el género predominante. Este género perteneciente a la clase Betaproteobacteria se
utilizé en la inoculaciébn de los biorreactores ya que presentd capacidad para
degradar el diclorometano. Otros géneros minoritarios identificados fueron
Novosphingobium (Alfaproteobacteria), Acidovorax (Betaproteobacteria),
Xanthomonas (Gammaproteobacteria) y Flexibacter (Bacteroidetes). Russell y col.
(2014) aplicaron la técnica de pirosecuenciacion para analizar la comunidad
bacteriana de un biofiltro con raices de arbol como material de relleno que se empled
para el tratamiento de una mezcla de 6 COV (propanol, hexanol, percloroetileno, d-
limoneno, benceno y tolueno). Inicialmente, se analiz6 la comunidad microbiana
presente en las raices de arbol que se utlizaron como material de relleno,
determindndose los filum Proteobacteria y Bacteroidetes como dominantes. En el
caso del grupo Proteobacteria destacaron los 6érdenes Rhizobiales
(Alfaproteobacteria) y Burkholderiales (Betaproteobacteria). En el caso del grupo
Bacteroidetes destacaron los oOrdenes Sphingobacteriales (Sphingobacteria) y
Flavobacteriales (Flavobacteria). Posterioremente, se analizd la comunidad
bacteriana que se desarrollé en el biorreactor después de un tiempo prolongado de
operacion, observandose una proliferacion de especies de las cuales la familia mas
abundante fue Hyphomicrobiaceae (Alfaproteobacteria). Ademas se identificaron
otras  especies pertenecientes a las  familias Pseudomonadaceae
(Gammaproteobacteria), Rhodobacteraceae (Alfaproteobacteria) y Burkholderia

(Betaproteobacteria).

La técnica de pirosecuenciacion ha permitido completar el estudio
microbiolégico que se ha desarrollado mediante la técnica FISH en el biofiltro de
turba para la eliminacion de estireno de esta tesis doctoral (capitulo 6). Los

resultados de pirosecuenciacion determinaron Azoarcus (Betaproteobacteria) y
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Pseudomonas (Gammaproteobacteria) como los géneros dominantes. Ademas, se
establecio que los géneros Brevundimonas (Alfaproteobacteria), Hydrogenophaga y
Achromobacter (ambos Betaproteobacteria) presentaron una funcidon importante en
la degradacion de estireno. Se observo una relacion entre la abundancia de estos
géneros y las concentraciones de estireno de las emisiones gaseosas (Portune y
col., 2015).

La técnica de pirosecuenciacion también se ha utilizado en otro tipo de
aplicaciones como por ejemplo la desulfuracion de gases mediante biofiltracion
(Rovira, 2012; Montebello y col., 2013) o la eliminacién de metano (Kimy col., 2014).
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Materiales y métodos

En el presente capitulo a fin de proporcionar una vision integrada de los
materiales y los métodos detallados en cada uno de los articulos cientificos que
constituyen esta tesis doctoral, se incluye una descripcién conjunta de los mismos.
Para ello, se detallan los sistemas de biofiltracion, las técnicas analiticas utilizadas
para llevar a cabo el seguimiento de los biorreactores, y las técnicas de biologia
molecular que se han aplicado para el estudio de las comunidades bacterianas.

4.1. Sistemas de biofiltraciéon

En el desarrollo experimental de esta tesis doctoral se han utilizado dos tipos
de biorreactores: biofiltros y biofiltros percoladores. El proceso de biofiltro se ha
estudiado a nivel de laboratorio mientras que el proceso de biofiltro percolador se ha
aplicado a nivel de laboratorio, planta piloto e industrial. Los distintos sistemas de

biofiltracion empleados se describen a continuacion.

4.1.1. Biofiltros de laboratorio

Durante la experimentacion en laboratorio sobre el tratamiento de aire
contaminado con estireno (capitulo 6) se utilizaron dos biofiltros fabricados en
metacrilato con una longitud de 97 cm y un didmetro interno de 13.6 cm (volumen de
14 L). El esquema del montaje experimental se presenta en la Figura 4.1. Cada
biofiltro estaba equipado con cinco puertos para la toma de muestras gaseosas
localizados a una distancia de 0 cm (puerto de entrada), 25, 50, 75 y 97 cm (puerto
de salida) de la entrada del aire a depurar. Ademas, cada biofiltro disponia de cuatro
puertos localizados a una distancia de 20, 40, 60 y 80 cm de la entrada de aire para
la toma de muestras del material de relleno. En la parte superior de cada reactor se
dispuso un espacio vacio de 10 cm de longitud con el fin de conseguir la correcta
distribucion del aire contaminado y de la disoluciébn de nutrientes suministrada
periodicamente. En la parte inferior también se sitio un espacio de 10 cm para la
salida del aire tratado y la recogida del lixiviado producido durante el funcionamiento
del sistema. El aire utilizado en los experimentos provenia de un comprensor. El aire

comprimido se acondicioné mediante una etapa de filtracion para eliminar particulas
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y gotas de aceite seguida de una etapa de secado para eliminar la humedad. El
caudal de aire se ajusto utilizando un controlador de flujo méasico (Bronkhorst Hi-Tec,
Paises Bajos). El aire comprimido, filtrado y secado se humidifico previamente a la
entrada de los biofiltros y, a continuacién, se contamind con estireno mediante una
bomba de jeringa (modelo infusion/withdraw NE 1000, New Era Pumps Systems Inc.,
EEUU). El aire, una vez contaminado, se introdujo en los biofiltros por la parte
superior de los mismos, siendo el flujo descendente. El aporte de nutrientes se
realiz6 mediante la adicion de una disolucion con efecto tampon por la parte superior
de los biofiltros con una dosis de 50 mL cada dia. A su vez, junto con la adicion de
dicha disolucion, se suministraron entre 50 y 150 mL de agua para la regulacion del

contenido en humedad del material de relleno.

Agua/nutrientes
|

£

Deposito( }-
estireno

—(_Hed—

Entrada de
aire

-

Salida de aire

Lixiviado

Humidificador

Figura 4.1. Esquema del montaje experimental de un biofiltro a escala de laboratorio.
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4.1.2. Biofiltros percoladores de laboratorio

La experimentacion de laboratorio para el tratamiento de emisiones gaseosas
contaminadas con isopropanol se llevé a cabo mediante dos biofiltros percoladores
(capitulo 5). En el experimento de depuracion de aire contaminado con estireno,
ademas de los dos biofiltros explicados anteriormente, se utiliz6 un biofiltro
percolador (capitulo 6). Estos biofiltros percoladores se fabricaron en metacrilato, con
una longitud de 126 cm y un didmetro interno de 14.4 cm (volumen de 20 L). El
esquema del montaje experimental se presenta en la Figura 4.2. Cada biofiltro
percolador estaba equipado con cuatro puertos para la toma de muestras gaseosas,
localizados a una distancia de 0 cm (puerto de entrada), 44, 86 y 123 cm (puerto de
salida) de la entrada del aire a depurar. Ademas, cada biorreactor disponia de tres
puertos localizados a una distancia de 20, 63 y 105 cm de la entrada de aire para la
toma de muestras de biopelicula. En cada uno de los sistemas se utilizd un tanque
de 10 L para contener la solucidon de recirculacion que se introducia por la parte
superior de cada reactor en contracorriente al flujo de aire mediante una bomba
centrifuga (HPR 10/15, RS Amidata S.A., Espafa). Ademas, se dispuso un espacio
de 20 cm de longitud en la parte superior de cada reactor para la salida del aire
tratado. En este espacio se sitio un desnebulizador con el fin de separar las gotas
de liquido arrastradas por la corriente gaseosa. En la parte inferior de cada reactor
se dispuso un espacio vacio de 20 cm para la distribucién del aire contaminado y la
recogida de la solucion de recirculacion. El dispositivo se completé con un sistema
de dosificacion de nutrientes constituido por un tanque de almacenamiento y una
bomba peristéltica. El aire comprimido, filtrado y secado se contaminé con el
compuesto correspondiente utilizando una bomba de jeringa (modelo
infusion/withdraw NE 1000, New Era Pumps Systems Inc., EEUU). El caudal de aire
se ajusté mediante un controlador de flujo masico (Bronkhorst Hi-Tec, Paises Bajos).
La corriente de aire contaminada se introdujo en los biofiltros percoladores por la

parte inferior de los mismos.
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Figura 4.2. Esquema del montaje experimental de un biofiltro percolador a escala de
laboratorio.

En el experimento sobre el tratamiento de emisiones gaseosas contaminadas
con 2-butoxietanol (capitulo 7) se utilizaron dos biofiltros percoladores. Inicialmente,
se operd uno de estos biorreactores en la Universitat Stuttgart y, a continuacion, se
operd el otro biorreactor en la Universitat de Valencia. El biofiltro percolador
empleado en la Universitat Stuttgart se fabric6 en PVC, con una longitud de 100 cmy
un diametro interno de 15 cm (volumen de 18 L). En la Figura 4.3a se muestra una
fotografia del montaje experimental utilizado. El biofiltro percolador estaba equipado
con dos puertos para la toma de muestras gaseosas localizados a una distancia de 0
cm (puerto de entrada) y 100 cm (puerto de salida) de la entrada del aire a depurar.
Ademas, el biorreactor disponia de un puerto localizado a una distancia de 100 cm
de la entrada de aire para la toma de muestras de biopelicula. En el sistema se
utilizd un tanque de 15 L que contenia la solucion de recirculacion, ésta se introducia
por la parte superior del reactor en contracorriente al flujo de aire mediante una
bomba dosificadora de membrana (Vario HM15-PP, ProMinent GmbH, Alemania).

Ademas, se dispuso un espacio de 20 cm de longitud en la parte superior del reactor
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para la correcta salida del aire tratado y la entrada de la solucion de recirculacién. El
aire comprimido, filtrado y secado se contamind con 2-butoxietanol utilizando una
bomba dosificadora de diafragma (STEPDOS® 03, KNF, Suiza). La corriente de aire

contaminada se introdujo por la parte inferior del biorreactor.

El biofiltro percolador empleado en la Universitat de Valéncia se fabricé en
PVC, con una longitud de 70 cm y un diametro interno de 10.5 cm (volumen de 6 L).
En la Figura 4.3b se muestra una fotografia del montaje experimental utilizado. El
biofiltro percolador estaba equipado con cuatro puertos para la toma de muestras
gaseosas, localizados a una distancia de 0 cm (puerto de entrada), 30, 50 y 70 cm
(puerto de salida) de la entrada del aire a depurar. Estos mismos puertos se
emplearon para la toma de muestras de biopelicula. En el sistema se utiliz6 un
tanque de 5 L para contener la solucion de recirculacién, ésta se introducia por la
parte superior del reactor en contracorriente al flujo de aire mediante una bomba
dosificadora de membrana (Sigma/2, ProMinent Gugal S.A, Espafia). Ademas, se
dispuso un espacio libre de 8 cm de longitud en la parte superior del reactor para la
salida del aire tratado donde se sitio un desnebulizador. En la parte inferior se
dispuso un espacio vacio de 8 cm para la distribucion del aire contaminado y la
recogida de la solucion de recirculacion. El dispositivo se completé con un sistema
de dosificacion de nutrientes constituido por un tanque de almacenamiento y una
bomba peristaltica. El aire comprimido, filtrado y secado se contamind con 2-
butoxietanol utilizando una bomba de jeringa (modelo infusién/withdraw NE 1000,
New Era Pumps Systems Inc., EEUU). El caudal de aire se ajust6 mediante un
controlador de flujo masico (Bronkhorst Hi-Tec, Paises Bajos). La corriente de aire
contaminada se introdujo en el biofiltro percolador por la parte inferior del mismo.
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Figura 4.3. Fotografias de los montajes experimentales utilizados para el estudio de la
eliminacion de 2-butoxietanol. a) Universitat Stuttgart b) Universitat de Valencia.

La Tabla 4.1 resume las principales condiciones de operacion de los distintos
experimentos a escala de laboratorio. En los biofiltros percoladores que se
emplearon para el tratamiento de isopropanol (capitulo 5) se utilizaron condiciones
de alimentacién intermitente de contaminante, es decir, las emisiones gaseosas se
contaminaron durante 16 horas al dia (desde las 6 a las 22 h) y 5 dias a la semana
(de lunes a viernes). Durante las horas que no se aportaba contaminante al sistema
se mantenia el mismo caudal de aire que cuando si era aportado. En el resto de
experimentos de laboratorio se utiliz6 un patron de alimentacion de contaminante
continuo (24 horas, 7 dias a la semana). Durante los diferentes estudios realizados
se trabaj6 con caudales de aire comprendidos entre 0.4 y 5 m® h™* (TRVV de 12.5 a
160 segundos) y con una concentracién de contaminante en la corriente de entrada
con valores comprendidos entre 180 y 1700 mg Nm™. La adicién de los nutrientes a
los biorreactores se efectlo con dosis comprendidas entre 7 y 200 mL cada dia. En
el caso de los biofiltros percoladores, la solucion de recirculacion se introdujo en los
reactores con caudales comprendidos entre 1.6 y 3.25 L min® (velocidades
superficiales de 9-11 m h™) y utilizando diversas frecuencias de riego, desde 5
segundos por minuto hasta 15 minutos cada 2 horas. Respecto a la purga de la
solucion de recirculacion, ésta se realizO semanalmente con un volumen que vario

entre el 10 y el 50% de la cantidad total del tanque de recirculacion.
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Tabla 4.1. Condiciones de operacién de los experimentos a escala de laboratorio.

Compuesto Isopropanol Estireno 2-butoxietanol
Sistema BTF1 BTF2 BF1L BF2 BTF BTF1 BTF2
Volumen, L 20 20 14 14 20 18 6
Material Plasti Anill Fi . .

aterial de astico nrios Turba ibra Anillos PP Espuma de poliuretano
relleno estructurado PP
Qs m*ht 0.4-4 0.4-1.1 1.2-2.4 5 1.7
TRVV, s 14-160 45-120 30-60 12.5
Alimentacion . : .
cov Intermitente Continuo Continuo
Ce, mg Nm?® 425-1700 275-1125 180-475 450-680
Qu, L min™ 2.7 - 2.5-3 3.25 1.6
v, mht 10 - 9-11 11 11
Frecuencia 15 min/1.5 h i 15min2h  Ssmin  TMVA2min
riego 1 min/2 h
Adicién
nutrientes, 30-200 50 32-160 7-10 20
mL dia™

BTF: biofiltro percolador; BF: biofiltro; TRVV: tiempo de residencia a volumen vacio; PP: polipropileno;
Qc: caudal de gas; Q.: caudal de recirculacion; v, : velocidad superficial de liquido; Ce: concentracién
de entrada de contaminante.

4.1.3. Planta piloto de biofiltro percolador

La planta piloto basada en la tecnologia VOCUS® (Pure Air Solutions B.V.,
Paises Bajos) se construyé en un contenedor de transporte y se instalé en la
empresa FICOMIRROR S.A. (Ficosa Grupo Internacional) de fabricacion y pintado
de componentes de automévil ubicada en Soria (Figura 4.4) con el objetivo de
determinar la viabilidad del proceso de biofiltro percolador para el control de sus
emisiones al aire. Las emisiones gaseosas resultantes de esta actividad industrial
presentaron una concentracion variable de una mezcla de COV comprendida entre
100 y 450 mg C Nm>. La corriente de aire se introducia al biorreactor de modo
ininterrumpido (24 horas al dia, 7 dias a la semana) con caudales comprendidos
entre 29 y 90 m* h™* (TRVV: 30 - 93 s). La contaminacién de las emisiones dependia
del patron de produccion de la actividad industrial que comprendia desde las 6:00 am
del lunes a las 6:00 am del sabado.
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Figura 4.4. Fotografia del exterior de la planta piloto de biofiltro percolador (VOCUS®).
Cortesia de FICOMIRROR S.A.

El esquema del sistema se presenta en la Figura 4.5. El reactor biolégico
consistié en una columna de 0.75 m® de volumen efectivo, el cual se llené con anillos
de polipropileno Flexiring™ (Koch-Glistch BVBA, Bélgica) de 50 mm de diametro

nominal.

Aire Aire

contaminado depurado
. PID A
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P i Especificaciones:
Q | P: Sensor de presion.
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Figura 4.5. Esquema del biofiltro percolador a escala de planta piloto. Adaptada de
Martinez-Soria y col. (2009).
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El aire contaminado se introdujo por la parte inferior del reactor mediante un
ventilador (APE 401/A, Euroventilatori International, Italia) equipado con un variador
de frecuencia (CIMR, yaskawa Electric Corporation, EEUU) que permitid el control
del caudal de aire. El sistema contaba con un depdsito cilindrico de 400 L donde se
almacenaba la solucion de recirculacion, ésta se introducia en contracorriente por la
parte superior del reactor mediante una bomba centrifuga (modelo CEA(M) 70/3,
Lowara, Italia) con un caudal de 1.2 m*® h' y una frecuencia de 20 min h. La
solucion de recirculacion se sustituia completamente una vez al mes por agua limpia.
Ademas, la planta piloto constaba de un sistema de dosificacion de nutrientes,
formado por un depdsito de 100 L y una bomba dosificadora.

El sistema estaba equipado con un controlador de l6gica programable y un
conjunto de sensores y dispositivos para el control de los pardmetros de operacion a
través de la comunicacion por modem. La planta disponia de sensores de pH
(modelo Orbisint CPS11, Endress+Hausser, Suiza), conductividad (InduMaxP
CLS50, Endress+Hausser, Suiza), temperatura (modelo TR11, Endress+Hausser,
Suiza), nivel de liquido (Liquiphant, Endress+Hausser, Suiza), presién (Deltabar S
PMD70, Endress+Hausser, Suiza), asi como medidores de caudal de aire (Proline t-
mass 65, Suiza) y de agua (Proline Promag 10, Endress+Hausser, Suiza). La
instrumentacién se completaba con dos detectores de fotoionizaciéon (TVOC, lon
Science Ltd., Reino Unido) para la medida continua de la concentracion de COV en

el aire de entrada y de salida al biofiltro percolador.

Los detectores de fotoionizacion se comprobaron periodicamente mediante un
analizador de hidrocarburos totales equipado con un detector de ionizacion de llama
y una bomba para la succién de los gases (Nira Mercury model 901, Spirax Sarco,
Espafia). Este equipo se calibré periddicamente utilizando una bala patron (Carburos
Metalicos, Espafia) de mezcla sintética estandar de propano (1473 mg C Nm™) en
nitrdgeno gas. La identificacion y la cuantificacion de los principales contaminantes
presentes en las emisiones se llevaron a cabo mediante cromatografia de gases
acoplada a espectrometria de masas. Los analisis se efectuaron con un
cromatografo de gases (modelo 6890N, Agilent Technologies, EE.UU) equipado con

una valvula automatica de inyeccion de gases, un detector de llama de ionizacion y
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una columna capilar HP-5MS (30 m x 0.25 mm x 0.26 pm). El gas portador fue helio
con un caudal de 4.4 cm® min™. La temperatura en el inyector fue de 250 °C. La
temperatura en el horno se fij6 inicialmente en 60 °C durante 5 minutos, a
continuacion, se elevo hasta 180 °C con una velocidad de calentamiento de 3°C min’
!y, por Gltimo, se incrementé hasta 300 °C manteniéndose esta temperatura durante
20 minutos hasta el enfriamiento a 60 °C. La identificacibn de cada compuesto se
realiz6 comparando los patrones de fragmentacion con los espectros de masas

disponibles en las bases de datos.

4.1.4. Unidad industrial de biofiltro percolador

El grupo de investigacion GI°’AM (Grupo de Investigacién en Ingenieria
Ambiental) de la Universitat de Valéncia, en el que se ha llevado a cabo el desarrollo
de la presente tesis doctoral, colabora con la empresa holandesa Pure Air Solutions
en la transferencia de tecnologia para la depuracion de emisiones gaseosas
mediante biofiltro percolador. Fruto de esta colaboracion, y tras un pilotaje previo
(Martinez-Soria y col., 2009), se procedi6é a la instalacion del biofiltro percolador
VOCUS® (Pure Air Solutions B.V., Paises Bajos) en la empresa GAMADECOR S.A.
del Grupo Porcelanosa (Figura 4.6) de fabricacion de muebles de madera ubicada en
Villareal (Castellon). Esta unidad industrial se disefi6 como solucion final de
depuracion de las emisiones gaseosas producidas. Las emisiones gaseosas
resultantes presentaron una concentracion de mezclas de COV comprendida entre
120 y 600 mg C Nm™. Estas emisiones se caracterizaron por patrones irregulares y
oscilantes, con picos de concentracion relativamente elevados (hasta 500 y 600 mg
C Nm™®) y de duracién normalmente inferior a 60 segundos. La corriente de aire se
introducia al biorreactor de modo ininterrumpido (24 horas al dia, 7 dias a la semana)
con caudales comprendidos entre 2000 y 12000 m*® h™* (TRVV: 20 - 100 s). La
contaminacion de las emisiones dependia del patrén de produccion de la actividad
industrial que se producia desde las 7:00 am a las 9:00 pm, acorde al nivel de

produccion y al foco origen de las emisiones.
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Figura 4.6. Fotografia del exterior de la planta industrial (VOCUS®). Cortesia de
GAMADECOR S.A. (Grupo Porcelanosa).

El reactor biolégico de 60 m*de volumen efectivo se llené con anillos plasticos
de superficie especifica superior a 110 m?> m™ y de porosidad superior al 90%. El
sistema se completd con un prefiltro de carbdn activado (Karb modelo 9D 460 kg de
coral, Italia), al que se introducia el aire a depurar previamente a que éste pasara al
biofiltro percolador, a fin de amortiguar la variacion de la concentracion de COV en
las emisiones a depurar. La solucion de recirculacion se suministraba al reactor por
la parte superior con un caudal de 10 m®*h™ y una frecuencia de 15 min h™. Entre un
60 y 70% del total de la solucién de recirculacion se sustituyé por agua limpia dos

veces al mes.

La concentracion de COV en el aire de entrada y salida al biofiltro percolador
se midi6 con un analizador de hidrocarburos totales (RS 55-T, Ratfich
Analysensysteme GmbH, Alemania) que se comprob6 y calibr6 una vez al mes
mediante una bala patron (Carburos Metalicos, Espafia) de mezcla sintética estandar
de propano (300 ppm) en nitrdgeno gas. La identificacion de los principales
contaminantes presentes en las emisiones se llevé a cabo mediante cromatografia
de gases acoplada a espectrometria de masas (5973N MS/GC, Agilent
Technologies, Espafia) y la composicion se determind mediante un cromatografo de

gases (modelo 7890, Agilent Technologies, EEUU). Este biofiltro percolador
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actualmente sigue en funcionamiento como la solucibn de depuracion de las

emisiones gaseosas de la empresa GAMADECOR S.A. (Grupo Porcelanosa).

4.2. Materiales
4.2.1. Materiales de relleno

Las principales propiedades de los materiales de relleno que se utilizaron en
los diferentes biorreactores se especifican en la Tabla 4.2 y en la Tabla 4.3. La Tabla
4.2 presenta las propiedades fisicas y quimicas de los materiales orgénicos de los
biofiltros que se operaron en el estudio del tratamiento de estireno (capitulo 6), que
fueron turba y fibra de coco. La Tabla 4.3 muestra las propiedades fisicas de los
materiales de relleno inertes empleados en los biofiltros percoladores. Se utilizaron
tres tipos de rellenos: anillos de polipropileno de diferentes tamafios, relleno plastico
estructurado y espuma de poliuretano. La Tabla 4.3 indica en que biofiltro percolador
se utilizé cada uno de los rellenos. A nivel ilustrativo, en la Figura 4.7 se presentan
imagenes de algunos de estos materiales.

Tabla 4.2. Propiedades fisicas y quimicas de los rellenos organicos utilizados en los
biofiltros.

Turba Fibra de coco

pH 4.8 6.8
Capacidad de retencion de agua, % 88.0 60.0
Densidad, Kg m™ 133.0 60.0
Contenido en materia organica, % 95.0 93.8
Area superficial especifica BET, m* g™ 13.4 0.9
Andlisis quimico:

Carbono,% 48.5 47.8
Hidrégeno, % 5.8 5.8
Oxigeno, % 40.0 42.8
Nitrégeno, % 0.6 0.1
Azufre, % 0.1 0.0
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Tabla 4.3. Propiedades fisicas de los rellenos inertes utilizados en los biofiltros percoladores.

Anillos de polipropileno Relleno Espuma de
estructurado poliuretano

Tamafio, mm 16 25 50 - - -
Densidad, Kg m* 95 71 60 - - 23
Porosidad, % 87 92 93 >90 - 96
Sup. Esp., m*m™ 341 207 110 >110 410 400
Aplicacién Laboratorio Laboratorio Piloto Industrial Laboratorio Laboratorio
Contaminante Isopropanol  Estireno Mezcla COV Isopropanol 2-butoxietanol

Sup. Esp: superficie especifica.

Figura 4.7. Detalle de diferentes materiales de relleno utilizados. Rellenos organicos: a)
Turba fibrosa; b) Fibra de coco. Rellenos inertes: anillos de polipropileno: ¢) 16 mm; d) 25
mm.

4.2.2. Compuestos

Los contaminantes utilizados durante la experimentacién de laboratorio se
seleccionaron entre los compuestos representativos de las emisiones de varios
sectores industriales con potencial de aplicacion de las tecnologias de biofiltracién.
Los experimentos en laboratorio se han centrado en el tratamiento de emisiones
gaseosas que contenian un Unico contaminante. Se realizaron tres estudios
experimentales cada uno de ellos con uno de los siguientes compuestos:
isopropanol, estireno y 2-butoxietanol. El isopropanol se trata de un compuesto
habitual en las emisiones procedentes de la industria flexografica (capitulo 5). Las
concentraciones de isopropanol en las emisiones a depurar oscilaron entre 250 y

1000 mg C Nm™. El estireno es un contaminante representativo de las emisiones de
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la industria del procesamiento y de la sintesis de polimeros (capitulo 6). Las
emisiones de entrada a los sistemas de biotratamiento presentaron concentraciones
de estireno entre 200 y 1125 mg Nm™. Por dltimo, el 2-butoxietanol es un compuesto
ampliamente usado como disolvente en el sector del recubrimiento y de la limpieza
de superficies (capitulo 7). Las concentraciones tratadas de este compuesto
oscilaron entre 450 y 680 mg Nm™. La Tabla 4.4 presenta las propiedades fisicas de

estos compuestos.

Tabla 4.4. Propiedades fisicas de los contaminados estudiados a escala de laboratorio.

Propiedad Isopropanol Estireno 2-butoxietanol
Formula quimica C;s;HgO CgHg CeH1405
Numero CAS 67-63-0 100-42-5 11-72-2
Peso molecular, g mol™ 60.1 104.14 118.17
Punto de ebullicién, °C @ 82.5 145 171
Densidad relativa del liquido® 0.785 0.903 0.902
Presién de vapor a 20 °C, Pa 318 317-10° 100
Cte. de Henry a 25 °C, atm m*® mol™ 8.1.10° 2.75-10° 1.6:10°
Punto de inflamacién 11.7 31 61
Temperatura de autoignicién, °C 455 490 238
Limites de explosividad, % vol 2-12 0.9-6.8 1.1-12.7
@ para latm

®) 3 20 °C y referida al agua a 4 °C

De las propiedades fisicas mostradas en la Tabla 4.4 se puede destacar que
el 2-butoxietanol y el isopropanol son compuestos de alta solubilidad en agua
(constante de Henry de 8.1:10°y 1.6-10° atm m® mol™, respectivamente), mientras
que el estireno presenta baja solubilidad (constante de Henry de 2.75-10° atm m?®

mol™).

En cuanto a los ensayos realizados en planta piloto (capitulo 8), las emisiones
procedian de una instalacion industrial del sector de recubrimiento de superficies
plasticas, compuestas por una mezcla de disolventes de diversa naturaleza quimica
atendiendo al foco de emision y al tipo de producto aplicado. Las emisiones
procedian de dos focos (pintado y barnizado) en los que se aplicaron diferentes
productos de recubrimiento. Estos productos estuvieron principalmente compuestos
por disolventes facilmente biodegradables como el acetato de n-butilo o el acetato de
butil glicol, aunque también presentaron en menor proporcibn compuestos menos

biodegradables como el xileno o el trimetilbenceno. Sin embargo, uno de los
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productos (etiquetado como “C”) presentd una composicién basada mayoritariamente
en compuestos aromaticos, como el xileno o el etilbenceno, y compuestos
recalcitrantes, como el naftaleno y cumeno, resultando emisiones gaseosas de dificil
biodegradabilidad. La concentracion de COV en las emisiones oscilé entre 100 y 450

mg C Nm?,

Las emisiones de entrada a la unidad industrial de biofiltro percolador (capitulo
9) procedian de dos focos de produccién de una industria del sector de recubrimiento
de la madera. En uno de ellos (“foco A”), las emisiones presentaron una composicion
guimica compleja formada por una gran variedad de compuestos tanto oxigenados
como aromaticos, tales como el tolueno, xileno, acetato de n-butilo, etilbenceno,
etanol, acetona, isopropanol, etc. Las emisiones procedentes del otro foco (“foco B”)
estuvieron constituidas principalmente por acetona, tolueno y acetato de n-butilo. Las

concentraciones de COV oscilaron entre 120 y 600 mg C Nm™.

4.2.3. Disoluciones de nutrientes

El aporte de nutrientes necesarios para el metabolismo microbiano se realiz6
mediante soluciones concentradas que se ajustaron a un pH de 7. La adicion de
nutrientes en el caso de los biofiltros se realiz6 por la parte superior de los mismos lo
que a su vez sirvié para regular el contenido de humedad. En el caso de los biofiltros
percoladores, los nutrientes se adicionaron al tanque de recirculacion mediante un
sistema de dosificacion con el fin de mantener una concentracidén de nitrégeno en el

tanque como minimo de 10 mg N L™

A lo largo del desarrollo experimental de esta tesis doctoral se han utilizado
diferentes formulaciones de nutrientes, las cuales se presentan a continuacion en las
Tabla 4.5, Tabla 4.6, Tabla 4.7 y Tabla 4.8. La Tabla 4.5 presenta la formulacion
guimica de la disolucion de nutrientes que se suministré a los biofiltros percoladores
a escala de laboratorio operados para el tratamiento de isopropanol (capitulo 5). En
este caso, la fuente de nitrdgeno se proporcion6 a partir de nitrato potasico y la
fuente de fosforo a partir de fosfato trisédico. La formulacion quimica de la solucion

de nutrientes que se utilizd en la experimentacion sobre el tratamiento de estireno
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mediante biofiltros se presenta en la Tabla 4.6 (capitulo 6). Esta disolucion contenia
nitrato potasico como fuente de nitrégeno y una mezcla de fosfato monobasico y
difasico para suministrar fosforo y para amortiguar el pH de la disolucion. La Tabla
4.7 incluye la formulacion quimica de la solucion de nutrientes adicionada al biofiltro
percolador empleado para el estudio de la eliminacién de estireno que se describe en
el capitulo 6. Esta disolucion contenia amonio como fuente de nitrégeno el cual se
proporciono6 a través de cloruro de amonio y de amonio fosfato difasico, este altimo
compuesto, a su vez fue la fuente de fésforo. Esta misma disolucion se adiciond en
el biofiltro percolador utilizado en la Universitat de Valéncia para la eliminacion de 2-
butoxietanol (capitulo 7). En el caso del biofiltro percolador operado en la Universitat
Stuttgart (Alemania) para el estudio de la eliminaciéon de 2-butoxietanol se utilizé una
disolucién comercial de nutrientes usada comunmente como fertilizante para plantas
(capitulo 7). Esta disolucion se basaba en una fuente de nitrdgeno proporcionado
como nitrato (2.3%), amonio (1.5%) y urea (3.2%), una fuente de fésforo en forma de

oxido de fosforo (3%) y una fuente de potasio como éxido de potasio (5%).

En el biofiltro percolador a escala de planta piloto (capitulo 8) se suministré
una soluciébn de nutrientes basada en urea como fuente de nitrégeno. La
composicién completa se presenta en la Tabla 4.8. En el biofiltro percolador a escala
industrial (capitulo 9) se adicion6 una solucion de nutrientes basada principalmente
en amonio (50 g N L™) y fosfato (10 g P L™) y que fue suministrada por la empresa

Pure Air Solution (Paises Bajos).
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Tabla 4.5. Composicion de la disolucibn de nutrientes suministrada a los biofiltros
percoladores para el tratamiento de isopropanol.

Compuesto Concentracién, g L™
KNO; 21.7
Na3PO4'12H20 4.6
Compuestos traza Concentracion, pg L™ Vitaminas Concentracion, ug L™
Ca 12000 Betacaroteno 20
Fe 1500 Bl 70
Mg 2650 B2 70
Zn 605 B6 95
Co 60 B9 10
Mo 60 B12 0.1
Ni 55 C 3
Cu 50 D 0.3
B 45 E 500
Mn 40 Biotina 2
I 8 Niacina 900
Se 3
Cr 1

Tabla 4.6. Composicion de la disolucion de nutrientes suministrada a los biofiltros para el
tratamiento de estireno.

Compuesto Concentracién, g L™
KNO; 22.4
KH, PO, 2.4
K;HPO, 0.4
MgS04 7H,0 0.9
Compuestos traza Concentracion, ug L™ Vitaminas Concentracion, pg L™
Ca 12000 Betacaroteno 20
Fe 1500 Bl 70
Mg 2650 B2 70
Zn 605 B6 95
Co 60 B9 10
Mo 60 B12 0.1
Ni 55 C 3
Cu 50 D 0.3
B 45 E 500
Mn 40 Biotina 2
| 8 Niacina 900
Se 3
Cr 1
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Tabla 4.7. Composicion de la disolucibn de nutrientes suministrada a los biofiltros
percoladores de la Universitat de Valéncia alimentados con estireno y 2-butoxietanol.

Compuesto Concentracién, g L™ Vitaminas Concentracion, pg L™
NH,CI 9.7 A 40.0
MgSO, 7H,0 0.9 C 3000.0
(NH,) 2HPO, 2.2 D 0.2
NaHCO; 0.5 E 500.0
NaOH 0.4 K 1.3
KCI 0.6 Bl 70.0
Micronutrientes Concentracién, mg L™ B2 80.0
CacCl, 12.7 niacina 900.0
ZnS0,4-7H,0 0.2 B9 10.0
CoCl,-6H,0 0.2 B12 0.1
MnCl,-4H,0 0.1 Biotina 1.5
Na,MoO,-2H,0 0.1 B5 300.0
NiSO,-6H,0 0.24 Ca 600.0
H3:BO; 0.2 Mg 4000.0
Fe 700.0
Cu 45.0
I 3.8
Zn 400.0
Mn 90.0
K 1160.0
Se 2.5
Cr 1.3
Mo 2.3
Cl 1075.0
coenzima Q10 150.0

Tabla 4.8. Composicion de la disolucién de nutrientes suministrada al biofiltro percolador a

escala de planta piloto.

Compuesto Concentracién, g L™
Urea 6.5
NazPO, 12H,0 7.4
CacCl, 12.7
Fe, (SO4) 3 4.8
ZnS0O,4 7H,O 0.2
CoCl, 6H,0 0.2
MnCl, 4H,0 0.1
Na,MoO, 2H,0O 0.1
NiSO, 6H,0 0.1
H3;BO; 0.2
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4.2.4. In6bculos

En la puesta en marcha de los biorreactores que se operaron durante el
desarrollo experimental de esta tesis doctoral se emplearon diversos tipos de
inbculos. Por una parte, se desarrollaron dos cultivos puros con las cepas
Pseudomonas putida CECT 324 y Pseudomonas sp. BOE200 en nuestro laboratorio.
Estas cepas se seleccionaron debido a la capacidad de la especie Pseudomonas
para degradar diversos tipos de compuestos orgénicos. El cultivo de la cepa
Pseudomonas putida CECT 324 se emple6 en la inoculaciéon de los biofiltros
estudiados para el tratamiento de estireno (capitulo 6). El cultivo de la cepa
Pseudomonas sp. BOE200 se utiliz6 como indculo en el biofiltro percolador operado
en la Universitat Stuttgart para el tratamiento de 2-butoxietanol (capitulo 7). El resto
de biorreactores, tanto a escala de laboratorio como industrial, se inocularon
mediante un procedimiento simple y econdmico basado en la adicion de fango
activado procedente de una estacion de depuracion de aguas residuales urbana

(EDAR) sin ningun tipo de adaptacion previa a los contaminantes a degradar.
e Cultivos puros

La cepa Pseudomonas putida CECT 324 se adquirié de la Coleccién Espariola
de Cultivos Tipo (CECT, Valencia, Espafa). Esta cepa se cultivo en frascos estériles
de 50 mL que contenian 20 mL de medio de cultivo Nutrient Broth (NB) con un pH de
7 y cuya composicion se detalla en la Tabla 4.9. Los frascos se incubaron a 30 °C en
un agitador orbital a 100 rpm (New Brunswick Scientific, Edison, EEUU). Después de
una semana, se introdujeron 250 mL del cultivo puro concentrado en un reactor

discontinuo aireado en el que se adicionaron 750 mL de medio de cultivo NB.

Tabla 4.9.Composicion del medio de cultivo Nutrient Broth (NB).

Compuesto Concentracién, g L™
Extracto de carne 1
Extracto de levadura 2
Peptona 5
NaCl 5
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El reactor discontinuo se aire6 usando aire no estéril y se alimentd
continuamente con estireno con un caudal de 0.15 mL h™* utilizando una bomba de
jeringa (modelo infusion/withdraw NE 1000, New Era Pumps Systems Inc., EEUU).
Después de 30 dias, los biofiltros se inocularon mediante 1 L de este cultivo que
presenté una concentracion de sélidos suspendidos de 1.7 g L™ y un porcentaje de
sélidos suspendidos volatiles del 71%.

La cepa Pseudomonas sp. BOE200 fue suministrada por Christine Woiski del
Instituto de ingenieria sanitaria, calidad del agua y gestion de los residuos solidos
(ISWA) de la Universitat Stuttgart (Alemania). Esta cepa se aislé de una muestra de
biomasa procedente de un biorreactor a escala industrial operado para el tratamiento
de emisiones gaseosas contaminadas con 2-butoxietanol. La cepa se cultivd en
matraces conicos de 100 mL utilizando Medio Mineral (MM) con un pH de 7.1 y cuya

composicidn se presenta en la Tabla 4.10.

Tabla 4.10. Composicién del medio de cultivo Medio Mineral (MM).

Compuesto Concentracion, g L™
Na,HPO,-2H,0 3.50
KH,PO, 1.00
(NH,4),SO, 1.00
MgSO,-7H,0 0.20
Ca(NO3)-4H,0 0.05
CesHgO7-FeH;N 0.01

Compuestos traza:

HsBO; 0.30-10°
CoCl,-6H,0 0.20-10°
ZnS0,-7H,0 0.10-10°

NaMoO,-2H,0 0.03-10°
MnCl,-4H,0 0.03-10°
NiCl,-6H,0 0.02:10°
CuCl,-2H,0 0.01-10°

En el cultivo de MM se utilizd 2-butoxietanol (5 mmol L") como fuente de
carbono. Después de 7 dias la cepa mostr6 un crecimiento significativo y se
transfirieron 25 mL del cultivo a nuevos matraces con 100 mL de MM repitiendo este
proceso hasta la obtencion de 1 L de cultivo puro con el que se inocul6 el biofiltro
percolador. El inéculo alcanzé una concentracion de sélidos suspendidos de 2.8 g L™

y un porcentaje de soélidos suspendidos volatiles de 81%.
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e Fango activado

Cada uno de los fangos activados empleados en los distintos experimentos
procedi6 de una EDAR diferente. Tal y como se observa en la Tabla 4.11 cada
muestra de fango activado se adquirio el dia anterior a la puesta en marcha de cada
sistema. Para la inoculacién de los biofiltros percoladores a escala de laboratorio se
utilizé entre 0.5 y 1 L de fango activado. En los biofiltros percoladores a escala
industrial se adicion6 una cantidad de fango activado superior a 100 L. En todos los
ensayos el fango activado, sin adaptacion previa al contaminante, se adiciono en el
tanque de recirculacion de los biorreactores y se recirculé de modo continuo entre 24
y 72 horas para fomentar la adhesién de la biomasa al material de relleno. La
concentracion de sélidos suspendidos de los fangos activados empleados en los
distintos experimentos oscilé6 en valores comprendidos entre 3y 7 g L™ y el
porcentaje de sélidos suspendidos volatiles present6 valores comprendidos entre 70
y 85%.

Tabla 4.11. Fangos activados utilizados, fecha de adquisicion, EDAR municipal de
procedencia y aplicacion.

Fecha EDAR de procedencia Aplicacion

14/02/2010 Carlet, Valencia Laboratorio/lsopropanol (capitulo 5)
12/11/2012 Quart-Benager, Valencia Laboratorio/Estireno (capitulo 6)
20/02/2014 Paterna, Valencia Laboratorio/2-butoxietanol (capitulo 7)
29/10/2010 Soria Piloto/Mezcla de COV (capitulo 8)
30/06/2010 Villareal, Castellén Industrial/Mezcla de COV (capitulo 9)

4.3. Técnicas analiticas para el control y el seguimiento de los
biorreactores

4.3.1. Concentracion de COV

En el laboratorio de la Universitat de Valéncia la concentracion de COV en el
aire de entrada y salida a los biorreactores se midié diariamente con un analizador
de hidrocarburos totales (Nira Mercury model 901, Spirax Sarco, Espafia) equipado
con un detector de ionizacién de llama y una bomba para la succion de los gases.
Este equipo se calibro periodicamente utilizando una bala patrén (Carburos
Metdlicos, Espafia) de mezcla sintética estandar de propano en nitrégeno gas

(99.9% nitrégeno, 0.1% propano) realizando diluciones con aire para obtener un
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intervalo de concentraciones adecuado a las condiciones de trabajo entre 10 y 1000
mg C Nm™. Para la medicién del factor de respuesta del analizador de hidrocarburos
totales se empledé un cromatografo de gases (modelo 7890, Agilent Technologies,
EE.UU) equipado con un sistema automatico de valvula de inyeccién, un detector de
llama de ionizacién y una columna capilar Rtx®-VMS (30 m x 0.25 mm x 1.4 um). El
gas portador fue helio a un caudal de 1.3 mL min™ y las condiciones cromatogréaficas
de andlisis fueron: 250 °C en el puerto de inyeccion, 100 °C en el horno y 240 °C en
el detector. El equipo se conecté a un ordenador y se utilizd un software para

registrar y almacenar los datos.

En el laboratorio de la Universitat Stuttgart la concentraciéon de COV en el aire
de entrada y salida en el biofiltro percolador se midi6 diariamente con un detector de
ionizacion de llama (Multi-FID 100, Hartmann & Braun, Alemania).

4.3.2. Pérdida de carga

La pérdida de carga de los biorreactores de laboratorio se midié con
manometros electrénicos (modelos Kimo, MP101, Espafia y AMSYS, Alemania) con

un intervalo de medida comprendido entre 0 y 1000 ppm de columna de agua.

4.3.3. Di6xido de carbono (CO,)

En el laboratorio de la Universitat de Valencia las concentraciones de CO; en
la corriente de aire de entrada y salida a los biorreactores se midieron con un
analizador de di6xido de carbono (CARBOCAP® modelo GM70, Vaisala; E+E
Electronik, Austria) con un rango de medida entre 0 y 3000 ppmv. En el laboratorio
de la Universitat Stuttgart, se empled un analizador (CO, transmitter, E+E Electronik,

Austria) con un intervalo de medida entre 0 y 2000 ppmv.

4.3.4. pH, conductividad y temperatura

En el laboratorio de la Universitat de Valéncia los parametros de pH,

conductividad y temperatura de los biorreactores se analizaron con un medidor

Pagina 94



Materiales y métodos

multiparamétrico (pH/cond 340i, WTW, Alemania). En el caso de los biofiltros estos
parametros se monitorizaron en el lixiviado recogido semanalmente, mientras que en
el caso de los biofiltros percoladores se midieron diariamente en la solucion de
recirculacion. En el laboratorio de la Universitat Stuttgart se controlé diariamente el
pH en la solucion de recirculacion del biofiltro percolador mediante un pHmetro (pH
Checker, HANNA, Alemania).

4.3.5. Nutrientes

La concentracion de nutrientes se analizé en muestras tomadas de la solucion
de recirculacion de los biofiltros percoladores mediante un cromatégrafo i6nico (lonic
Chromatograph 883 Basic IC Plus, Metrohm, Suiza) y mediante kits comerciales
fotométricos para la medida de nitrato, amonio y fosfato (114773, 114752 y 114842,
Spectroquant®, Merck KGaA, Alemania).

4.3.6. Demanda quimica de oxigeno (DQO)

La demanda quimica de oxigeno soluble se analiz6 empleando un Kit

comercial fotométrico (114540 Spectrogquant®, Merck KGaA, Alemania).

4.3.7. Carbono organico total y carbono inorganico

La concentracion de carbono organico total y de carbono inorganico se midié
en muestras procedentes de la solucion de recirculaciéon de los biofiltros
percoladores utilizando equipos especificos para muestras liquidas (TOC-VCHS,
Shimadzu, Japoén; Sievers 900, GE analytical Instruments, Alemania y Sievers 900,

GE analytical Instruments, Alemania).

4.3.8. Solidos suspendidos y sélidos suspendidos volatiles

Los sélidos suspendidos y solidos suspendidos volatiles fueron determinados

de acuerdo con los métodos 2540 D y 2540 E, respectivamente, segun el Standard
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Methods (American Public Health Association, American Water Works Association
and Water Environment Federation, 1998).

4.3.9. Contenido de humedad de los rellenos organicos

El contenido de humedad, en el caso de los rellenos organicos que se

utilizaron en los biofiltros, se analiz6 mediante gravimetria por secado.

4.4. Técnicas de biologia molecular para la caracterizacion y el

seguimiento de la comunidad bacteriana

El andlisis de la comunidad bacteriana se llevé a cabo mediante las técnicas
de biologia molecular: hibridacion fluorescente in situ (FISH), electroforesis en gel
con gradiente desnaturalizante (DGGE) y secuenciacion del gen 16S ARNr. Estas
técnicas se utilizaron para el estudio de la dinamica de las poblaciones bacterianas a
lo largo del periodo experimental, asi como para la identificacion de especies
presentes en los biorreactores.

4.4.1. Hibridacion fluorescente in situ (FISH)

La técnica FISH permitio realizar el seguimiento y la cuantificacion de los
principales grupos y especies de bacterias presentes en los sistemas de
biotratamiento de emisiones gaseosas. Esta técnica se aplicé en biorreactores a
escala de laboratorio (capitulos 5 y 6) y en los biorreactores a escala piloto e
industrial (capitulos 8 y 9). Con el objetivo de emplear la técnica FISH para el estudio
de la dinamica de las poblaciones bacterianas se tomaron muestras de biopelicula a
lo largo del periodo operacional y a diferentes alturas de los biorreactores.

La técnica FISH se basa en la union de sondas de oligonucleétidos marcadas
con fluorocromos a una regiéon complementaria del ARN 16S de los microorganismos
qgue se pretenden identificar, por ello, para la aplicacion de la técnica se utilizé una
sonda general de bacterias (EUBmix) marcada con el fluorocromo Cy5 y otras

sondas especificas marcadas con el fluorocromo Cy3 (Thermo Fisher Scientific). Las
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sondas utilizadas se detallan en la Tabla 4.12. Como se observa en la Tabla 4.12 la
sonda general de bacterias consiste en una mezcla de tres sondas EUB338,
EUB338-11 y EUB338-Ill. Ademas existen sondas denominadas competidoras que no
van marcadas con fluorocromo. Particularmente, las sondas BET42a, GAM42A,
DELTA495A,B,C y HGC96A se usan con sus respectivas sondas competidoras que
no emiten sefial pero impiden que las sondas marcadas se fijen en un lugar no
especifico lo que ocasionaria una falsa identificacion. En el caso del grupo
Deltaproteobacteria, se utiliza una mezcla de tres sondas (DELTA495A, DELTA495B
y DELTA495C) denominada DELTA495mix, al igual que ocurre en el caso del grupo
Firmicutes, que se utiliza una mezcla denominada LGCmix resultante de la mezcla
de tres sondas (LGC345A, LGC345B Y LGC345C).
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Tabla 4.12. Sondas de oligonucleétidos.

Sonda Fluorocromo Especifidad Secuencia (5’ a 3’) Formamida
(%)
EUB338° Bacteria GCTGCCTCCCGTAGGAGT 0-50°
EUB338-11? Cy5 Otras bacterias no GCAGCCACCCGTAGGTGT 0-50°
A detectadas con 0-50°
EUB338-IlI EUB338 GCTGCCACCCGTAGGTGT
ALF968 Cy3 Alfaproteobacteria GGTAAGGTTCTGCGCGTT 20
BET42a Cy3 Betaproteobacteria GCCTTCCCACTTCGTTT 35
- Competidor BET42a GCCTTCCCACATCGTTT 35
GAM42a Cy3 Gammaproteobacteria GCCTTCCCACATCGTTT 20
- - Competidor GAM42a GCCTTCCCACTTCGTTT 20
DELTA495A° AGTTAGCCGGTGCTTCCT 35
DELTA495B¢ Cy3 Deltaproteobacteria AGTTAGCCGGCGCTTCCT 35
DELTA495C° AATTAGCCGGTGCTTCCT 35
Competidor 35
- - DELTA495a AGTTAGCCGGTGCTTCTT
Competidor 35
- - DELTA495b AGTTAGCCGGCGCTTCKT
Competidor 35
- - DELTA495¢ AATTAGCCGGTGCTTCTT
HGC96A Cy3 Actinobacteria TATAGTTACCACCGCCGT 25
- - Competidor HGC96A  TATAGTTACGGCCGCCGT 25
LGC 354A° TGGAAGATTCCCTACTGC 35
LGC 345B" Cy3 Firmicutes CGGAAGATTCCCTACTGC 35
LGC 345C" CCGAAGATTCCCTACTGC 35
PS56a Cy3 Pseudomonas sp. GCTGGCCTAGCCTTC 20
Ppu56a Cy3 P.putida GCTGGCCTAACCTTC 20
REX72 Cy3 Bacillus TGGGAGCAAGCTCCCAAAG 20
Myc657 Cy3 Mycobacterium AGTCTCCCCTGYAGTA 30

®EUB338, EUB338-Il, EUB338-IIl se usaron en una mezcla denominada EUB338mix.
bRango de aplicacién (% seleccionado dependiendo del porcentaje de formamida que requiere la sonda especifica).

‘DELTA495A, DELTA495B, DELTA495C se usaron en una mezcla denominada DELTA495mix.
dLGC354A, LGC345B, LGC345C se usaron en una mezcla denominada LGCmix.

El protocolo que se ha utilizado para la aplicacion de la técnica FISH se

optimizd previamente a partir de

procedimiento seguido se describe a continuacion.

la bibliografia (Amann vy col.,

1995).

El
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Procesamiento vy fijacién de la muestra: para la fijacion de la biomasa se tomé

1 mL de muestra y se adicionaron 15 mL de agua MiliQ esterilizada. A continuacion,
se disgreg6 la muestra utilizando la trituracion mecéanica de alta velocidad mediante
el equipo Ultra-Turrax T18 basic (IKA®, Alemania). Para un posterior andlisis de las
bacterias Gram negativas, la fijacion de las muestras se llevo a cabo afiadiendo 1.5
mL de paraformaldehido (4%) a 0.5 mL de muestra disgregada. Esta mezcla se
homogeniz6 en un vortex y se conservo a 4 °C durante 1 a 3 horas. Posteriormente,
se centrifugo la mezcla durante 3 minutos a 7000 rpm, se realiz6 un lavado del pellet
con 1 mL de tamp6n salino de fosfato (PBS) y finalmente se resuspendi6 la biomasa
en 0.5 mL de PBS y 0.5 mL de etanol (-20 °C). Para un posterior andlisis de las
bacterias Gram positivas, la fijacion de las muestras se realizé centrifugando 0.5 mL
de muestra disgregada. Seguidamente se eliminé el sobrenadante y se afiadieron
0.5 mL de PBS y 0.5 mL de etanol (-20 °C) agitandose la mezcla resultante en un

vortex. Las muestras fijadas se transfirieron a un criotubo y se conservaron a -20 °C.

Aplicacion de la muestra a un portaobjetos: se afiadieron 7 uL de muestra en

las diferentes posiciones de un portaobjetos (8 well 6 mm Diagnostic Slides, Thermo
Scientific, Espafa) y se secaron a 46 °C durante 10 minutos en una estufa (Incubator
basic INB200, Memmert, Espafa). Seguidamente se realizaron tres deshidrataciones
seriadas utilizando soluciones de etanol al 50%, 80% y 96% (3 minutos en cada

concentracion) y, por ultimo, los portaobjetos se dejaron secar al aire.

Hibridacidn de la sonda: la solucion de hibridacion se prepar6 en tubos de 2

mL, para ello se utilizaron los reactivos que se presentan en la Tabla 4.13. Se
afiadieron 7 pL de la solucién de hibridacion en cada posicién del portaobjetos, 1.5
UL de la sonda general y 1.5 uL de la sonda especifica y se mezclaron
cuidadosamente. En el caso concreto de las sondas que se utilizan junto a sus
sondas competidoras, se afiadieron 5.5 pL de la solucién de hibridacion, 1.5 pL de la
sonda general, 1.5 yL de la sonda especifica y 1.5 uL de la sonda competidora, con
el fin de conseguir un volumen final de 10 pL. A continuacion, se preparo un tubo de
centrifuga de 50 mL en el que se establecié una base de papel y se adicioné la

solucion de hibridacion sobrante para mantener las condiciones Optimas de
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hibridacion. El portaobjetos se introdujo en el interior del tubo y éste se mantuvo en
la estufa en posicién horizontal durante 2 horas a 46 °C. En el portaobjetos se
dejaron dos posiciones como controles, en ellos se llevo a cabo todo el

procedimiento a excepcion de la adicion de las sondas.

Tabla 4.13. Composicion de la solucién de hibridacion.

Reactivo Volumen

5M NacCl 360 pL
1M Tris/HCI 40 L

10% SDS 2 uL
Formamida *
Agua MiliQ Hasta 2 mL

*En funcion del % que requiere la sonda.

Lavado: durante el periodo de hibridacién, se prepar6 la solucién de lavado
con los reactivos enumerados en la Tabla 4.14. Los tubos con las soluciones de
lavado se introdujeron en un bafio termostatico (10l Basic, Memmert, Espafia) a
48°C. Al finalizar la hibridacién, los portaobjetos se colocaron en el interior de los
tubos con la solucion de lavado a 48 °C durante 18 minutos.

Tabla 4.14. Composicién de la solucion de lavado.

Reactivo Volumen

5M NacCl Seguln % Formamida
0.5M EDTA Segln % Formamida
1M Tris/HCI 1mL

10% SDS 50 pL
Agua MiliQ Hasta 50 mL

Montaje de las muestras: después de extraer los portaobjetos de la solucién

de lavado, éstos se lavaron ligeramente con agua MiliQ, se dejaron secar en
oscuridad y se montaron con los cubreobjetos utilizando un producto denominado

Vectashield® (ATOM, Espafia) que evita el deterioro y la pérdida de fluorescencia.

Visualizacion y captacion de imagenes: la observacion de las preparaciones

se realizaron mediante microscopia confocal (Leica TCS SP, Alemania; FV 1000,
Olympus, Japon) en el Servicio Central de Soporte a la Investigacion de la

Universitat de Valéncia. La adquisicion de imagenes se efectio tomando 5 imagenes
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de los controles (blancos) para evaluar la propia autoflorescencia de la muestra y 30
imagenes de campos visuales diferentes de la muestra hibridada. Cada captacion de
imagenes constaba de dos imagenes, es decir, una para la sefial de la sonda general
de bacterias (azul) marcada con el fluorocromo Cy5 y otra para la sonda especifica

(magenta) marcada con el fluorocromo Cy3 (Figura 4.8).

Figura 4.8. Ejemplo de imagenes FISH. a) Sonda general-Cy5. b) Sonda especifica-Cy3.

Tratamiento de imagenes: el tratamiento de las imagenes adquiridas se realizé

siguiendo el proceso descrito por Jubany y col. (2009) y utilizando un programa
desarrollado en el software Matlab®. En primer lugar se analizaron las imagenes que
correspondian a los controles o blancos, obteniéndose una intensidad umbral. A
continuacion, se ejecutd el programa informatico analizando las 30 imagenes
tomadas de la muestra hibridada (30 imagenes para la sonda general y 30 imagenes
para la sonda especifica), y el programa efectto el recuento de los pixeles con una
intensidad superior al valor umbral. Como resultado de este proceso se obtuvo un
porcentaje relativo de la sonda especifica (marcada con cianina Cy3) sobre la sonda

general de bacterias EUB338mix (marcada con cianina Cy5).

4.4.2. Extraccion de ADN

La extracciéon de ADN se llevd a cabo mediante kits comerciales y mediante
ruptura mecanica con un homogenizador celular (Bead-Beater). En concreto los

procedimientos de extraccion utilizados en los distintos experimentos fueron:
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- Kit JETQUICK tissue DNA Spin (capitulo 5).
- Kit Fast DNA Spin for Soil (capitulo 6).
- Kit PowerSoil® DNA Isolation (capitulo 7).

- Ruptura mecanica mediante un homogenizador celular (capitulo 7).

Los kits comerciales de extraccion de ADN se aplicaron siguiendo el protocolo
proporcionado por el fabricante. Estos kits combinan una fase mecéanica de ruptura
celular con una fase de purificacién del ADN que se basa en la union del ADN a un
gel de silice. A modo de resumen, el protocolo seguido en los kits comerciales se

basa en cuatro fases que garantizan la extraccion satisfactoria del ADN:

- Homogenizacién y ruptura mecanica de la biopelicula gracias al efecto de
microbolas que contienen los tubos suministrados y al sistema de
agitacion: vortex u homogenizador celular.

- Precipitacion de las proteinas.

- Adsorcion del ADN a un gel de silice que asegura la eliminacién de los
inhibidores de la PCR.

- Lavado y purificacion del ADN.

La extraccion del ADN por ruptura mecanica se realiz6 mediante la mezcla de
800 pL de muestra con perlas de silice en un tubo de 2 mL. La suspension se
homogenizo6 cinco veces durante 60 segundos en un homogenizador celular (Bead-
Beater, B. Braun Biotech International, Alemania). Se alternaron los ciclos de
agitacién de 1 minuto con ciclos de refrigeracién de la muestra de 1 minuto en hielo.
Finalmente, se centrifugaron los tubos y se almacend el sobrenadante a -20 °C hasta

su andlisis.

4.4.3. Reaccion en cadena de la polimerasa (PCR)

La aplicacion de la técnica PCR se realizO como paso previo a la técnica de
DGGE y a la secuenciacion del gen 16S ARNr. EI ADN extraido se amplifico
mediante PCR utilizando una mezcla de reactivos con un volumen final de 50 pL.

Cada reaccion de PCR contenia entre 1 y 2 pL del ADN extraido y cada uno de los
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reactivos que se detallan en la Tabla 4.15. La reaccion se llevd a cabo en un
termociclador (LongGene Scientific Instruments, China; Bio-Rad Laboratorios GmbH,

Munich). Los cebadores utilizados se presentan en la Tabla 4.16.

Tabla 4.15. Reactivos empleados en la PCR.

Reactivo Concentracion en
50 pL de reaccion
Taq polimerasa 1-1.25 unidades
dNTPs 0.2-0.25 mM
Mg?* 2-2.5 mM
Cebadores 0.1-1 uM

Tabla 4.16. Cebadores utilizados en la PCR.

Cebador Cadena Suministrador
F357-GC 5'CGCCCGCCGCGCGCGGCGGGCGGGGCGGG Euroclone, ltalia
GGCACGGGGGGCCTACGGGAGGCAGCAGT

R518 5 ATTACCGCGGCTGCTGG3 Euroclone, Italia

F27 5'AGAGTTTGATCCTGGCTCAG3' Biomaster GmbH,
Alemania

R1492 5'ACCTTGTTACGACTT3' Biomaster GmbH,
Alemania

Los cebadores F357-GC y R518 se utilizaron en las reacciones de PCR que
se ejecutaron como paso previo a la técnica de DGGE (capitulo 5, 6 y 7), asi como
en la reacciones de PCR que se realizaron para la secuenciacion del ADN
procedente de bandas extraidas del gel de acrilamida de la técnica DGGE (capitulo

7), utilizando el programa de temperaturas detallado en la Figura 4.9.

94°C | 94°C 94°C
5 min 1 min 12°C| 72°C
/3 min| 7 min
55°C
. lmin 4°C
20 ciclos 10 ciclos ®

Figura 4.9. Programa de temperatura de PCR-DGGE y PCR para secuenciacion del ADN de
bandas de la DGGE.
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Los cebadores F27 y R1492 se utilizaron en la PCR previa a la secuenciacion
del ADN procedente de cepas aisladas (capitulo 7) mediante técnicas de cultivo

utilizando el programa descrito en la Figura 4.10.

94°C | 94°C 94°C
4min | 0.5min \ 72°C 1 min 72°C| 72°C
58.5°C/m 3min| 8 min
\ 55°C
. I imin 4°C
30 ciclos 10 ciclos ®

Figura 4.10. Programa de temperatura de PCR para secuenciacion del ADN de cepas
aisladas.

4.4.4. Electroforesis en gel con gradiente desnaturalizante (DGGE)

La técnica DGGE se llevo a cabo separando los productos de PCR en un gel
de acrilamida al 8% usando un gradiente desnaturalizante de 35% a 55% (capitulo 7)
o de 35% a 60% (capitulos 5 y 6). Para ello, se prepar6 un gel de acrilamida
utilizando una solucién desnaturalizante de baja concentracion urea-formamida y una
solucion desnaturalizante de alta concentracion urea-formamida, cuyas
composiciones se detallan en la Tabla 4.17. Ademas, se empled una disolucién final
de acrilamida 0% desnaturalizante. Para la polimerizacion del gel se afiadieron los
reactivos persulfato de amonio (APS) al 10% y tetrametiletilendiamina (TEMED).

Tabla 4.17. Composicion de las soluciones desnaturalizantes utilizadas en la técnica DGGE.

Reactivo 35% 55% 60% Dlsqlucmn
final
Agua miliQ (mL) 8.0 6.0 5.5 3.6
Acrilamida/Bisacrilamida 40% (mL) 3.0 3.0 3.0 13
Tampoén TAE 50X (mL) 0.3 0.3 0.3 0.1
Urea (g) 2.2 3.4 3.7 -
Formamida (mL) 2.1 3.3 3.6 -
Glicerol (mL) 0.3 0.3 0.3 -
Volumen final (mL) 15.0 15.0 15.0 5.0
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El gel se preparé utilizando dos platos de vidrio rectangulares dispuestos uno
encima de otro, de modo que entre ellos existid6 un espacio de 1 mm donde se
introdujeron las soluciones de alta y baja concentracion mediante un sistema
formador de gradientes. La parte superior del gel se completé con la disolucion 0%
desnaturalizante donde se dispuso un peine para formar los pocillos en los que se
introdujeron entre 10 y 20 pL de los productos de PCR.

La electroforesis se llevé a cabo con el sistema DGGE Kuro verti 2020 (VWR
Internacional Eurolab S.L, Espafia). Este sistema dispone de una cémara de
electroforesis que se llend de una solucion buffer denominada TAE 1X. La
elaboracion del buffer TAE 1X se realizd a partir de TAE 50X disolviendo 242 g de
Tris base, 57.1 mL de &cido acético glacial, 100 mL de 0.5 M EDTA en 1 L de agua
MiliQ, esterilizando la solucion final durante 30 minutos a 120 °C. La electroforesis se
realizé a 60 °C aplicando un voltaje de 50 V durante 5 minutos, 150 V durante 120
minutos y 200 V durante 60 minutos. Una vez finalizada la electroforesis, se procedio
a la tincion del gel para su posterior visualizacion utilizando el reactivo Eurosafe
(Euroclone, Italia). La visualizacién y captacién de imagenes se realiz6 en el sistema
MiniBIS Pro (DNR Bio-Imaging System Ltd., Espafia). Las bandas dominantes que
se observaron en los geles obtenidos tras la técnica DGGE se extrajeron sobre un
transiluminador UV (ECX-20M, Vilbert Lourmat, Espafia) con un bisturi estéril para su
posterior identificacion mediante la técnica de secuenciacion. Las bandas se
disgregaron y se homogenizaron en 30 pL de agua MiliQ. Esta mezcla se incub6 a 4
°C durante 15 horas. Posteriormente, se centrifugaron los tubos y se almacend el

sobrenadante a -20°C.

4.4.5. Secuenciaciéon del gen 16S ARNr

La secuenciacion del gen 16S ARNr permite obtener informacion taxondémica y
filogenética. Como paso previo a la secuenciacion, el gen 16S ARNr se amplificé por
PCR. Los productos de PCR se purificaron mediante un Kit comercial (High Pure
PCR product Purification Kit, Roche, Espafia; GenElute™ PCR Clean-Up Kit, Sigma-
Aldrich, Alemania). La secuenciacién del ADN (capitulo 7) se llevé a cabo por GATC

Biotech AG (Constance, Alemania) y por el servicio de Gendmica de la Universitat de
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Valéncia (Valencia, Espafia) mediante un analizador automatico de ADN (3730 KL
DNA analyzer, Applied Biosystems, Espafia). La edicion de las secuencias se realizo
con el software MEGA version 6.06, y los resultados se compararon con los
disponibles en la base de datos NCBI GenBank mediante el software BLAST

(http://blast.nchi.nim.nih.gov/Blast.cqi).

4.5. Técnicas de cultivo en placa

Las técnicas de cultivo en placa se aplicaron para el aislamiento de cepas
presentes en los biofiltros percoladores empleados para el tratamiento de aire
contaminado con 2-butoxietanol (capitulo 7). Se utilizé un medio de cultivo selectivo
denominado Medio Mineral (MM) que permitié la identificacion de cepas que pueden
usar 2-butoxietanol como fuente de carbono. En cada placa de MM se adicionaron
15 pL de 2-butoxietanol como la Unica fuente de carbono. También se empled un
medio de cultivo general denominado Nutrient Broth (NB) que permitio el crecimiento
de otras especies que no necesariamente presentaron la capacidad para asimilar el
contaminante. Las composiciones de los medios MM y NB han sido previamente

descritas. Las placas se incubaron a 30 °C.
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The evolution of the microbial community was analysed over one year in two biotrickling filters operating under intermittent
feeding conditions and treating isopropanol emissions, a pollutant typically found in the flexography sector. Each reactor
was packed with one media: plastic cross-flow-structured material or polypropylene rings. The communities were monitored
by fluorescence in situ hybridization (FISH) and denaturing gradient gel electrophoresis (DGGE) analysis of the 16S rRNA
region. After inoculation with activated sludge, the biotrickling filters were operated using inlet loads (ILs) from 20 to
65gCm 3 h~! and empty-bed residence times (EBRTs) from 14 to 160s. Removal efficiencies higher than 80% were
obtained with ILs up to 35 g Cm—3 h—! working at EBRTs as low as 24 s. There was an increase in the total percentage of
the target domains of up to around 80% at the end of the experiment. Specifically, the Gammaproteobacteria domain group,
which includes the well-known volatile organic compound (VOC)-degrading species such as Pseudomonas putida, showed
a noticeable rise in the two biotrickling filters of 26% and 27%, respectively. DGGE pattern band analysis revealed a stable
band of Pseudomonas putida in all the samples monitored, even in the lower diversity communities. In addition, at similar
operational conditions, the biotrickling filter with a greater relative abundance of Pseudomonas sp. (19.2% vs. 8%) showed
higher removal efficiency (90% vs. 79%). Results indicate the importance of undertaking a further in-depth study of the
involved species in the biofiltration process and their specific function.

Keywords: biotrickling filters; denaturing gradient gel electrophoresis; fluorescence in situ hybridization; microbial

community; volatile organic compounds

1. Introduction

Flexography is part of the printing sector and its indus-
try grew by 4.5% from 2009 to 2010, comprising around
150,000 companies in Europe.[1] The main organic sol-
vents used in flexography are ethanol and isopropyl alcohol,
since they are used in the formulation of solvent inks,
dilution and cleaning processes.[2] Stricter requirements
for the control of volatile organic compounds (VOCs)
from the use of solvents have been published by a new
European Directive on industrial emissions (Council Direc-
tive 2010/75/EC), in which VOC emission limits have
been established between values of 50 and 150 mg C Nm™—3
depending on the industrial activity. Thus, the flexographic
industry requires treatment technologies to comply with the
directive regulating VOC emission.

There are several techniques for treating VOC emis-
sions, such as condensation, adsorption, absorption, thermal
destruction and biotechnologies. Biotechnologies, includ-
ing biofilters, biotrickling filters and bioscrubbers, are a
potential alternative to conventional techniques for remov-
ing VOCs from emission streams with high flow rates
and relatively low VOC concentrations. Moreover, these

have proven to be both cost-effective and environmentally
friendly.[3] Furthermore, biological treatment has been
included as an end-of-pipe technique for waste-gas
abatement in installations for the surface treatment of
substances using organic solvents.[4]

Biotrickling filters (BTFs) use a specified inert packing
material and involve a liquid phase, which trickles through
the bed providing nutrients. The biofilm is developed on the
packing surface, the microbial community being essential
for the successful performance of the process. The effec-
tiveness of the BTF process has been studied from the
laboratory to the industrial scale treating aromatic and oxy-
genated compounds.[5—13] However, there are few data in
the literature on compounds related to the flexographic sec-
tor. For example, Chang and Lu studied the removal of
isopropanol (IPA) using a trickled-bed air biofilter packed
with coal and empty-bed residence times (EBRTs) from
20 to 90 s.[14] Removal efficiencies (REs) between 90 and
99% were achieved for inlet loads (ILs) of between 45 and
88gCm—3 h~!. Krailas and Pham reported an isopropanol
elimination capacity (EC) of 276 gm > h~! for an IL of
342 gm—3 h~! using a downward flow biofilter.[15] Popov
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et al. evaluated a pilot-scale biotrickling filter at a flexo-
graphic printing facility employing an EBRT of 14s.[16]
Highly variable VOC emissions containing a mixture of
alcohols and esters, with an average inlet concentration of
1.56 gm™—3, were treated with an average RE of 89%.

As reported above, significant efforts have been made
to improve the feasibility and robustness of the bioprocess;
however, there are few studies focussed on the characteri-
zation of the bacterial population in BTFs. For this purpose,
molecular biological techniques are useful for analysing
microbial community structures during the removal of
contaminants in the biological processes. Some of the
applied techniques are polymerase chain reaction single-
strand conformation polymorphism (PCR-SSCP), denatur-
ing gradient gel electrophoresis (DGGE) and fluorescence
in situ hybridization (FISH). PCR consists of amplifying
nucleotide fragments and SSCP detects sequence varia-
tions (single-point mutations and other small-scale changes)
through electrophoretic mobility differences. DGGE is
based on the electrophoretic separation of PCR products
with the same length, but with different sequences, on a
linear denaturing gradient polyacrylamide gel.[17] FISH
detects nucleic acid sequences by probes with fluorescent
dyes that hybridize specifically to its complementary tar-
get sequence within the cell.[18] These techniques have
been applied in the field of biofiltration.[19,20] For exam-
ple, Khammar et al. studied the spatial structure of microbial
communities in a biofilter treating a complex mixture of 11
VOCs using PCR-SSCP. The authors observed a spatializa-
tion of the biodegradation functions in the biofilter related
to the stratification of microbial density and diversity along
the filter bed.[21] In another study, Friedrich et al. applied

/I\  vOCs
n reservoir

M.C. Pérez et al.

FISH to determine the bacterial community in a full-scale
industrial biofilter.[22] Results indicated that members of
the Betaproteobacteria, Actinobacteria, Alphaproteobacte-
ria, Cytophaga-Flavobacteria, Firmicutes and Gammapro-
teobacteria were the most abundant groups, although a non-
homogeneous distribution along the biofilter was observed,
since the lower 50 cm of the biofilter bed was the most active
in removing pollutants. The DGGE technique was applied
to assess the impact of changing VOC emission composi-
tion on the bacterial community structure in a trickle-bed
air biofilter during 192 days.[23] The results showed that
the structure of the microbial community in the biofilter was
different after each change in the inlet composition.

The purpose of this work was to characterize the micro-
bial communities present in two biotrickling filters, each
one with a different packing material (a plastic cross-flow-
structured material or polypropylene rings) for treating
isopropanol (IPA) emissions. The following specific objec-
tives were developed: (1) application of FISH and DGGE to
analyse any variation in the microbial communities follow-
ing changes in the operating parameters of the BTFs and
(2) comparison between the microbial communities in the
two BTFs.

2. Material and methods
2.1. BTF set-up and operating conditions

The experimental system consisted of two identical
laboratory-scale BTFs operating in parallel, named BTF1
and BTF2. The schematic of the experimental set-up is
shown in Figure 1. Both BTFs were built by a methacrylate

Nozzle

Packing
material

Air blower Mass flow Nutri'e(nt
controller I + tan

‘
Centrifugal gz%

pump

Figure 1. Schematic of the experimental set-up.

Recirculation Peristaltic
tank pump

Pagina 112



Environmental Technology, 34: 2789-2798

Environmental Technology 2791

column with a total length of 126 cm and an internal diam-
eter of 14.4 cm. BTF1 was filled with a plastic cross-flow-
structured packing material (Odourpack, Pure Air Solu-
tions, the Netherlands) with a surface area of 410 m?> m—3
and BTF2 with a random packing material (Refill-Tech,
Italy) consisting of polypropylene rings with a nominal
diameter of 5/8” and a surface area of 348 m?> m—>. The
set-up was completed with a 10-L recirculation tank and
the recirculation solution was intermittently fed into the
bioreactor (15 min every 1.5h) in a counter-current mode
with respect to the air flow. The liquid velocity was set
to I0mh~!. A nutrient solution (21.65g KNO3; L™, 4.6 ¢
Na3POy - 12H,0 L', trace elements (ugL~"): 12000 Ca,
1500 Fe, 2650 Mg, 605 Zn, 60 Co, 60 Mo, 55 Ni, 50 Cu, 45
B, 40 Mn, 81, 3 Se & 1 Cr; and vitamins (jLg L—"): 20 beta-
Carotene, 70 B1, 70 B2, 95 B6, 10 B9, 0.1 B12,3 C, 0.3 D,
500 E, 2 Biotin & 900 Niacin) was supplied into the recircu-
lation tank using a peristaltic pump to maintain a supplied
mass ratio of carbon to nitrogen of 35. The inoculum for both
BTFs was an activated sludge obtained from a wastewater
treatment plant located in Valencia (Spain). An inoculum
volume of 0.5L (TSS concentration of 3500 mgL~") was
added to the recirculation tank and continuously flowed
through the bed for 24 h.

The influence of IL and EBRT on the removal of iso-
propanol and microbial communities were analysed in three
phases (A, B and C). Each phase was designed with a con-
stant inlet concentration. In the phases A, B and C, it was
adjusted to 1000, 500 and 250 mg C Nm—, respectively.
For each phase, several IL step increases were carried out
together with variations in the EBRTs of between 14 and
160 s (gas velocities between 258 and 23 mh~"). Table 1
summarizes the experimental plan and the biomass sam-
pling events. The experiments were planned to simulate
typical industrial emissions; hence, an intermittent loading
pattern was applied (16 h of feeding isopropanol per day, 5
days per week). During nights and weekends without iso-
propanol supply, the air flow rate was kept constant and the
water trickling was stopped. The first three biomass samples
(day 60 atphase A-II, 100 at phase B-ITand 130 at phase C-I)
corresponded to experiments with an IL of 35gCm > h~!
and a gradual reduction of the EBRT from 90 to 24 s.

In the last phase (D), the effects on the system re-start-
up after a long period without isopropanol feeding was

evaluated to check the robustness of the process and the
impact on the microbial community. Macroscopic changes
such as RE recovery and microscopic changes such as
the microbial ecology structure were evaluated. During the
period from day 164 to day 217 (referred to here as the star-
vation period), the supply of isopropanol was stopped, the
air flow rate was adjusted to achieve an EBRT of 60 s and the
water trickling pattern was reduced to 15 min per day. On
day 217, VOC feeding was restored using the same intermit-
tent pattern applied before (16 h of feeding isopropanol per
day, 5 days per week) and the trickling of water for 15 min
every 4 h was set. In phase D-I, anIL of 35gCm—> h~! and
an EBRT of 60s were established. A few days after iso-
propanol feeding was restored (on day 217), a new biomass
sample was obtained on day 227 (at phase D-I). Finally,
the IL was twice increased at phase D-II and two biomass
samples (days 245 and 276) were collected. Results of the
removal of both BTFs during phases A, B and C have
been previously published by the authors on San-Valero
et al.[24] A summary of these results is presented here in
order to show the complete performance of both BTFs dur-
ing the whole experimental period (from phases A to D).
The performance is used to correlate him with the micro-
bial communities analysed from biomass samples taken
throughout the entire experimental period.

2.2. Fluorescence in situ hybridization (FISH)

The FISH technique was carried out, adapting the proce-
dure described by Amann et al.[25] The procedure included
the following steps: sampling, fixation, hybridization with
the respective probes for detecting the respective target
sequences, image acquisition and analysis. The probes tar-
geting general bacterial groups used in this work were:
Alphaproteobacteria, Betaproteobacteria and Gammapro-
teobacteria related to the Proteobacteria domain, Fir-
micutes (low G + C Gram-positive bacteria) and Acti-
nobacteria (high G + C Gram-positive bacteria). These
groups have been previously identified as the main ones
involved in VOC removal.[26,27] Pseudomonas sp., Pseu-
domonas putida, Bacillus and Mycobacterium were the
targeted species monitored since previous studies have indi-
cated that these species play an important role in VOC
degradation.[28-32]

Table 1. Experimental plan for the removal of isopropanol under intermittent loading conditions.

PHASE A PHASE B PHASE C PHASE D
I 1T 111 I II 11 I I I II
Days 048 4969 7090 91-97 98-104 105125 126-132 133-163 217228 229300
Sampling event on day 60 100 130 227 245,276
Inlet concentration, mgCNm‘3 1000 1000 1000 500 500 500 250 250 500 1000
IL, gCm 3 h~! 20 35 65 20 35 65 35 65 35 65
EBRT, s 160 90 50 90 50 25 24 14 60 50

EBRT, empty-bed residence times; IL, inlet load.
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2.2.1. Sampling and fixation

Biomass samples from the bioreactors were taken from
three sampling ports located at different heights of the
packed bed of the reactor: 20, 62 and 105 cm. They were
mixed at a 1:1:1 ratio (wt) and disaggregated with an
Ultra-Turrax (IKA® T18 basic, Germany), resulting in one
sample for each BTF. The samples were fixed using the
procedure described by Amann et al.[25] According to the
procedure, each sample was fixed with two methods: (1)
to analyse Gram-negative cells where the sample was fixed
with paraformaldehyde solution (4% in PBS); the sample
was incubated at 4°C for 2 h. Then, the biomass was pel-
leted by centrifugation for 3 min at 7000 rpm, washed with
PBS, pelleted again and finally re-suspended in PBS solu-
tion; (2) to analyse Gram-positive cells; the sample was
centrifuged for 3 min at 7000 rpm and re-suspended with
ethanol solution (96%).

2.2.2. Hybridization

In this study, a Cy5-labelled EUBmix as the general probe
and Cy3-labelled specific probes (Thermo Fisher Scientific,
Germany) were used. EUBmix consists of a 1:1:1 (vol)
mixture of the probes EUB338, EUB338II and EUB338II1.
Fluorochromes Cy5 and Cy3 with different wavelengths for
excitation and emission allow simultaneous microscopic
observations. The oligonucleotide probes used in this study
and the percentage of formamide used for each probe are
summarized in Table 2.[33] Hybridization was performed at
46°C for 2 h. Afterthis step, the slides were rinsed for 1 8 min
at 48°C, dried and mounted. For mounting, an anti-fading
product (VECTASHIELD®, ATOM S.A, Spain) was used
to avoid the loss of fluorescence.

Table 2. List of oligonucleotide probes used in this study.

2.2.3. Image acquisition and analysis

Slides were examined using a Leica TCS SP confocal
laser scanning microscope (CLSM, Leica Microsystems,
Germany). The microscope is equipped with two He-Ne
lasers with light emissions at 543 and 633 nm. Each image
captured was formed with two pictures, one correspond-
ing to EUBmix and the other to the specific probe. Five
images were acquired for the negative control (without
probes) and 30 for the stained samples (with specific and
general probes). Specific probes were quantified as the pro-
portion of EUBmix-labelled bacteria using image analysis
based on the methodology developed by Jubany et al.[34]
This method was implemented in the Matlab® software.
First, the thresholds for general and specific probes were
calculated as the minimum intensity value satisfying the
condition: the proportion of pixels with intensity lower or
equal to the threshold value in the negative control images is
greater than or equal to a value of 99.9%. These thresholds
were used to exclude the autofluorescense of the sample in
the quantification procedure. The quantification of images
for the stained samples was carried out as the sum of the
pixels with intensity higher than the threshold intensity for
the general and specific probes. Finally, the ratio of the sum
of the pixels for the specific probe to that for the general
probe was estimated.

2.3. DNA extraction and PCR amplification

DNA was extracted using a JETQUICK tissue DNA
Spin kit (Genycell biotech, Spain) from the biomass sam-
ples taken on days 60, 100, 227 and 276 (phases A-II,
B-1I, D-I and D-II, respectively). DNA was stored at
—20°C until analysis. The extracted DNA was used as

Probe Specificity Sequence, 5’3’ Formamide, %
EUB338? Most Bacteria GCTGCCTCCCGTAGGAGT 0-50
EUB338-II* Bacteria not detected by EUB338 GCAGCCACCCGTAGGTGT 050
EUB338-IIT? Bacteria not detected by EUB338 GCTGCCACCCGTAGGTGT 0-50
ALF968 a—Proteobacteria GGTAAGGTTCTGCGCGTT 20
BET42A B—Proteobacteria GCCTTCCCACTTCGTTT 35
— Competitor for BET42A GCCTTCCCACATCGTTT 35
GAM42A y—Proteobacteria GCCTTCCCACATCGTTT 35
- Competitor for GAM42A GCCTTCCCACTTCGTTT 35
HGC69A Actinobacteria (high G + C Gram-positive bacteria) TATAGTTACCACCGCCGT 25
— Competitor for HGC69A4 TATAGTTACGGCCGCCGT 25
LGC354AP Firmicutes (low G 4+ C Gram-positive bacteria) TGGAAGATTCCCTACTGC 35
LGC354BP Firmicutes (low G + C Gram-positive bacteria) CGGAAGATTCCCTACTGC 35
LGC354CP Firmicutes (low G + C Gram-positive bacteria) CCGAAGATTCCCTACTGC 35
PS56a Pseudomonas sp. GCTGGCCTAGCCTTC 0
Ppu5S6A P. putida GCTGGCCTAACCTTC 0
REX72 Bacillus TGGGAGCAAGCTCCCAAAG 20
Myc657 Mycobacterium AGTCTCCCCTGYAGTA 30

4EUB338, EUB338-11 and EUB338-III were used in the mixture EUB .
bLGC354A, LGC354B and LGC354C were used in the mixture LGCppiy.
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the target DNA in PCR to amplify the 16 S rRNA cod-
ing regions, using two universal primers for the bacte-
rial domain, primer F357GC: 5" CGCCCGCCGCGCGCG
GCGGGCGGGGCGGGGGCACGGGGGGCCTACGGG
AGGCAGCAG3’ and primer R518: Y ATTACCGCGGCT
GCTGG3'. A GC clamp was added to the forward primers
to facilitate the DGGE. PCR was performed in 50-j11 reac-
tion volume using a mixture containing 0.1 units /.1 of Taq
DNA polymerase, 3.2 mM dNTPs, 3 mM MgCl, 32 mM
(NH4)2SO4, 134 mM Tris HCI and 0.2 uM of each primer
(EuroClone, Italy).

PCR was executed in a thermal cycler (LongGene Scien-
tific Instruments, Hangzhou) using the temperature cycling
conditions described by Muyzer and Ramsing.[17] It con-
sisted of 20 cycles of: 94°C for 1 min, 65°C for 1 min,
a gradual decrease in the temperature using 0.5°C incre-
ments until 55°C, followed by 72°C for 3 min. The PCRs
followed with 10 cycles of: 94°C for 1 min, 55°C for 1 min
and 72°C for 3 min. A final extension at 72°C for 7 min was
undertaken as the final step.

2.4. DGGE analysis

Five pl of the PCR product were separated on a 2% agarose
gel at 100 V for 30 min to verify the correct amplification
before DGGE. For DGGE analysis, the PCR product gener-
ated from each sample was separated on an 8% acrylamide
gel using a linear denaturant gradient increasing from 35%
to 60% using the KuroGel Verti 2020 DGGE System (VWR
international Eurolab S.L.). DGGE was performed using
20 il of PCR product in 1x TAE buffer at 60°C with a
sequence of 50V for 5min, 150V for 120 min and 200 V
for 60 min.

3. Results and discussion
3.1. BTF performance

The performances of the two biotrickling filters treating IPA
emissions, BTF1 and BTF2, are presented in Figure 2a and
2b, respectively. The performance was evaluated in terms of
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inlet load (IL), elimination capacity (EC) and removal effi-
ciency (RE). Table 3 summarizes the performance of both
BTFs on the days the biomass samples were taken. As can be
observed in Figure 2, approximately two weeks after inocu-
lation, the systems were able to achieve stable REs of around
80% (phase A-1, 160s of EBRT and IL of 20gCm— h™').
A decrease in the EBRT to 90 and 50 s at phases A-II and

@ O o L & 1100
go R :g.~ I In ,La,;rﬁ—.},@“t 80
:.: ﬁu"‘[— ETI l— ," i TE_‘”" s = 160
fd_;i i g | =
R ‘ 140
: {20 &
A B c D i0
_ 200
T Vol TR
£ 150 [ ‘
o
8 100
o
= 50

(b)

Ny .,N;

150 200 250 300
t, days

o 50 100

Figure 2. Performance of the BTFs in removing isopropanol,
(a) BTF1 and (b) BTF2. Arrows represent the days when biomass
samples were taken. () Inlet Load, (x) Elimination Capacity and
(J) Removal Efficiency.

Table 3. Operational and performance parameters of both BTFs on the sampling days.
Inlet concentration,

, EBRT, s mg C Nm—3 IL,gCm>3h~! RE, %
Sampling
day (Phase) BTF1 BTF2 BTF1 BTF2 BTF1 BTF2 BTF1 BTF2
60 (A-II) 90 90 1021 1035 41.0 38.0 85.6 86.6
100 (B-1I) 52 51 530 517 34.0 334 89.6 90.9
130 (C-I) 27 27 298 295 37.0 38.8 81.4 88.7
Starvation period from day 164 to 217
227 (D-I) 59 60 632 630 353 345 89.7 94.6
245 (D-II) 48 49 898 1051 61.0 71.0 77.0 77.0
276 (D-II) 48 48 1091 1095 75.0 75.0 79.0 90.0

Note: EBRT, empty-bed residence time; IL, inlet load; RE, removal efficiency.
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A-III, respectively, caused a decrease in RE for both BTFs
with values varying from 60 to 85%. In phase B, the inlet
concentration was set at 500 mg C Nm ™~ and the EBRT was
adjusted to 90, 50 and 25 s for phases B-I, B-1I and B-III,
respectively. REs greater than 90% were obtained in phases
B-I and B-II, whereas in phase B-III, the RE dropped to val-
ues of 60—70%. In phase C, the inlet concentration was set
at 250 mg C Nm— and the EBRT was adjusted to 24 and
14 s for phases C-I and C-II, respectively. In these phases
with the most demanding operational conditions, the per-
formances of the two systems were slightly different. For
example, in phase C-I using an IL of 35gCm—>h~! and
an EBRT of 24 s, RE values of around 80% and 88% were
observed for BTF1 and BTF2, respectively. Prior to the
starvation period, the minimum EBRT (14 s) was applied
at phase C-II and the RE decreased to values of 49% and
60% for BTF1 and BTF2, respectively.

The starvation period took place from day 164 today 217
to evaluate the re-start-up of the process after restoring VOC
feeding. Macroscopic changes such as RE recovery and
microscopic changes such as the microbial ecology struc-
ture were evaluated. Onday 217, VOC feeding was restored
using the same intermittent pattern applied before (16 h of
feeding isopropanol per day, 5 days per week) and the trick-
ling of water for 15 min every 4 h was set. In phase D-I, an
IL 0of35gCm~>h~! and an EBRT of 60 s were established.
Ten days after restoring VOC feeding, both BTFs achieved
REs as high as 90%, similar to those observed during phase
B-II, demonstrating that the BTFs could handle long peri-
ods without VOC feeding. In the last phase (D-II) where
the IL was twice increased to 65 gCm— h™!, average RE
values of 72% and 80% were reached in BTF1 and BTF2,
respectively.

3.2. Monitoring of bacterial community by FISH

The monitoring of the bacterial community in the biofilm
samples of both BTFs was carried out by FISH over the
entire experimental period in which different operational
conditions were tested (Table 1).

Figure 3 shows the evolution of the relative abundance
of the general bacterial groups for the two BTFs, BTF1
(Figure 3a) and BTF2 (Figure 3b), on days 60, 100, 130,227,
245and276. The results were expressed as the percentage of
EUBmix-stained cells (hereafter defined as total bacteria).
The total percentages of the target domains calculated as
the sum of each general bacterial group are summarized in
Table 4 for BTF1 and BTF2

Total percentage values ranged from 29.7 to 79.2% and
from 69.4 to 88.1% for BTF1 and BTF2, respectively. It
is worth noting that the higher value of the total identi-
fied bacterial groups was observed at the last phase in both
BTFs (79.2% and 88.1% for BTF1 and BTF2, respectively).
This could be explained by the specialization of the micro-
bial community to groups and/or species more suitable for
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Figure3. Time-dependent changes in bacterial community com-
position using general FISH probes. Results corresponding to (a)
BTF1 and (b) BTF2.

Table 4. Total percentage values of the bac-
terial groups in both BTFs.

Total percentage value

Sampling day

(Phase) BTF1 BTF2
60 (A-II) 2977 69.4

100 (B-11) 62.2 76.5

130 (C-I) 64.9 60.1

Starvation period from day 164-217

227 (D-1) 7229 76.1

245 (D-1I) 63.9 61.9

276 (D-1I) 79:2 88.1

degrading the pollutant (IPA) during the year of experimen-
tation. Other authors have indicated that the development
of highly diverse communities could be enhanced in envi-
ronments with high resource availability.[35] For example,
Alvarez-Hornos et al. studied microbial populations in
pilot-scale biotrickling installed in a plastic coating fac-
tory to control complex emissions with highly variable
VOC composition.[36] The authors reported high bacte-
rial diversity and heterogeneity, with total percentages of
the same bacterial groups as those in this study varying
between 23% and 56% relative to the EUBmix counts, with
no predominant groups.
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Regarding the evolution of the general bacterial groups,
their composition changed over time and was influenced
by the operational conditions in both BTFs, although there
were some patterns that could be considered. As seen in
Figure 3, the Gram-negative bacteria identified (4/phapro-
teobacteria, Betaproteobacteria and Gammaproteobacte-
ria) were more abundant than the Gram-positive bacteria
identified (Firmicutes and Actinobacteria). A deep exam-
ination of the results indicated different trends for each
group. For example, members of Alphaproteobacteria and
Betaproteobacteria were the most fluctuating groups, with
values ranging between 4% and 27% and 7% and 22%,
respectively. Firmicutes and Actinobacteria groups pre-
sented a less oscillating behaviour, especially in BTF2 with
an average value of 12% for both groups. The percentage
of the Gammaproteobacteria group increased throughout
the experimental period in both BTFs, being the most
abundant group at the end of experiment with values of
26% and 27% for BTF1 and BTF2, respectively. This rise
could be explained by the ability of Gammaproteobac-
teria species to degrade VOCs,[30-32,37,38] enabling
them to develop better in environments rich in VOC. It
should be noted that in BTF2, where greater RE and
greater quantity of biomass attached to the packing (visual
inspections during the tested period) were obtained in
comparison with BTF1, the Gammaproteobacteria group
was the most abundant in almost all samples, with values
higher than 20%. As an example, Figure 4 shows a rela-
tively high quantity of Gammaproteobacteria in BTF2 on
day 276.

Regarding changes in certain bacterial species,
Figure 5 represents their time-dependent changes in BTF1
(Figure 5a) and BTF2 (Figure 5b) on days 60, 100, 130,
227, 245 and 276. The total percentage of identified species
calculated as the sum of Pseudomonas sp., Bacillus and
Mpycobacterium presented a pattern similar to that observed
with the general bacterial groups. For example, from day
100 onwards (phase B-II), the total percentage of identified
species in BTF2 was higher than that in BTF1, achiev-
ing an average value of 34.3% in comparison with 18.4%,
respectively.

A detailed analysis of the species in both BTFs showed
a slight variation for Bacillus with values ranging between
1.5% and 10.5%, whereas Mycobacterium presented a
greater fluctuation with values between 0.7 and 16%, espe-
cially during the days after the starvation period when it
displayed the highest values (16.0% and 14% for BTF1
and BTF2, respectively). This could be explained by the
fact that Mycobacterium is better protected against stressful
periods without substrates and nutrients, due to the charac-
teristics of its cell membrane. Regarding Pseudomonas sp.,
a common species in environments rich in VOCs,[29-31]
several issues can be highlighted. As seen in Figure 5, the
observed percentage of Pseudomonas sp. was always higher
than that of Pseudomonas putida. The samples from BTF2
presented Pseudomonas sp. as the predominant species,

Figure 4. Gammaproteobacteria in BTF2 on day 276. (a)
General probe and (b) specific probe.

with values ranging between 8% and 29%. In addition,
these percentages were higher than those observed in BTF1,
where Pseudomonas sp. showed a stable behaviour with an
average value of 4.3%. These results agree with the bacte-
rial evolution previously presented in Figure 3, where the
abundance of Gammaproteobacteria in BTF2 was higher
than that in BTF1. In fact, the most abundant group in
BTF2 was Gammaproteobacteria and the most abundant
species Pseudomonas sp. The differences between the eco-
logical communities observed in the two BTFs could be
attributed to different internal environment characteristics
of the biofilm of each system. The use of two packing mate-
rials with different structure and surface area could elicit
changes such as transfer to and diffusion into the biofilm of
VOC, oxygen and nutrients or different degrees of biomass
detachment, wetted area and distribution of irrigation. The
oxygen mass transfer coefficients (kpa) of the packings
have been estimated by San-Valero et al.[24] with a sim-
ilar value for both materials of approximately 5S0h~! at a
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Figure 5. Time-dependent changes in bacterial community com-
position using specific FISH probes. Results corresponding to (a)
BTFI and (b) BTF2.

liquid velocity of 10mh~! and values of 125 and 175h~!
for random and structured packing, respectively, when a
liquid velocity of 30mh~" was used. All these changes
at the microscopic scale affect the microbial community
of the biofilm, which finally result in different behaviours
at the macroscopic scale. In fact, BTF2, with a higher
abundance of species belonging to Gammaproteobacteria
such as Pseudomonas sp., produced greater REs than BTF1
(Table 3). For example, at phases C-I and D-II, RE values
of 81.4 and 79% were observed for BTF1, and 88.7 and
90% for BTF2. It is worth noting that at the liquid veloc-
ity applied in the study, 10 mh~!, the packing materials of
both BTFs present a similar value oftheky a (50 h—!). There-
fore, the greater RE reached in BTF2 could be due to the
higher population of these species, since the random pack-
ing (BTF2) does not present better mass-transfer properties.
Changes in the performance of the system with changes in
the microbial community show the importance of further
studying the involved species during the removal process.

3.3.  Monitoring of bacterial community by DGGE

In parallel to FISH analyses, DGGE was performed to com-
pare the 16SrDNA fragments of bacteria in the samples
collected from both BTFs on different operational days.
DGGE band patterns for samples taken on days 60, 100,

BTF1
100 227 276

60
L4

BTF2
Pseudomonas
60 100 227 276 Putida

—

Figure 6. DGGE banding patterns of bacterial 16 S rRNA from
samples on days 60, 100, 227 and 276 in (a) BTF1 and (b) BTF2.
Sample of a culture enriched with Pseudomonas putida was also
included.

227 and 276 are presented in Figure 6. The samples were
also compared to a control sample of an enriched batch cul-
ture of Pseudomonas putida. Analysis of DGGE patterns
revealed changes in the structure of the bacterial community
during the experimental period. After 276 days of opera-
tion, there was a decrease in the number of bands in both
BTFs, indicating lower diversity in the microbial commu-
nity at the end of the experiment. The fact that this was
also observed in the FISH analyses could be explained by
the specialization of specific groups and/or species that
are more suitable for degrading the pollutant. It should be
noted that despite the difference in the bacterial community
structure as revealed by the DGGE patterns, some bands
appeared in all the samples analysed, indicating that sev-
eral species could survive these conditions because of their
ability to survive in environments rich in VOCs and/or par-
ticipate in their degradation. As shown in Figure 6, one of
these stable bands matched the culture enriched with Pseu-
domonas putida, corroborating the presence of this species
in environments with VOCs.

4. Conclusions

Two biotrickling filters treating intermittent emissions con-
taminated with isopropanol were monitored over almost
one year and the microbial communities were analysed by
FISH and DGGE. Both BTFs were inoculated with the same
inoculum, the same pollutant was removed by the two sys-
tems, and the same operational and maintenance conditions
were applied, the only difference between the two being the
type of packing material used. Under these conditions, the
random packing material showed a slightly higher capacity
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forremoval. At the end of the experiment, the relative abun-
dance of the Gammaproteobacteria group was observed to
increase in both BTFs, with values of around 26%. This
rise could be associated with the increase in the species
belonging to this group such as Pseudomonas sp., predom-
inant species in BTF2 with values between 8% and 29%,
while in BTF1, it exhibited a stable trend with an average
value of 4.3%. Moreover, DGGE analysis confirmed the
presence of Pseudomonas putida in all the samples mon-
itored, even in the less diverse communities observed at
the end of the experiment. The differences in the microbial
community of both BTFs could be linked to the difference
in the performances of the systems. For example, BTF2
displayed a removal efficiency of 90% compared to the
79% shown by BTF1 at phase D-II. Furthermore, in BTF2,
the percentage of the common species present in VOC-
rich environments such as Pseudomonas sp. was twice as
much as that observed in BTF1 (19.2% and 8%, respec-
tively). Results show the importance of further studying
the involved species during the removal process, e.g. future
studies include the application of new molecular biological
tools as next-generation sequencing methods.
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Abstract The removal of styrene was studied using two
biofilters packed with peat and coconut fibre (BF1-P and
BF2-C, respectively) and one biotrickling filter (BTF) packed
with plastic rings. Two inoculation procedures were applied:
an enriched culture with strain Pseudomonas putida CECT
324 for BFs and activated sludge from a municipal wastewater
treatment plant for the BTF. Inlet loads (ILs) between 10 and
45 gm > h™" and empty bed residence times (EBRTs) from 30
to 120 s were applied. At inlet concentrations ranging between
200 and 400 mg Nm °, removal efficiencies between 70 %
and 95 % were obtained in the three bioreactors. Maximum
elimination capacities (ECs) of 81 and 39 g m > h™' were
obtained for the BFI1-P and BF2-C, respectively (IL of
173 ¢ m™® h™' and EBRT of 60 s in BF1-P; IL of
89 g m > h™! and EBRT of 90 s in BF2-C). A maximum EC
of 52 ¢ m > h™' was obtained for the BTF (IL of
116 g m > h™', EBRT of 45 s). Problems regarding high
pressure drop appeared in the peat BF, whereas drying epi-
sodes occurred in the coconut fibre BF. DGGE revealed that
the pure culture used for BF inoculation was not detected by
day 105. Although two different inoculation procedures were
applied, similar styrene removal at the end of the experiments
was observed. The use as inoculum of activated sludge from
municipal wastewater treatment plant appears a more feasible
option.
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Introduction

Styrene is a volatile organic compound (VOC) classified as a
hazardous air pollutant under the Clean Air Act Amendments
of 1990 (USEPA 1994). It is predominantly emitted from
industries producing polystyrene, styrene copolymers and
polyester. Styrene contributes to tropospheric ozone formation
(Derwent et al. 1996) and has been classified as a potential
carcinogen in humans (IARC 1987).

Recently, biotechnologies have been developed as alterna-
tives to conventional techniques to treat waste gas with high
flow rates and relatively low VOC concentrations.
Biotechnologies are cost-effective due to their low operational
costs, low energy requirements and an absence of residual
products requiring further treatment or disposal (Kennes et al.
2009). Among the available biological gas treatments,
biofilters (BFs) and biotrickling filters (BTFs) are of particular
interest. In BFs, the reactor is usually filled with organic
packing materials. It is essential to choose the material with
adequate physical and chemical properties, such as high sur-
face area, long-term physical stability, low pressure drop, low
cost, good moisture retention, pH buffering capacity, nutrients
and appropriate adsorbing capacity (Shareefdeen and Singh
2005). In fact, a great variety of packing materials have been
tested in BFs, such as peat, compost bark, and wood chips
(Ivanpour et al. 2005; Malhautier et al. 2005). BTFs use an
inert packing material and a liquid phase that trickles through
the bed and provides nutrients to the biofilm. Because of their
relatively small footprint, BTFs do not need much ground
area, but do usually reach high pollutant removals (Kennes
and Veiga 2013).

Several studies have proven the successful application of
these biotechnologies for the removal of styrene from gas
emissions, although the comparison of BFs and BTFs has
not been evaluated. Arnold et al. (1997) investigated styrene
removal in a peat BF (residence time of 81 s). Inlet
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concentrations ranging between 50 and 1,200 mg m > were
applied, and an average elimination capacity (EC) of
12 gm > h™' with a maximum of 30 g m > h™' was obtained.
Dehghanzadeh et al. (2005) used a BF packed with yard waste
compost mixed with shredded hard plastic and observed a
maximum EC of 45 g m > h™' at an inlet load (IL) of
60 ¢ m > h™' and an empty bed residence time (EBRT) of
120 s. Novak etal. (2008) reported a maximum EC of 11.3 gC
m > h'atanIL of 18.6 g C m > h™' in a BTF packed with
polypropylene Pall rings working with an EBRT of 35 s.
Currently, more interest is aimed at opening the black box
of biofiltration by unravelling the biodiversity—ecosystem
function relationship (Cabrol and Malhautier 2011). In the
case of the removal of styrene, the ability of the genus
Pseudomonas for the degradation of this compound under
aerobic conditions has been reported. Okamoto et al. (2003)
tested the Pseudomonas putida strain ST201 in flask experi-
ments, achieving complete styrene degradation after 48 h at
concentrations up to 600 mg 1°'. Jang et al. (2004) used
Pseudomonas sp. SR-5 as a styrene-degrading bacterium in
two BFs packed with peat and a ceramic material, reporting
maximum ECs of 236 and 81 g m > h™' for the peat and
ceramic BF, respectively. Paca et al. (2001) observed the
predominance of Pseudomonas aeruginosa strains working
at pH above 5 in four perlite BFs at EBRTs varying from 6.5 s
to 26 s and inlet concentrations from 200 to 1,000 mg m .
Among the inoculation procedures which were applied in
the start-up of bioreactors treating styrene emissions, the use
of two different inoculum sources has been used: enriched
cultures with styrene-degrading strains (Okamoto et al. 2003;
Jang et al. 2004; Kim et al. 2005) and activated sludge from
wastewater treatment plants (WWTPs) (Juneson et al. 2001;
Sempere et al. 2011). From an industrial point of view, the
choice of activated sludge as an inoculum presents advantages
due to the ease of implementation and lower operational costs.
The purpose of this work is to investigate the removal of
styrene from air emissions by using two types of bioreactors
and to compare both procedures of inoculation on the basis of
their influence on the system performance and the evolution of
the microbial community. For this purpose, the following
objectives have been taken into consideration: (1) to evaluate
the behaviour of one BF packed with peat, another with
coconut fibre and one BTF packed with plastic rings. The
bioreactors were operated at several EBRTs and at a range of
inlet concentrations representative of emissions from indus-
tries producing polystyrene; and (2) to analyse the effect on
the systems of using two sources of inoculum: an enriched
culture of the strain P. putida CECT 324 in the BFs and
activated sludge from a municipal WWTP in the BTF. To
the best of our knowledge, this is the first work which includes
a comparison of the performance and microflora of bioreac-
tors inoculated with an enriched culture or with an activated
sludge. The microbial community was studied by
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fluorescence in situ hybridisation (FISH) and denaturing gra-
dient gel electrophoresis (DGGE) analysis.

Materials and methods
Inoculation procedures

The inoculation of the BFs was performed with 1 1 of enriched
culture of the strain P. putida CECT 324 (named here as
inoculum 1). The following protocol was developed for the
inoculum preparation: (1) the strain P. putida CECT 324 was
supplied from the Spanish Type Culture Collection (CECT).
This species was selected for the inoculation process since
previous studies have reported that P. putida is suitable for
degrading styrene (Okamoto et al. 2003). (2) The strain CECT
324 was grown in 50-ml sterile flasks containing 20 ml of
nutrient Broth/Agar II medium (composition: 1 g I beef
extract, 2 g I yeast extract, 5 g 1! peptone, 5 g 1"! NaCl,
pH: 7.2) at 30 °C in a rotary shaker at 100 rpm (New
Brunswick Scientific, Edison, NJ, USA). (3) After 1 week,
250 ml of the concentrated pure culture was introduced into
one aerated batch reactor and diluted with 750 ml of nutrient
Broth/Agar II medium. The batch reactor was aerated using
non-sterile air and was continuously fed with styrene at a rate
of 0.15 ml h™' for a period of 30 days.

The inoculation of the BTF was performed with 1 1 of
activated sludge (named here as inoculum 2) from a municipal
WWTP located in Quart-Benager (Valencia, Spain), which
was continuously recirculated over the bed for a period of
24 h.

BFs set-up and operational conditions

Two laboratory-scale BFs were operated in parallel. One BF
(BF1-P) was packed with fibrous peat (ProEco Ambiente,
Spain) and another (BF2-C) with coconut fibre (Pure Air
Solutions, the Netherlands). The physical and chemical prop-
erties of these materials are shown in Table 1. The peat was
acidic, so pH adjustment until neutral pH was achieved by
using diluted sodium hydroxide solution prior to the start-up.

The schematic of the experimental set-up of the BFs is
shown in Fig. la. Each BF was made from methacrylate, with
a total length of 97 cm, an internal diameter of 13.6 cm
(volume of 14 1) and was equipped with five sampling ports
to measure VOC concentrations along the bed of the column,
located at O (inlet port), 25, 50, 75 and 97 (outlet port) cm of
column height. Four additional ports were used to extract
packing material samples located at 20, 40, 60 and 80 cm. A
10-cm head space was used for the waste gas inlet and for
water/nutrient feed, while a 10-cm bottom space was used for
the treated air outlet and leachate. Prior to introduction into the
BFs, the compressed, filtered and dry air was passed through
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Table 1 Physical and chemical properties of packing materials

Peat Coconut fibre
pH 4.8 6.8
Water-holding capacity (%) 88.0 60.0
Bulk density (kg m >) 133.0 60.0
Organic matter content (%) 95.0 93.8
Specific surface area BET (m? gh 13.4 09
Chemical analysis
Carbon (%) 48.5 47.8
Hydrogen (%) 5.8 58
Oxygen (%) 40.0 428
Nitrogen (%) 0.6 0.1
Sulphur (%) 0.1 0.0
Flexiring rings
Specific surface area (m”> m ~) 207.0
Void fraction (%) 92.0
Bulk density (kg m ) 71.0
Ring diameter (mm) 25.0

the humidifier to assure a relative humidity value of at least
90 %. The air stream was contaminated with styrene by using
a syringe pump (New Era; infusion/withdraw NE 1000 model,
USA) and fed to the BFs through the top of the column
flowing downwards into the bed. The gas flow rate was
adjusted by a mass flow controller (Bronkhorst Hi-Tec, the
Netherlands).

The macro- and micro-nutrients were incorporated by
pouring 50 ml per day of a nutrient solution buffered at
pH 7 (22.4 g KNO; 1!, 2.4 g KH,PO, 1!, 0.4 g K,HPO,

1!, 0.9 g MgSO,4-7H,O 1!, and Ca, Fe, Zn, Co, Mn, Na, Ni,
B, I, Se, Cr, Cu and vitamins at trace doses). The moisture
content of the packing material was controlled by adding 50
and 150 ml per day of deionised water on top of the BF with
peat and coconut fibre, respectively. This difference in the
spraying volume was because peat has a higher water-holding
capacity than coconut fibre — 88 % and 60 %, respectively.

The two BFs were operated in parallel under different
operational conditions for more than 5 months under contin-
uous loading. Operational conditions in BFs are shown in
Table 2. During the first 3 months, the BFs were operated at
EBRTs between 90 and 120 s and ILs between 12 and
24 g m > h''. After this period, four different stages (1-4)
were performed. EBRTs were set at values of 45, 60 and 90 s,
and inlet concentrations ranged between 250 and
1,300 mg Nm > (corresponding to ILs varying from 15 to
45 g m > h!, Table 2). In situ emissions from industries
producing polystyrene were previously monitored and found
to oscillate between 200 and 400 mg Nm . Therefore, the
inlet concentrations tested on this work covered the typical
values of the emissions coming from the industrial
manufacturing of polystyrene. Each stage was carried out
within a minimum period of 10 days.

BTF set-up and operational conditions

After ending the operation of the BFs, another experiment
using a BTF was performed in order to compare the use of
different bioreactors and inoculation procedures. The BTF
was filled with polypropylene rings (Flexiring, Koch-Glitsch
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Table 2 Operational conditions in both BFs and in BTF for the removal of styrene

Stages Start-up 1 2 3 4 5 6
BF1 Day 0-84 84-122 122-138 138-152 152-162
Peat Inlet conc. (mg Nm ) 300-790 335 750 275 560
EBRT (s) 90-120 60 60 45 45
IL(gm>h") 12-24 22 45 22 45
BF2 Day 0-84 84-114 114-129 129-142 142-162
Coconut fibre Inlet conc. (mg Nm ) 300-790 335 375 550 1,125
EBRT (s) 90-120 60 90 90 90
IL(gm>h") 12-24 22 15 22 45
BTF Day 0-20 20-45 45-67 67-87 87-109 109-133 133-155
Flexiring rings Inlet conc. (mg Nm ) 200 300 375 468 350 475 180
EBRT (s) 60 60 60 60 45 45 30
IL(gm>h") 12 18 22 28 28 38 22

B.V.B.A., Belgium) of 25 mm nominal diameter and a surface
area of 207 m> m > whose physical characteristics are shown
in Table 1. The schematic of the experimental set-up of the
BTF is shown in Fig. 1b. The BTF was made from methac-
rylate (bed length of 123 cm, internal diameter of 14.4 cm,
volume of 20 1). The BTF was equipped with four gas sam-
pling ports (0 (inlet port), 44, 86, and 123 (outlet port) cm) and
three media sampling ports (20, 63 and 105 cm). Similar
equipment as the BFs was used to contaminate the air stream,
which was introduced through the bottom of the column. A 3-1
recirculation tank, partially renewed every week, was used to
feed the recirculation solution into the bioreactor in counter-
current mode with respect to the air flow using a centrifugal
pump at 2.5-3 I min ' for 15 min every 2 h.

A nutrient solution buffered at pH 8 (9.7 g NH,C11', 09 g
MgS0O,4-7H,0O 17!, 2.2 g (NH,4),HPO, 1", 0.5 g NaHCO; 17,
0.4 gNaOH 1", 0.6 g KCI 1" and Ca, Fe, Zn, Co, Mn, Na, Ni,
B, I, Se, Cr, Cu and vitamins at trace doses) was supplied to the
recirculation tank using a peristaltic pump. The nutrient solution
flow rate was maintained at a mass ratio of carbon and nitrogen
of 25 in order to assure that the nitrogen concentration in the
recirculation solution was not limiting the biodegradation pro-
cess, corresponding to a flow rate of nutrients between 32 and
160 ml day .

The BTF was operated for more than 5 months under
continuous loading. Operational conditions applied to the
BTF are shown in Table 2. In the first 20 days, an EBRT of
60 s and an inlet concentration of 200 mg Nm ° were applied.
Afterwards, six different stages (1-6) were performed over
5 months. In the first three stages, an EBRT of 60 s and inlet
concentrations ranging between 300 and 468 mg Nm > were
applied (Table 2). At stages 4 and 5, the EBRT was decreased
from 60 to 45 s. The maximum inlet concentration was ap-
plied (475 mg Nm ) in stage 5. At stage 6, the EBRT was
decreased to 30 s in order to evaluate the minimum EBRT that
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allows high RE and stable performance. Each stage was
carried out for a minimum period of 20 days.

Analytical methods

The styrene concentration was measured using a total hydro-
carbon analyser (Nira Mercury 901; Spirax Sarco, Spain). The
inlet and outlet gas streams were monitored daily while the
intermediate ports were monitored at a minimum of two times
for each stage. The response factor of the total hydrocarbon
analyser was determined by gas chromatograph (model 7890;
Agilent Technologies, USA) equipped with a 1-ml automated
gas valve injection system, a flame ionisation detector and an
Rtx®-VMS capillary column (30 mx0.25 mmx 1.4 pm). The
gas carrier was helium at a flow rate of 1.3 ml min~'. The
injector, oven and detector temperatures were 250 °C, 100 °C
and 240 °C, respectively. The pressure drop was monitored at
a minimum of once a week (KIMO, MP101 model, Spain).
The CO, concentrations in the inlet and outlet gas streams
were measured once a week using a CARBOCAP® carbon
dioxide analyser (GM70 model; Vaisala, Finland).

The conductivity and pH of the leachate from BFs were
determined daily (pH/Cond 340i; WTW, Germany) and
the moisture content of the media was measured at a
minimum of two times in each experimental stage using
the dry weight method at two locations: at 20 cm from the
inlet (top zone) and at 80 cm from the inlet (bottom zone).
The conductivity and pH of the BTF recirculation solution
were determined daily (pH/Cond 340i; WTW, Germany).
In addition, the total organic carbon and inorganic carbon
(TOC-Vcpus; Shimadzu, Japan), suspended solids (SS),
volatile suspended solids (VSS) and NO; , NH," and
PO, concentrations were measured twice a week (Ionic
Chromatograph 883 Basic IC Plus).
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DNA isolation, PCR and DGGE

The presence of P. putida in both BFs was checked by DGGE
analysis. DNA was isolated from the pure culture of P. putida
CECT 324, from the enriched culture prior to inoculation
(inoculum 1) and from the bed samples of each BF at 105,
142 and 156 days of operation. Bed samples (5 ml) were taken
from the bottom port (located at 80 cm from the inlet)
suspended in 15 ml sterile distilled water and disaggregated
with an Ultra-Turrax (IKA® T18 basic, Germany). The DNA
isolation was performed using a FastDNA Spin Kit for soil
(MP Biomedicals, Illkirch, France) and was stored at —20 °C
until analysis. The extracted DNA was amplified by PCR
using two universal primers targeting the 16S rRNA gene
for eubacteria: primer F357GC containing a CG clamp (5'-
CGCCCGCCGCGCGCAGGCGGGCGGGGCGGGGGLALC
GGGGGGCCTACGGGAGGCAGCAG-3") and primer
R518 (5'-ATTACCGCGGCTGCTGG-3'). PCRs were per-
formed in a thermal cycler (LongGene Scientific
Instruments, Hangzhou) with a 50-pl reaction volume of a
mixture containing final concentrations of 1.25 units of Taq
DNA polymerase, 0.2 mM dNTPs, 2 mM Mg”" and 0.5 uM
of each primer (EuroClone, Italy). PCR conditions (Muyzer
and Ramsing 1993) consisted of 20 cycles of: 94 °C for 1 min,
65 °C for 1 min, a touchdown annealing step of 0.5 °C
increments from 65 °C to 55 °C for 1 min, and followed by
72 °C for 3 min. For DGGE analysis, 20 pl of PCR product
generated from each sample was separated on an 8 % acryl-
amide gel running in a linear denaturant gradient increasing
from 35 % to 60 % using a KuroGel Verti 2020 DGGE System
(VWR international Eurolab S.L.). The gel was run at 60 °C
for 5 min at 50 V, 120 min at 150 V and 60 min at 200 V.

Fluorescence in situ hybridisation

The FISH technique was carried out adapting the procedure
described by Amann et al. (2001). Bed samples from the
bottom port of both BFs at days 105, 142 and 156 were
analysed. Biofilm samples taken from the bottom port (located
at 20 cm from the inlet) and the top port (located at 105 cm
from the inlet) from BTF at days 65 and 165 were analysed.
Inoculum samples of the BFs (inoculum 1) and the BTF
(inoculum 2) were analysed as well.

The samples (5 ml for the samples of the BFs, 1 ml for the
BTF and the inoculum samples) were suspended in 15-ml sterile
distilled water and disaggregated with an Ultra-Turrax (IKA®
T18 basic, Germany). The samples were fixed using the proce-
dure described by Amann et al. (2001). According to the proce-
dure, Gram-negative cells were fixed with 4 % paraformalde-
hyde and Gram-positive cells with ethanol. Oligonucleotide
probes targeting the phylogenetic groups Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria,
Firmicutes and Actinobacteria were analysed. Furthermore, the

evolution of Pseudomonas sp. and P. putida was monitored. An
equimolar mixture of EUBI, EUBIIL, and EUBIII probes were
used to detect all eubacteria. Probes sequences and their form-
amide percentage are summarised in Table 3 (Loy et al. 2007). In
the hybridisation, the general EUB,,;, probe was labelled with
Cy5, while taxonomic specific probes were labelled with Cy3
(Thermo Fisher Scientific, Germany). Hybridisation was per-
formed at 46 °C for 2 h. After the hybridisation step, slides were
rinsed for 18 min at 48 °C, dried, mounted and examined using a
confocal laser scanning microscope (FV 1000 Olympus, Japan).
Specific probes were quantified as a proportion of EUB,c-
labelled bacteria using image analysis based on the methodology
developed by Jubany et al. (2009).

Results
BF performance

The performance of the two BFs treating styrene emissions,
BF1-P packed with peat and BF2-C with coconut fibre is
shown in Fig. 2. At day 0, each BF was inoculated with the
enriched culture of P. putida CECT 324 (inoculum 1) whose
SS concentration and percentage of VSS were 1.7 g I'" and
71 %, respectively. Following inoculation, the bioreactors
were operated during 84 days at mild conditions, correspond-
ing to EBRTSs between 90 and 120 s and inlet concentrations
between 300 and 790 mg Nm >, in order to develop a suitable
active biofilm on the surface of the packing material. BF1-P
showed a gradual increase in the removal efficiency (RE) until
reaching 99 % on day 60 (Fig. 2a). From this day, a progres-
sive decrease in the removal of styrene occurred until day 64,
from which REs fluctuated in 35+8 %. Pressure drop mea-
surements in BF1-P showed a sudden increase on day 37
(Fig. 2¢). The pressure drop rose from a value of 98 (day
37)to 490 Pam™! (day 41), and reached a maximum value of
931 Pa m ' on day 52 indicating compaction of the bed
(Fig. 2¢). BF2-C showed a gradual increase in the RE until
reaching 95 % on day 52 (Fig. 2b). From days 53 to 84, RE
oscillated in 78+13 %. No bed compaction was detected in
BF2-C, the pressure drop was maintained in stable values as
low as 10 Pam ™" from days 1 to 84 (Fig. 2d).

After nearly 3 months of operation, an EBRT of 60 s and an
average inlet concentration of 372+14 mg Nm ~ were applied
in both BFs (stage 1). During this stage, an average outlet
concentration of 16615 mg Nm > (RE of 55 %) was observed
in BF1-P from day 84 to day 110 (Fig. 2a). On day 110, the
pressure drop retained values as high as 800 Pam "' (Fig. 2¢), so
the reactor was opened and the packing material was manually
decompressed. Upon restoration of operation, the pressure drop
decreased to 170 Pa m™' (Fig. 2¢) and the RE increased to a
value 0of 95 %. From day 110, RE was kept at values higher than
95 % (average outlet concentration of 23+9 mg Nm ) until the
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Table 3 List of oligonucleotide probes used in this study

Probe Specificity Sequence (5'-3") Formamide (%)

EUB338" Most bacteria GCTGCCTCCCGTAGGAGT 0-50

EUB338-II* Other bacteria not detected by EUB338 GCAGCCACCCGTAGGTGT 0-50

EUB338-I1I* Other bacteria not detected by EUB338 GCTGCCACCCGTAGGTGT 0-50

ALF968 «-Proteobacteria GGTAAGGTTCTGCGCGTT 20

BET42A 3-Proteobacteria GCCTTCCCACTTCGTTT 35

- Competitor for BET42A GCCTTCCCACATCGTTT 35

GAM42A v -Proteobacteria GCCTTCCCACATCGTTT 20

- Competitor for GAM42A GCCTTCCCACTTCGTTT 20

DELTA495A" d-Proteobacteria AGTTAGCCGGTGCTTCCT 35

DELTA495B" d-Proteobacteria AGTTAGCCGGCGCTTCCT 35

DELTA495C" d-Proteobacteria AATTAGCCGGTGCTTCCT 35

- Competitor for DELTA495A AGTTAGCCGGTGCTTCTT 35

- Competitor for DELTA495B AGTTAGCCGGCGCTTCKT 35

- Competitor for DELTA495C AATTAGCCGGTGCTTCTT 35

HGC69A Actinobacteria TATAGTTACCACCGCCGT 25
(high G + C gram positive bacteria)

- Competitor for HGC69A TATAGTTACGGCCGCCGT 25

LGC354A° Firmicutes TGGAAGATTCCCTACTGC 35
(low G + C gram positive bacteria)

LGC354B¢ Firmicutes CGGAAGATTCCCTACTGC 35
(low G + C gram positive bacteria)

LGC354C° Firmicutes CCGAAGATTCCCTACTGC 35
(low G + C gram positive bacteria)

PS56a Pseudomonas sp. GCTGGCCTAGCCTTC 20

PPu56a Pseudomonas putida GCTGGCCTAACCTTC 20

“EUB338, EUB338-1I, EUB338-III were used in the mixture called EUB,;,

" DELTA495A, DELTA495B, DELTA495C were used in the mixture called DELTA i

“LGC354A, LGC354B, LGC354C were used in the mixture called LGC,x

end of stage 1 (day 122). In the BF2-C, an outlet concentration
0f 106420 mg Nm * (RE of 72 %) was observed for the whole
stage 1 (Fig. 2b). The pressure drop in BF2-C was kept below
30 Pam ' for the entire stage 1 (Fig. 2d).

Due to the different performances of both BFs at the end of
stage 1 (with a higher RE for BF1-P than BF2-C), different
values of EBRTs were chosen for stage 2. It was decided to
lower the EBRT in BF1-P and increase it in BF2-C in order to
determine the minimum EBRT that allows high efficiency in
each system. In stage 2, BF1-P presented REs of ~70 % using
inlet concentrations of 782+20 mg Nm > (EBRT of 60 s).
BF2-C showed REs >90 % (outlet concentrations below
40 mg Nm *) using lower inlet concentrations (368+
15 mg Nm ) and a higher EBRT (90 s).

In stage 3, the same IL (22 g m > h™') was applied in both
BFs. The EBRT in BF1-P was decreased to 45 s and the inlet
concentrations (28218 mg Nm ) were set to apply the same
IL value as stage 1, obtaining outlet concentrations of 14+
10 mg Nm > (RE of 95 %). The EBRT in BF2-C was
maintained for 90 s and the inlet concentrations were in-
creased to 585+18 mg Nm >, reaching outlet concentrations
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below 110 mg Nm * (RE ~80 %). Atan IL of 22 gm > h™',
BF1-P working at an EBRT of 45 s achieved higher REs than
BF2-C working at twice the EBRT. In stage 4, a maximum IL
of45 gm > h™' was applied to both BFs maintaining the same
EBRTs as in stage 3. The average inlet concentrations of 580+
10 and 1,085+67 mg Nm > were applied in BF1-P and BF2-
C, respectively. The RE decreased in both BFs: from 95 % to
62 % in BF1-P and from 80 % to 47 % in BF2-C. From day
148, pressure drops fluctuated between 637 and 784 Pa m ™'
(Fig. 2¢) in BF1-P, indicating the presence of compaction
problems in the peat bed. Maximum pressure drop in BF2-C
was 59 Pam ™! (day 154, Fig. 2d).

In BF1-P, the moisture content was maintained at ~80 %
for both sampling ports (top and bottom) when EBRTs greater
than 60 s were applied (stages 1-2, average value of 80.6+
3.1 %, Fig. 2c). On day 162, the moisture content decreased
until 63 % in the top and 50 % in the bottom after 24 days
working at 45 s of EBRT (Fig. 2¢). In BF2-C, the average
moisture content in the start-up period was 51.4+7.4 % and
from day 84 the average moisture content was 66.6£6.5 %
and 70.6+11.4 % in the top and bottom locations, respectively
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(Fig. 2d). The average pH of the leachate was 8.4+0.5 and 8.8
+0.3 in BF1-P and BF2-C, respectively. The average conduc-
tivity of the leachate was 3.8+1.9 and 6.2+1.5 mS cm ' in
BF1-P and BF2-C, respectively.

BTF performance
The performance of the BTF is shown in Fig. 3. At day 0, the

BTF was inoculated with the activated sludge (inoculum 2),
whose SS concentration and percentage of VSS were 7.3 g 1"
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the bottom (grey diamond) for the BFs: ¢ peat BF (BF1-P) and d coconut
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and 78 %, respectively. During the first 20 days, the system was
operated at styrene inlet concentrations of 216+14 mg Nm >
and an EBRT of 60 s. After the first week, the BTF was able to
reach a RE of 94 % (Fig. 3a). In stage 1, the inlet concentration
was raised to a value of 290+12 mg Nm > and the RE was
maintained at ~90 %. In stages 2 and 3, average inlet concen-
trations of 39113 and 44439 mg Nm > were applied, respec-
tively. REs of ~75 % were obtained in both stages corresponding
to average outlet concentrations of 99+28 and 109+
40 mg Nm >, respectively. It is worth noting that on day 70,
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Fig. 3 a Evolution of the RE (black diamond), inlet concentration (white diamond) and outlet concentration (grey diamond) in the BTF. b Evolution of

pressure drop (black diamond) and pH (black circle)
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the RE dropped to 62 % because of the limitation of nutrients,
since the phosphate concentration (PO4>") in the recirculation
tank was <l mg P 1! due to a maintenance failure. Afterwards,
the phosphate concentration was kept >30 mg P 1" for the rest
of the experiment. The RE was successfully recovered to 77 %
on day 75 (Fig. 3a). From stage 4, the EBRT was decreased to
45 s and average inlet concentrations of 355+50 mg Nm >
(stage 4) and 512+15 mg Nm > (stage 5) were applied.
Average outlet concentrations of 64+10 and 115+
25 mg Nm > (REs about 80 %) were obtained for stages 4 and
5, respectively. In stage 6, the minimum tested EBRT was
applied (30 s). The RE was 80 % with an average outlet
concentration of 45+11 mg Nm . The pressure drop was
maintained in low values ranging between 1 and 60 Pa m '
during the whole experimental period (Fig. 3b).

During the operation of the BTF, a liquid volume of 3 I was
maintained in the recirculation tank with a weekly purge of
1.5 1. Average values of pH and conductivity were 8.1+0.5
and 7.3+2.4 mS cm ' (Fig. 3b). Average values of ammonium
(NH,"), nitrate (NO5 ") and phosphate (PO,>") concentrations
were 24.6+16.0, 1.7+£2.9 and 121.5+80.2 mg T respective-
ly. The average concentration of SS was 480+408 mg 1" with
a percentage of VSS of 83+8 %. The average amount of total
organic carbon was 146+59 mg C 1", In all cases, solvent
removal with the purge represented less than 1 % of the total
amount of added styrene during the week. Thus, the organic
carbon in the purge was considered negligible for the evalu-
ation of the BTF performance in terms of EC and RE.

Relationship between EC and IL

The relationships between EC and IL calculated from the
inlet to each intermediate sampling port (first quarter, half
and three quarter of the BFs and the first third, half and
two third of the BTF) and for the whole volume of the
bioreactors are plotted in Fig. 4. The three bioreactors
performed near complete degradation with an IL of
40 g m > h™' for the whole range of tested EBRT.
Maximum ECs of 81 and 39 ¢ m > h™' were obtained
for BF1-P and BF2-C, respectively, with REs ~45 % (IL
of 173 g m > h™" at EBRT of 60 s in BF1-P, Fig. 4a; IL of
89 g m > h' at EBRT of 90 s in BF2-C, Fig. 4b). A
maximum EC of 52 g m > h™! was obtained for BTF with
a RE of 45 % (IL of 116 g m > h™!, EBRT of 45 s;
Fig. 4c). The comparison of the behaviour of the three
reactors when working at an EBRT of 60 s and an IL of
~75 g m > h™! indicates that BF1-P and BTF presented a
similar value of EC ~40 g m > h™' (Fig. 4a.c) unlike BF2-
C, which showed a lower EC of ~30 g m > h™' (Fig. 4b).
By decreasing the EBRT to 45 s, both BF1-P and BTF
resulted in similar values with ECs of ~55 g m > h™' for
an IL ~85 g m > h™' (Fig. 4a,c).
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fibre BF (BF2-C) and ¢ BTF

Carbon dioxide production

The evolution of CO, production (calculated for the
whole bed volume) as a function of the EC is presented
in Fig. 5 for the three bioreactors. A proportional ratio
exists between EC and CO, production. Linear regres-
sions for these data resulted in values of 2.57, 2.81 and
2.34 g CO,/g styrene in BFI1-P (Fig. 5a), BF2-C
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tal period: a peat BF (BF1-P), b coconut fibre BF (BF2-C) and ¢ BTF

(Fig. 5b) and BTF (Fig. 5c), respectively. These values
are comparable to the ratio of 2.78 g CO,/g styrene
reported by Rene et al. (2010) by using a fungal mono-
lith bioreactor.

Assuming a general biomass composition formula of
CsH-,O,N, overall yield coefficients defined as g of dry

biomass synthesised per gram of substrate consumed can be
determined from the biodegradation reaction balance:

aCyHyO, + bO; + NH3; — CsH;0,N + cCO; + dH,O

resulting in values of 0.42, 0.30 and 0.54 g of dry biomass
produced per g of styrene consumed for BF1-P, BF2-C and
BTEF, respectively. The greater yield coefficient observed in
the BTF (0.54 g g ') indicates that a higher biomass growth
occurred. This fact could be associated with the trickling
liquid that allows better control of parameters such as pH
and better distribution over the bed of nutrients and substrates.

Microbiological studies
Denaturing gradient gel electrophoresis

DGGE was applied in order to check the presence of P. putida
in the BFs. Figure 6 shows the DGGE banding patterns of
samples from: the pure culture (P. putida CECT 324), the
enriched culture of strain CECT 324 prior to inoculation
(inoculum 1) and the samples from BFs at days 105, 142
and 156 of operation. DGGE patterns showed three dominants
bands for the pure culture (bands A, B and C; Fig. 6, lane 1).
Similar band intensities of bands A, B and C, corresponding to
P. putida CECT 324, were detected in the enriched culture
sample (inoculum 1; Fig. 6, lane 2). In addition, two new
bands D and E appeared in the inoculum 1 (Fig. 6, lane 2). In
contrast bands corresponding to P. putida CECT 324 did not
appear as a dominant species in the BF samples (Fig. 6, lanes

Fig. 6 DGGE image of the Pseudomonas putida strain CECT 324, the
enriched culture with P. putida strain CECT 324 at day 0 (inoculum 1)
and BF samples on days 105, 142 and 156 of the experimental period
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3-8). BF samples contained multiple DGGE bands — some
of them differed for each sample, although some common
bands were detected. The bands D, G, H and I were observed
for all BF1-P samples over the time period tested, while band J
appeared by days 142 and 156 (Fig. 6, lanes 3, 5, and 7).
Bands D, H, I, J, K, L were observed for all BF2-C samples,
and relative intensities of the bands changed between different
sampling times (Fig. 6, lanes 4, 6, and 8). For instance, bands
H and I increased at day 142 (Fig. 6, lane 6) and decreased by
day 156 (Fig. 6, lane 8). A new band M appeared by days 142
and 156 (Fig. 6, lanes 6 and 8) for BF2-C and by day 156
(Fig. 6, lane 7) for BF1-P. At the end of the experiment, both
BFs presented five common dominant bands (D, H, I, J, M;
Fig. 6, lanes 7 and 8).

Monitoring of the bacterial community by FISH

The monitoring of the bacterial community was carried out by
FISH for the two inoculum and the two BFs: days 105 (stage
1), 142 (stage 3) and 156 (stage 4); and for the BTF: days 65
(stage 2, top and bottom zones) and 165 (stage 6, top and
bottom zones). The total percentages of all target phyla were
76.5 and 98.4 % for inoculum 1 and inoculum 2, respectively
(Fig. 7a,b,c). Total percentages of all target phyla ranged from
92.0 % to0 96.6 %, 55.0 % to 64.9 %, and 88.8 % to 98.8 % for
BF1-P, BF2-C, and BTF, respectively (Fig. 7a,b,c). In all
samples, the phylum Proteobacteria (Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria and
Deltaproteobacteria) was more abundant than the phyla
Firmicutes and Actinobacteria. Among bacterial groups from
both inocula, members of the Gammaproteobacteria (inocu-
lum 1: 30.6 % and inoculum 2: 37.1 %; Fig. 7a,c) followed by
Alphaproteobacteria (inoculum 1: 25.8 % and inoculum 2:
20.5 %; Fig. 7a,c) were the most abundant groups. Inoculum 2
showed a higher proportion of Betaproteobacteria (14.4 %),
Firmicutes (10.5 %) and Actinobacteria (10.6 %) (Fig. 7c¢).
Regarding the evolution of the bacterial groups, their compo-
sition changed over time. For BF1-P, Alphaproteobacteria
(32.5 %), and Gammaproteobacteria (22.4 %) were the most
abundant groups on day 105, but they declined on day 142,
during which more abundance of Actinobacteria (26.5 %) and
Deltaproteobacteria (23.2 %) was observed (Fig. 7a). On day
156, Gammaproteobacteria (37.0 %) predominated among
other phylogenetic groups. For BF2-C, Alphaproteobacteria
(16.3 %) and Gammaproteobacteria (16.2 %) were the most
abundant groups by day 105 (Fig. 7b). However, the abun-
dance of Alphaproteobacteria (7.8 %) declined on day 142,
and Gammaproteobacteria (17.5 %) and Betaproteobacteria,
(13.1 %) were the most abundant groups. At the end of the
experiment (day 156), there was a predominance of
Gammaproteobacteria (20.4 %). For the BTF,
Gammaproteobacteria (bottom: 41.7 %; top: 43.7 %) was
the most abundant group on day 65, with slightly higher
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values than in the inoculum 2 (Fig. 7¢). As shown in
Fig. 7¢, a predominance of Gammaproteobacteria was main-
tained (bottom: 24.8 %; top: 30.6 %) till the end of the
experiment (day 165), but with a lower relative abundance.
Similar results in relative abundances of phylogenetic groups
from the bottom and top of the BTF for each sampling day
showed that the bacterial community was quite homogeneous
along the BTF.

Regarding the relative abundance of P, putida, the enriched
culture (inoculum 1) showed an abundance of 25.1 %
(Fig. 7d), while the activated sludge from a municipal
WWTP (inoculum 2) showed a percentage of 1.0 %
(Fig. 7f). A different evolution of percentages of P putida
over time was observed for both inoculation procedures. In the
BFs, the relative abundance of this species was lower than in
the inoculum. For BF1-P the relative abundance was 14.7 %,
8.1 % and 24.8 % on days 105 (stage 1), 142 (stage 3) and 156
(stage 4), respectively (Fig. 7d). For BF2, a gradual decrease
from a value of 25.1 % in the inoculum 1 to 9.2 % in stage 4
for BF2-C was observed (Fig. 7¢). In BTF, the relative abun-
dance of P. putida increased from a value of 1.0 % in the
inoculum 2 to 14.1 % and 7.7 % in stage 6 in the bottom and
top, respectively (Fig. 7).

Discussion

Two inoculation procedures were compared on the basis of
their influence on the performance and the microflora of two
types of bioreactors (BF and BTF) in the removal of styrene
from air emissions. A slow start-up was observed for the two
BFs packed with peat and coconut fibre and inoculated with
an enriched culture of P, putida CECT 324 (inoculum 1). The
adaptation period lasted for 60 days (BF1-P) and 52 days
(BF2-C) during which the styrene RE gradually increased
from nearly zero removal up to 99 % for BF1-P and 95 %
for BF2-C, respectively (Fig. 2a,b). Other authors have
studied styrene removal by using BFs inoculated with
activated sludge and reported shorter adaptation periods.
Arnold et al. (1997) only needed 12 days to achieve 80 %
RE with inlet concentrations ranging from 50 to 115 mg m >
in a peat BF inoculated with enriched bacteria obtained from
activated sludge of a petrochemical plant. Bina et al. (2004)
observed that during a start-up period with inlet concentra-
tions of 315+51 mg Nm > and EBRT of 360 s, the RE attained
80 % at day 6 in a yard waste compost BF inoculated with
activated sludge from municipal WWTP. The slower adapta-
tion period in our work cannot be related to the different inlet
concentration, both authors obtained adaptation periods
shorter than 2 weeks by using lower or similar inlet concen-
trations than those used in the present work (540 mg Nm " for
days 1 to 20 and 350 mg Nm " for days 21 to 60; Fig. 2a.b). It
can be inferred that in spite of using a strain of P. putida
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cultivated during 30 days with styrene as a sole carbon source,
this inoculation strategy resulted in longer adaptation periods
in comparison with using inocula from activated sludge com-
ing from petrochemical or from municipal WWTP. This fact
was corroborated by comparing results of BFs and the BTF. In
the BTF, a start-up period as short as 7 days was observed by
using activated sludge from municipal WWTP as inoculum.
The shortness of the adaptation period in comparison with that
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obtained in the BFs could be associated to the high bacterial
diversity of the activated sludge used as inoculum in BTF.
The results obtained in our study demonstrate that these
two types of bioreactors have a good capacity to remove
styrene gas emissions at the typical inlet concentrations of
emissions from industries producing polystyrene. At inlet
concentrations varying from 200 to 400 mg Nm >, REs be-
tween 70 % and 95 % were obtained in the three bioreactors
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(outlet emissions values ranged between 15 and
125 mg Nm ), demonstrating its suitability as an end-of-
pipe control technique.

The comparison of the performance of the two BFs indi-
cates that BF1-P showed higher REs than those observed in
BF2-C, even when the peat BF operated at half the value of
EBRT than coconut BF. For example, at stage 3 for an IL of
22 ¢gm *h', BF1-P presented a RE of 95 % with an EBRT of
45 s and BF2-C showed an RE of 80 % with EBRT 0f 90 s. A
maximum EC of 81 g m > h™' (RE of 45 %, Fig. 4a) was
obtained in the peat BF at EBRTs of 60 s while a maximum
EC of39 gm ™ h™' (RE of 45 %, Fig. 4b) was achieved in the
coconut fibre BF, but at a higher EBRT of 90 s. Juneson et al.
(2001) reported ECs between 69 and 118 g m > h™' (REs
ranged from 65 to 75 %) by using a BF packed with
composted wood bark and yard waste working at EBRTs
ranged between 30 and 60 s. Dehghanzadeh et al. (2005)
observed maximum ECs of 39 and 27 g m > h™' (REs of
63 % and 43 %, respectively) for EBRTs of 60 and 30 s, ina
BF packed with yard waste compost mixed with shredded
hard plastics. Dion St-Pierre et al. (2009) obtained a maximum
EC of 105 gm > h ™' (RE of 80 %) at an EBRT of 55 s in a BF
filled with inorganic media. The maximum EC obtained in the
peat BF is included in the range reported by Juneson et al.
(2001) and is slightly lower than the maximum EC observed
by Dion St-Pierre et al. (2009). The coconut fibre BF, which
had a lower maximum EC than the obtained in the peat one,
presented a maximum EC similar as those reported by
Dehghanzadeh et al. (2005), although in our study the BF
with coconut media operated at higher EBRTS.

The EC of styrene differed for the two packing materials
tested (peat and coconut fibre) due to their differences in
chemical and physical properties. Peat has a higher specific
surface area, 13.4 m? g ', and water holding capacity, 88 %,
than coconut fibre, 0.9 m* g~ and 60 %, respectively. Higher
specific surface area is favourable for biofilm growth,
allowing higher ECs to be achieved. Although the peat BF
achieved higher removal capacities than the coconut fibre BF,
one of the main operational costs in a full scale bioreactor is
the energy consumption in the blower related to the pressure
drop in the bed. The main drawback of using peat media is the
fast bed compaction problems which tended to lead to high
pressure drops. In this study, compaction problems were de-
tected during day 37, with an increase of 5-fold pressure drop
by day 41 (from 98 to 490 Pam '; Fig. 2¢). Bed compaction
in a laboratory-scale BF can be easily solved by opening the
BF to decompress the bed (pressure drops decreased from 800
to 170 Pam ' on day 110), but this maintenance strategy is
difficult to implement on industrial full scale BFs. The indus-
trial use of peat media would demand a careful control of
water spraying and/or periodic turns to keep pressure drop
controlled at low values. The coconut fibre did not show this
compaction problem, pressure drop slightly increased with
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time, but values were kept <59 Pa m ! for the whole experi-
mental period. From the point of view of energy consumption,
coconut fibre showed lower consumption and a more reliable
performance, making it more suitable for industrial applica-
tion. However, due to the low water holding capacity of the
coconut fibre, BF2-C demanded a high water addition
(150 ml/day) to avoid excessive drying.

The BTF presented a maximum EC of 52 gm > h™' (RE of
45 %) working at an EBRT of 45 s (Fig. 4c). Novak et al.
(2008) reported a maximum EC of 11.3 g C m > h™' (RE of
61 %) in a BTF packed with polypropylene Pall rings working
with an EBRT of 35 s. Sempere et al. (2011) obtained a
maximum EC of 57.6 g m > h™' (RE of 88.3 %) at an EBRT
of 60 s in a BTF packed with Flexiring. The maximum EC
obtained for the BTF in this study is a 10 % lower than the
maximum value observed by Sempere et al. (2011), but the
EBRT in this study is lower. In terms of styrene removal, the
BTF of this study showed a similar performance compared to
the peat BF and a better performance than coconut fibre BF.
Regarding pressure drop, values in the BTF were always kept
below 59 Pam ' (Fig. 3b). In terms of energy consumption,
the BTF presented similar values of pressure drop as the
coconut fibre BF and substantially lower than the peat BF.
Moreover, BTF units can be cost-effective built in 8-10 m
heights due to the low density and structural strength of the
plastic packing materials while the usual bed height in BF
units ranges from 1 to 2 m. This enables the construction of
BTF units with smaller footprints than BF units. In conclu-
sion, BTFs appear to be the optimal option, combining factors
of styrene removal capacity, energy consumption and require-
ments of footprint.

From the results regarding styrene removal, similar styrene
removals were obtained by using both an enriched culture of
the strain P, putida CECT324 in a BF1-P and activated sludge
from a WWTP in a BTF. Therefore, no advantage in using
pure cultures for inoculation of bioreactors would be obtained.
In addition, application of activated sludge for start-up of
bioreactors in full scale would be practical and economical
instead of using pure or enriched consortium (Bina et al.
2004).

The influence on the microflora of the two inoculation
procedures was analysed by DGGE and FISH. Although three
bands were observed for the pure culture P. Putida CECT324
in the DGGE gel, these multiple bands can be attributed to
different alleles within the same strain. For example, the
sequenced genome of the strain P. putida KT2440 revealed
two alleles differing by only one nucleotide in the region
amplified by DGGE which produced two bands (Bodilis
et al. 2012). These authors pointed out that many
Pseudomonas strains had at least two different 16S rRNA
alleles. Further, heteroduplexes have been observed in
DGGE gels as potential PCR artifacts, thereby producing false
positive bands for pure bacterial isolates. The banding patterns
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of DGGE for the enriched culture used for start-up of the BFs
(inoculum 1) revealed that P. Putida CECT324 was preserved
after 30 days of cultivation under non-sterile aerated condi-
tions, but other species appeared to have contaminated the
culture (two new dominant bands). This demonstrates that
these other species could survive and grow in an envi-
ronment with styrene as the sole carbon substrate.
Although nutrient broth was used as the initial media
for cultivation, only styrene was used as the carbon
source during 30 days of cultivation. Among BFs sam-
ples, only one species from the inoculum survived in all
samples, but the strain P. Putida CECT324 was not
detected in further sampling time points. DGGE finger-
prints for BFs indicate that they were colonized by
complex communities that changed over time. As
Cabrol et al. (2012) points out, in the case of organic
packing material (already colonized by endogenous mi-
croflora), both the inoculation and the operating condi-
tions are sufficient to induce substantial modifications of
the endogenous community structure. These authors in-
dicated that emergence of species which were not de-
tected in the inoculum proceeded from (a) the inoculum
wherein their abundance was below detection limit, or
(b) the endogenous reservoir of the organic packing
material, and/or (c) the polluted gaseous effluent. The
bands appearing in only one of the BFs (F, G for BF1-
P, and K, L for BF2-C, Fig. 6) could indicate origin
from the packing material. The largest number of com-
mon bacterial populations in both BFs (bands D, H, I,
J, M, Fig. 6), which occurred at the end of the exper-
iment, could suggest that the origin of these species
were in the inoculum or in the polluted gaseous efflu-
ent. The polluted gaseous effluent constituted itself a
cross-inoculation mechanism between both BFs.

FISH results showed that the phylum Proteobacteria rep-
resented more than half of the total fluorescence obtained by
the general eubacterial probes in every sample. It is worth
noting that bacteria from the phylum Proteobacteria have
previously been identified as the dominant phyla in BTFs
degrading mixtures of VOCs including styrene (Lebrero
etal. 2012; Lietal. 2012). Gammaproteobacteria was detected
as a large fraction in all samples. In BFs, members of the other
Proteobacterial classes (Alphaproteobacteria,
Betaproteobacteria, Gammaproteobacteria and
Deltaproteobacteria), Firmicutes and Actinobacteria showed
variations of dominant phylogenetic groups over time be-
tween both BFs. This can be explained on the basis of the
dynamic changes of the community structure related to the
different packing material used in BF1-P and BF2-C and the
variations in the operational conditions. Although FISH data
showed a large percentage of P. putida in both BFs (ranging
between 8.1 % and 24.8 %), DGGE revealed that P. putida
CECT324 was not a dominant strain in the BFs since day 105

(after the acclimatisation period) till the end of the experiment.
This suggests that other strains of P. putida proliferated in the
BFs instead of the pure culture strain chosen for the start-up.
Surprisingly by day 65, the BTF samples showed little differ-
ences in the relative predominance of the Proteobacterial
classes (Alphaproteobacteria, Betaproteobacteria,
Gammaproteobacteria and Deltaproteobacteria),
Firmicutes and Actinobacteria with the activated sludge
used as inoculum. The similarity in relative abundances
of detected phylogenetic groups from the inoculum and
samples from day 65 can be explained by the fact that
the BTF was filled with plastic rings, which can be
considered as a negligible source of endogenous micro-
flora. This is a surprising result; large variations in the
relative abundance of phylogenetic groups will be ex-
pected after 65 days of exposure to styrene. Although the
activated sludge used as an inoculum of the BTF con-
tains only 1 % of P putida as detected by FISH, the
percentage of this species increased over time, reaching
values of 14.1 % (bottom) and 9.8 % (top). These values
are within the range of the abundance of P. putida found
in BFs. This demonstrates that P. putida can grow to
substantial abundances in a styrene degrading environ-
ment, independently of the inoculum source and the
packing material (organics or plastic).
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Abstract

The removal of 2-butoxyethanol from gaseous emissions was studied using two biotrickling filters
(BTF1 and BTF2) packed with polyurethane foam. Two different inoculum sources were used: a
pure culture of Pseudomonas sp. BOE200 (BTF1) and activated sludge from a municipal
wastewater treatment plant (BTF2). The bioreactors were operated at inlet loads (ILs) of 130 and
195 g m*® h'' and at empty bed residence time (EBRT) of 12.5 s. Under an IL of ~130 g m®h™,
BTF1 presented higher elimination capacities (ECs) than BTF2, with average values of 106.1 £ 6.7
and 67.7 £+ 7.5 gm™® h”, respectively. However, differences in ECs between BTFs were decreased
by reducing the irrigation intervals from 1 min every 12 min to 1 min every 2 h in BTF2. Average
values of EC were 110.6 + 25.0 and 89.6 + 7.3 g m™ h”' for BTF1 and BTF2, respectively, when
working at an IL of ~195 g m® h™'. Microbial analysis revealed a significant shift in biocoenosis in
BTF1 inoculated with Pseudomonas sp. BOE200. At the end of the experiment, the species
Microbacterium sp., Chryseobacterium sp., Acinetobacter sp., Pseudomonas sp. and
Mycobacterium sp. were detected. In BTF2 inoculated with activated sludge, the denaturing
gradient gel electrophoresis (DGGE) technique showed a diverse microbial community including
species that was able to use 2-butoxyethanol as its carbon source, such as Pseudomonas
aeruginosa and Pseudomonas putida as representative species. Although BTF1 inoculated with
Pseudomonas sp. BOE200 showed better performance, the use of activated sludge as inoculum
seems to be a more feasible option for the industrial application of this technology.

Keywords: volatile organic compound (VOC), biotrickling filter, inoculation procedures, polyurethane foam,
Pseudomonas sp.
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Introduction

2-Butoxyethanol is a volatile organic
compound (VOC) of the glycol ether family
that is emitted into the atmosphere due to its
use as solvent, mainly during surface coating
and cleaning activities. This compound is
commonly used in industry based on its high
water solubility (Henry’s constant (H) = 1.6-10°
® atm m® mol™ at 25 °C) [1], chemical stability
and low costs [2]. Aside from its beneficial
uses, the exposure to 2-butoxyethanol can
cause adverse effects, such as irritation of the
nose and eyes, headache, vomiting,
dyspnoea, hypotension, declining levels of
haemoglobin, haematuria and metabolic
acidosis [3]. In addition, VOCs are of
significant environmental concern since they
are involved in the tropospheric ozone
formation. These facts have led to
reinforcement of environmental regulations in
Europe (2010/75/EU) [4], and thus, treatment
technologies are required.

The removal of VOCs from waste air
emissions through biological processes
provides a cost-effective and environmentally
friendly alternative to conventional treatment
methods [5]. Biological processes utilise
microbial metabolic reactions for cleaning of
contaminated air, converting the pollutants
mainly to carbon dioxide, water and biomass.
In the case of biotrickling filters (BTFs), which
involve a trickling liquid for the nutrient supply
and the pH control, the microorganisms are
attached on the surface of an inert packing
material. Among the synthetic materials that
have been tested as packing materials in
BTFs, polyurethane foam is one of the
purposed materials [6,7] since it offers high
mechanical strength, resistant to attack from
organic solvents and microbes, easy handling,
good regeneration ability, and especially very
low cost [8].

The effectiveness of the BTF processes in
the reduction of VOC emissions has been
widely demonstrated from the laboratory up to
an industrial scale [9-11]. However, the
removal of 2-butoxyethanol using
biotechnologies has not yet been reported.
Several studies have proven the successful
application of the biofiltration process for other
compounds with high solubility in water and
characterised by low Henry's constants (H <
0.01). Morotti et al. [12] analysed a BTF packed
with plexiglas cylinders for treating ethanol
emissions. A maximum elimination capacity
(EC) of 46 g m™ h™' was achieved for an inlet
concentration of 1.1 g m™ and an empty bed
residence time (EBRT) of 66 s. San-Valero et
al. [13] analysed two BTFs for the treatment of
isopropanol using two packing materials: a
plastic cross-flow structured packing material
and a random packing material consisting of
polypropylene rings. A maximum EC of 51 g C
m™ h'" was obtained for an inlet load (IL) of 65 g
C m® h'and an EBRT of 50 s. Popov et al. [14]
reported an industrial BTF application for
treating a mixture of soluble VOCs, mainly
methylated spirits, at a flexographic printing
facility. The BTF was operated under an IL of
280 g m® h™' and an EBRT of 14 s, achieving
an average removal efficiency (RE) of 89%.

The start-up procedure of bioreactors can
be carried out by use of different inoculum
sources. From an economic point of view, the
use of activated sludge from wastewater
treatment plants (WWTP) [15,16] is preferred
due to advantages, including ease of
implementation and lower operational costs.
The use of pure cultures as inoculum sources is
also applicable [17,18] due to shorter start-up
periods and the prevention of emissions of
potentially pathogenic germs.
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Comparative studies in the performance of
bioreactors using different inoculum sources
are still scarce. In our previous research, two
inoculation  procedures were compared
regarding the removal of styrene in two types
of bioreactors by using an enriched culture of
the strain Pseudomonas putida CECT 324

ictivated sludge [19]. Working at an
eorit of 60 s and an IL of 75 g m-3 h-1, the
bioreactors presented similar EC values of
~40 g m-3 h-1. An et al. [20] compared the
removal of ethanethiol in two BTFs using
different inoculum sources: a pure culture of
the strain Lysinibacillus sphaericus RG-1 and
a commercially available biocoenosis named
B350. Working at an EBRT of 83 s, the BTF
inoculated with the RG-1 strain showed a
higher performance than the BTF inoculated
with B350, achieving maximum ECs of 38.4
and 25.8 g m-3 h-1, respectively. Li et al. [21]
investigated the removal of toluene and
compared two BTFs inoculated with different
strains, Bacillus cereus S1 and Bacillus
cereus S2. Working at an EBRT of 66.5 s,
maximum ECs of 300.5 and 228.9 g m-3 h-1
were achieved for the BTF inoculated with the
S1 and S2 strains, respectively.

Extensive efforts have been made to
optimise the BTF process from a design and
operational perspective. However, biological
information about the structure and dynamics
of their microbial communities are still required
for a better understanding of the relationship
between  microbial diversity and the
performance of the bioreactor. Biological
molecular tools, such as fluorescence in situ
hybridisation (FISH) [22,23], polymerase chain
reaction-denaturing gradient gel
electrophoresis (PCR-DGGE) [24,25], cloning
and sequencing [26,27] and pyrosequencing
[28,29], have been applied in the field of
biofiltration. For example, Alvarez-Hornos et
al. [30] evaluated the dynamics of the
microbial population using the FISH technique

in a BTF pilot unit for the treatment of exhaust
gases of a plastic coating facility. The pilot unit
was inoculated with activated sludge and
changes in the bacterial community were
observed. The Betaproteobacteria group was
the most abundant group detected in the
inoculum source (relative abundance of 20%).
However, after 3 months of operation, the
abundance of this group dropped to 8.9 £ 3.0%.
Wan et al. [31] analysed the bacterial
community by using denaturing gradient gel
electrophoresis (DGGE) in a BTF adapted with
the biocoenosis B350 described above to
remove trimethylamine (TMA) from waste air.
Although the bacterial community was clearly
sensitive to the TMA, a new bacterial
community was established in the BTF. Among
the 28 initial species in the inoculum source
B350, more than 21 species could be detected
in a stable state with dominance of six species,
namely uncultured bacterium clone PPSB-U1
(EU138870), Cday32-37 (HQ011776),
(FJ406571), (FM956738), K37 (EU834755) and
G30-48 (HQ132203).

The aim of the present study was to
investigate the process performance of two
BTFs packed with polyurethane foam using
different inoculation procedures and microbial
community structures in the removal of gaseous
emissions of butoxyethanol. For this purpose,
the following objectives have been taken into
consideration: (1) To evaluate the performance
in terms of EC and RE of the two BTFs working
both at an EBRT of 12.5 s and under ILs of 130
and 195 g m™® h. The two bioreactors, which
were built with the same relative dimensions,
were packed by using the same packing
material: polyurethane foam with 10 pores per
inch (PPI) and operated in different laboratories
under similar hydraulic conditions. (2) To
analyse the influence of two inoculum sources
on the performance of the process: a pure
culture of the strain Pseudomonas sp. BOE200
and an activated sludge from a municipal
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WWTP were used. The shift in the microbial
community was analysed by PCR-DGGE,
sequencing of 16S rRNA and by plating
methods. To the best of our knowledge, this is
the first study regarding 2-butoxyethanol
biodegradation from gaseous emissions.

Materials and Methods

BTF set-ups and operational conditions

The treatment of 2-butoxyethanol was
carried out in two BTFs under counterflow
conditions which were built keeping the same
relative dimensions. The first experiment, with
a bioreactor named BTF1, was carried out in
the Department of Biological Waste Air
Purification of the University of Stuttgart
(Germany) by using a pure culture of the
strain Pseudomonas sp. BOE200 as the
inoculum source. The second experiment, with
a bioreactor named BTF2, was carried out in
the Department of Chemical Engineering of
the University of Valencia (Spain) by using an
activated sludge from a municipal WWTP as
the inoculum source. Both bioreactors were
packed with polyurethane foam with 10 PPI
(BTF1: EMW filtertechnik, Germany; BTF2:
Modisprem, Spain). The packing material
presents a specific surface of 400 m®> m™, a
void fraction of 96% and a bulk density of 23
kg m™.

The schematic of the set-up for both
biotrickling filters is shown in Fig. 1. BTF1 was
built using a cylindrical PVC module with a
total bed length of 100 cm and an internal
diameter of 15 cm. The bioreactor was
equipped with two sampling ports (gas and
biomass) located at 0 cm (inlet port) and 100
cm (outlet port). The 2-butoxyethanol was
initially dosed and evaporated in an air flow of
0.4 m® h" by a diaphragm metering pump
(STEPDOS® 03, KNF, Switzerland) and then

remixed with an air flow of a compressor
resulting in a total volume flow of 5.0 m3 h™'. A
15-L recirculation tank (ratio of tank volume to
reactor volume = 0.8), partially renewed every
week, was used to feed the recirculation solution
into the bioreactor in counter-current mode with
respect to the air flow using a diaphragm
metering pump (Vario HM15-PP, ProMinent
GmbH, Germany) at 3.25 L min™" (liquid velocity
of 11 m h™") with a frequency of 5 s every 1 min.
In the case of the pH adjustment of the
recirculation solution, a sodium hydroxide
solution (NaOH 1 M) was used. A commercial
fertiliser solution (7°/o N, 3% P205, 5% Kgo; CM',
Germany) was supplied to the recirculation tank
(50 mL per week).

Qutlet gas

=

Polyurethane foam

Inlet
polluted——
gas Centrifugal

Recirculation
Tank

Fig. 1 Schematic BTFs set-up.
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After ending the operation of BTF1,
another experiment operating the other
bioreactor (BTF2) was performed using a
different inoculum source. BTF2 was built
using a cylindrical PVC module with a total
bed length of 70 cm and an internal diameter
of 10.5 cm. Thus, despite being different
systems, the same ratio of length to diameter
(6.7) was used in both bioreactors. The
bioreactor was equipped with two gas-
sampling ports [0 cm (inlet port) and 70 cm
(outlet port)] and two biomass-sampling ports
[30 cm (bottom port) and 70 cm (top port)].
The air stream was contaminated using a
syringe pump (New Era, infusion/withdraw NE
1000 model, USA) and fed to the bioreactor
through the bottom of the column with a gas
flow rate of 1.75 m® h™. A 5-L recirculation
tank (ratio of tank volume to reactor volume =
0.8), partially renewed every week, was used
to feed the recirculation solution through the
top of the bioreactor using a diaphragm
metering pump (Sigma/2, ProMinent Gugal
S.A, Spain) at 1.6 L min™ (liquid velocity of 11
m h™). Two spraying frequencies were used:
a) 1 min every 12 min, and b) 1 min every 2 h.
For pH adjustment of the recirculation
solution, a sodium hydroxide solution (NaOH
0.1 M) was used. A nutrient solution buffered
at pH 8 was also supplied to the recirculation
tank (20 mL per day) containing (g L™'): NH4CI,
9.7; MgSO47H20, 0.9; (NH4)2HPO4, 2.2;
NaHCOs, 0.5; NaOH, 0.4 g; KCI, 0.6; yeast
extract 0.01; and Ca, Fe, Zn, Co, Mn, Na, Ni,
B, I, Se, Cr, Cu and vitamins at trace doses.

The operational period of each BTF was
100 days using the same operational and
hydraulic conditions: two 2-butoxyethanol
loads (130 and 195 g m™® h') working at an
EBRT of 12.5 s and at a liquid velocity of 11 m
h'. Operational conditions applied to the BTFs
are presented in Table 1.

Table 1 Operational conditions of BTFs.

Stages 1 2
Day 0-41 42-100
Inlet cogcentratlon, 450 680
mg Nm
EBRT, s 125 125
T m3nT 130 195

In the first 41 days (stage 1), an EBRT of
12.5 s and an inlet concentration of 450 mg Nm™
were applied. Afterwards, in stage 2, the inlet
concentration was raised until to 680 mg Nm™ at
the same EBRT. The weekly purge was set in
both systems at 20% of the volume of the
recirculation solution. The solvent removal with
the purge represented less than 4% of the
amount of 2-butoxyethanol that was fed during
the whole week. Therefore, the organic carbon
removed with the purge was considered
negligible for the evaluation of the BTF
performance in terms of EC and RE.

Inoculation source

The inoculation of BTF1 was performed
with 1 L of a pure culture of the strain
Pseudomonas sp. BOE200, which was formerly
isolated by Woiski from an industrial-scale
bioscrubber [32]. The bacterial strain was
cultivated in 1 L of liquid mineral medium (MM)
containing (g L7): NaHPO42H:0, 3.50;
KH-PO,4, 1.00; (NH4)QSO4! 1.00; MQSO4'7H20,
0.20; Ca(N03)'4Hzo, 0.05g; CeHsOTFeHA,N,
0.01; trace minerals solution, 1 mL [consisting of

(g L": HsBOs, 0.30; CoCly6H:0, 0.20;
ZnS0O47H,0,0.10;  NaMoO42H,O,  0.03;
MnCI2-4H20, 003, NiCIQ'BHQO, 0.02;

CuCl>'2H,0, 0.01] and 2-butoxyethanol as the
carbon source. The pH of the MM was
maintained at 7.1. Incubation took place in 3-L
conical flasks placed on a rotatory shaker (150
rpm) at 30 °C and with 7.5 mM 2-butoxyethanol.
The culture was fed again at day 5 with ~67% of
the initial VOC loading.
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After 7 days, 1 L of the pure culture was used
as the inoculum of BTF1.

The inoculation of BTF2 was performed
with 1 L of activated sludge from a municipal
WWTP located in Paterna (Valencia, Spain),
without any previous adaptation of the sludge
to the pollutant.

Analytical methods

The analytical methods employed for
monitoring the performance of the bioreactors,
as well as the microbial techniques utilised for
the analysis of the bacterial community, were
carried out with the established techniques of
both laboratories. The concentration of 2-
butoxyethanol was measured using a flame
ionization detector (BTF1: Multi-FID 100,
Hartmann & Braun, Germany; BTF2: Nira
Mercury 901 total hydrocarbon analyzer
Spirax Sarco, Spain). Adequate time intervals
of at least 4 h were used for the generation of
average values of the outlet concentrations.
The pressure losses of both bioreactors
(BTF1: AMS 4711-0050 model, AMSYS,
Germany; BTF2: MP101 model, KIMO, Spain)
and the pH (BTF1: pH Checker, HANNA,
Germany; BTF2: pH/Cond 340i, WTW,
Germany) of the recirculation solution were
monitored at least twice per week. The
concentrations of nitrate, ammonium and
phosphate were determined weekly either by
use of colorimetric kits according to the
Standard Methods for Examination of Water
and Wastewater [33] in the case of BTF1 or by
using an ionic chromatograph (lonic
Chromatograph 883 Basic IC Plus) in the case
of BTF2. The suspended solids (SS) and
volatile suspended solids (VSS) of the
inoculum sources were measured according
to the Standard Methods for Examination of
Water and Wastewater [33].

Microbial community analysis in BTF1

The analysis of the microbial community of
BTF1 was carried out by plating methods on day
100, corresponding to the end of the experiment.
Samples of biomass (2 mL) were taken out of the
sampling ports at the top of the column and from
the recirculation tank and were scattered either
on MM plates with 2-butoxyethanol (15 pL per
plate), in order to evaluate the use of 2-
butoxyethanol as carbon source by strains, or on
nutrient broth plates (NB) as non-selective
media. The composition of NB plates (g L") was:
beef extract, 3.0; peptone, 5.0; agar, 16.0. The
pH of the NB was adjusted to 7.0. Incubation
took place at 30 °C for 1 week. Single colonies
grown under these conditions were transferred to
new plates for subsequent DNA isolation and
sequencing of 16S rRNA.

DNA isolation was performed by
mechanical extraction using 0.1 mm zirconia-
silica beads for five cycles of 60 s of extraction
time in a Bead-Beater (B. Braun Biotech
International, Melsungen, Germany) with
intercyclic cooling of the samples on ice. The
supernatant was transferred to a new tube and
was stored at -20 °C until analysis. 16S rRNA
genes were amplified by PCR using the bacteria-

specific primer 27F (5'-
AGAGTTTGATCCTGGCTCAG-3') and the
universal primer 1492R (5'-
ACCTTGTTACGACTT-3)). PCRs were
performed in a thermal cycler (Bio-Rad
Laboratories GmbH, Munich) with a 50-puL

reaction volume containing final concentrations
of 1 unit of Tag DNA polymerase, 0.25 mM
dNTPs, 2.5 mM Mg®* and 1 uM of each primer
(Biomaster GmbH, Windeck, Germany). PCR
conditions consisted of 30 cycles of: 94 °C for 0.5
min, 58.5 °C for 1 min, and followed by 72 °C for
1 min.
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The PCR reactions followed with 10 cycles of:
94 °C for 1 min, 55 °C for 1 min and 72 °C for 3
min. A final extension at 72 °C for 8 min was
undertaken as the final step. The amplicon was
purified using the GenElute™ PCR Clean-Up
Kit (Sigma-Aldrich Chemie GmbH, Taufkirchen,
Germany) with pure water as solvent, and the
products were sequenced by GATC Biotech AG
(KéIn, Germany).

Microbial community analysis in BTF2

The evolution of the microbial population
in BTF2 was analysed by DGGE on days 0
(inoculum), 40, 60, 80 and 100. In addition, the
growth of strains able to use 2-butoxyethanol as
carbon source was examined by plating
methods using sold MM on day 100,
corresponding to the end of the experiment.
Samples (2 mL) were taken out of the sampling
ports at 30 cm (bottom port) and 70 cm (top
port) of the column, as well as out of the
recirculation tank.

DNA was extracted with the PowerSoil®
DNA Isolation Kit (MO BIO Laboratories, USA)
using the manufacturer's protocol. The
isolated DNA was stored at -20 °C until
analysis. 16S rRNA genes were amplified by
PCR using the two universal primers F357GC
(5™
CGCCCGCCGLGLGLGGLGEGLGGEGLaG
GGGGCACGGGGGGCCTACGGGAGGCAG
CAG-3") and R518 (5-
ATTACCGCGGCTGCTGG-3). PCRs were
performed in a thermal cycler (LongGene
Scientific Instruments, Hangzhou) with a 50-
uL reaction volume of a mixture containing
final concentrations of 1.25 units of Taq DNA
polymerase, 0.2 mM dNTPs, 2 mM Mg?* and
0.5 uM of each primer (EuroClone, ltaly). PCR
conditions consisted of 20 cycles of: 94 °C for
1 min, 65 °C for 1 min, a touchdown annealing
step of 0.5 °C increments from 65 °C to 55 °C

The alignment editing was implemented using
MEGA version 6.06 software and the results
were compared with those available from
theNCBI GenBank database using BLAST
software.

for 1 min, followed by 72 °C for 3 min.
Subsequent PCR reactions followed with 10
cycles of: 94 °C for 1 min, 55 °C for 1 min and 72
C for 3 min. A final extension at 72 °C for 7 min
was undertaken as the final step. For DGGE
analysis, 10-20 puL of PCR product generated
from each sample were separated on an 8%
acrylamide gel running in a linear denaturing
gradient (30%-50%) using a KuroGel Verti 2020
DGGE System (VWR International Eurolab S.L.,
Spain). The gel was run at 60 °C for 5 min at 50
V, 120 min at 150 V and 60 min at 200 V. The
DGGE gel was visualised in the MiniBIS Pro
system (DNR Bio-Imaging System Ltd., Spain).

Predominant DGGE bands were excised
in a UV-transilluminator (ECX-20M, Vilber
Lourmat, Spain) with a sterile sharp scalpel.
Bands were resuspended in microcentrifuge
tubes with 30 pL of sterilised Mili-Q water, and
stored at 4 °C overnight. After centrifugation, the
supernatant was used as the template for PCR
amplification of the 16S rRNA genes. PCR was
performed using the primers F357GC and R518
in a 50-pL reaction volume containing 1 unit of
Taq DNA polymerase, 0.25 mM dNTPs, 2.5 mM
Mg?* and 0.25 uM of each primer (Integrated
DNA Technologies, Spain). The PCR used the
same protocol described previously for the
DGGE.
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The alignment editing was implemented using
MEGA version 6.06 software and the results
were compared with those available from the
NCBI GenBank database using BLAST software.

The PCR product was purified with the High
Pure PCR Product Purification Kit (Roche,
Barcelona, Spain) and, then, was sequenced
by using an automated DNA analyser (3730

KL DNA analyzer, Applied Biosystems,
Spain).

Results and Discussion
BTF performance

The performance of both BTFs treating
2-butoxyethanol is shown in Fig. 2 from day
20 to 100. The inlet and outlet concentrations
during the process time, as well as the RE,
are presented in Fig. 2a (BTF1) and in Fig. 2b
(BTF2). The inoculation of each bioreactor
was conducted at day 0 by using 1 L of the
inoculum source. The concentration of SS and
percentage of VSS were 4.3 g L' and 84% in
the case of the pure culture of strain
Pseudomonas sp. BOE200 (BTF1) and 2.8 g
L' and 81% in the case of the activated
sludge (BTF2). From day 0 to 41 (stage 1), the
bioreactors were operated at a low EBRT of
12.5 s and average inlet concentrations of
450.1 + 10.3 and 474.4 + 12.1 mg Nm™ (IL
~130 g m® h") in BTF1 and BTF2,
respectively. From day 20 onwards, the RE in
BTF1 was kept at values >79% (average
outlet concentration of 77.2 + 18.4 mg Nm?,
Fig. 2a) whereas the RE in BTF2 fluctuated
around 541 + 6.7% (average outlet
concentration of 218.0 + 34.8 mg Nm®, Fig.
2b).

After 41 days of operation the IL was
increased to ~195 g m>h' at constant EBRT of
12.5 s, corresponding to average inlet
concentrations of 699.2 + 78.0 and 741.9 £+ 12.2
mg Nm?in BTF1 and BTF2, respectively. The
response of BTF1 to this change was a
progressive decrease in the RE, reaching 35%
on day 67 and subsequently oscillating around
55.2 £ 9.3% until the end of the experiment,
corresponding with an average outlet
concentration of 313.0 + 70.4 mg Nm®. In
BTF2, a progressive deterioration of the RE
was observed, reaching a value of 21.5% on
day 69. At that moment, it was decided to
decrease the spraying frequency by a factor of
10 (from 1 min every 12 min to 1 min every 2 h)
in order to evaluate the influence of the
spraying frequency on the performance of the
bioreactor. Working with the new spraying
frequency, the RE suddenly increased to 50%
on day 71 and was stable at 47.1 + 3.9%
afterwards until the end of the experiment
(average outlet concentration of 392.9 + 32.0
mg Nm™®).
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Fig. 2 Evolution of the RE (M), inlet concentration (O) and outlet concentration (®) in the BTFs:
a) BTF1 and b) BTF2.

The effect of the spraying frequency on
the outlet concentration in BTF2 is presented
in Fig. 3 where representative examples of 8-h
emission time intervals for both spraying
frequency are plotted. Fig. 3a shows an
example of outlet emissions on day 53 at high
spraying frequency, while Fig. 3b shows
emissions on day 80 under low spraying
conditions. Both figures directly show the
correlation between spraying conditions and
high outlet concentrations due to a high
loading capacity of 2-butoxyethanol in the
aqueous phase and subsequent desorption of

the VOC out of the liquid phase. Thus, the
decrease in the trickling conditions directly
causes a reduction in the number of outlet
emission peaks and thus average outlet
concentration. As a consequence, 8 h-average
values dropped by 35 % from 502 to 325 mg
Nm=. The outlet concentration decreases from
the concentration of the peak (550 mg Nm™) to
250 mg Nm™ during low spraying conditions
(Fig. 3b), while the outlet concentration slightly
declined to 450 mg Nm™ under high spraying
conditions (Fig. 3a).
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Fig. 3 Influence of the spraying frequency on the outlet
pattern emission: a) spraying for 1 min every 12 min
(day 53); b) spraying for 1 min every 2 h (day 80).

The reduction of average daily emission levels
via reduced spraying frequencies was
previously reported by San-Valero et al. [13] in
a BTF treating isopropanol emissions, a
solvent with high solubility in water (H =
8.1-10° atm m*® mol ™ at 25 °C) [1].

Table 2 Parameters of trickling water in BTFs.

The authors obtained a decrease in the outlet
concentration from 86 to 59 mg C Nm™ when
the spraying frequency was changed from 15
min every 1.5 h to 15 min every 3 h. In this
study, the decrease in the spraying frequency
of BTF2 resulted in 2-butoxyethanol removal
that was slightly lower than that obtained in
BTF1 (55.2 £ 9.3% in BTF1 and 47.1 £ 3.9% in
BTF2). Although the spraying frequency was
reduced by tenfold, no drying of the packing
material was observed. Thus, the results
presented here indicate that a minimisation of
the spraying frequency for the removal of
compounds with high water solubility is a key
parameter to achieve low emissions.

The monitoring of additional parameters of
both BTFs is summarised in Table 2. The pH
value was kept at normal values (between 7
and 8). Nitrate, ammonium and phosphate in
the recirculation tank were kept at appropriate
concentrations to make sure that nutrients were
not limiting the bioprocesses. The pressure
drop was maintained at low values (<5 Pa m™)
in both reactors during the 100 days of
operation. In fact, biomass clogging problems
were not observed over this operational period.

BTF1 BTF2
Stage 1 Stage 2 Stage 1 Stage 2
Aver. SD Aver. SD Aver. SD Aver. SD
pH 7.9 0.3 7.6 0.3 7.1 0.3 7.2 0.4
N-NO3, mg L 0.5 0.2 7.3 4.7 16.7 5.5 10.3 7.9
N-NH4, mg L 26.7 11.3 45.9 276 60.2 20.1 99.5 23.1
P-PO4, mg L' 30.3 12.2 51.7 30.0 66.7 48.3 43.9 15.1
Pressure drop, Pa m” 4.1 3.6 4.8 2.2 4.5 7.1 4.7 8.2
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Relationship between EC and IL

The relationship between IL and EC,
calculated for the whole volume of each
bioreactor, is presented in Fig. 4 based on the
experimental data of the last three operational
weeks. In the case of BTF1, an average EC of
106.1 £+6.7 g m>h"' (RE of 82.6 + 4.5%) was
obtained for the lower IL ~130 g m® h™ (stage
1). An increase in the IL to ~195 g m® h
(stage 2) caused a smooth improvement in the
EC level, with an average value of 110.6 +
25.0 g m® h' (RE of 55.4 + 10.1 %), and
culminated in a maximum EC of 154.1 gm™h’
' (RE of 65.0%) for an IL of 237.2 g m2h™. In
the case of BTF2, due to the high influence of
the spraying frequency on the performance,
the EC was increased from 67.7 + 7.5 gm™>h’
" (RE of 54.1 + 6.0%) for the IL of ~130 g m=h’
"t089.6 + 7.3 gm™> h™' (RE of 45.4 + 3.6%) for
the IL of ~195 g m>h™'. The comparison of the
two inoculation procedures of  both
bioreactors, which in spite of being different
systems kept the same relative dimensions
and hydraulic conditions, pointed out that the
BTF inoculated with the pure culture of a 2-
butoxyethanol degrader showed slightly better
removal efficiencies than the system with
activated sludge without previous adaptation.
Nevertheless, activated sludge is preferable
due to its ease of implementation and the
reduction of operational costs in future
industrial applications.

Woiski [32] identified 2-butoxyacetic acid,
n-butanol and butanoic acid as central
intermediates of the biodegradation of 2-
butoxyethanol by Pseudomonas sp. BOE200.
However, no data related to the
biodegradation of 2-butoxyethanol in a
bioreactor for treatment of waste air have
been previously published in the literature.
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Fig. 4 EC versus IL in BTF1 and BTF2. Stage 1
BTF1 (O); stage 2 BTF1 (O); stage 1 BTF2
(@); stage 2 BTF2 (H).

An attempt to compare the data of this work
with those previously reported for other
compounds with high water solubility has been
carried out. For example, Pielech-Przybylska
et al. [17] investigated the biodegradation of
acetone in a trickle-bed biofilter inoculated
with two strains: Pseudomonas cepacia and
Acinetobacter baumannii. A maximum EC of
95.8 g m™ h™' (RE of 99%) was achieved at an
IL of 97.1 g m® h" and an EBRT of 75 s.
Chang and Lu investigated a biotrickling filter
for the removal of isopropanol and acetone
mixtures inoculated with activated sludge [34].
Working at an IL of 80 g m® h™ and an EBRT
of 20 s, ECs between 60 and 80 (RE > 75%)
were achieved. San-Valero et al. [13] studied
a BTF with activated sludge as inoculum for
the removal of isopropanol, and achieved an
EC ~40 g C m® h” (RE ~60%) under an IL of
659 C m>h'and an EBRT of 14 s.
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Isolation and identification of the strains in
BTF1

Plating methods were applied in BTF1 in
order to identify strains present in the
bioreactor at the end of the experiment (day
100). The MM was used as selective media in
order to isolate strains able to use 2-
butoxyethanol as carbon source, and NB was
used as non-selective media to identify further
strains. From the MM, a unique strain with
100% sequence similarity to Pseudomonas
sp. B1_64 was isolated. This result shows the
presence of Pseudomonas species which
were used in the BTF1 inoculation after more
than 3 months of operation. Previous studies
have pointed out that Pseudomonas is one of
the typical bacterial species found in biofilms
from bioreactors treating VOC emissions
[35,36].

Six different strains were isolated in NB
medium and their nucleotide sequences were
determined. The analysis indicated that these
strains have 99-100% sequence similarity
with Microbacterium sp. 111H3b,
Chryseobacterium sp. CHKOV-5M,
Acinetobacter sp. Qoi24, Pseudomonas sp.

B1_64, Sphingobacterium sp. P031 and
Mycobacterium sp. SWH-M4. Table 3 shows
the accession numbers, similarities to related
GenBank sequences and the phylum and
class for each strain. The presence of at least
six species after 100 days of operation
indicates the evolution of a complex microbial
biocoenosis consisting of primary degraders of
2-butoxyethanol, such as Pseudomonas sp.
BOE200, and other non-biodegrading bacteria
in the biofilm during VOC degradation. The
presence of these other species can be
explained by the non-sterile operational
conditions in the bioreactor.

In fact, microbial communities in
technical ecosystems can adapt and change
their composition in accordance with variable
physicochemical operational conditions [28].
The bacterial diversity observed in the
biofiltration studies may be explained by the
resource availability and by the large numbers
of saprophytic microorganisms dominating the
bioreactor and consuming cellular products or
extrapolymeric substances [37].

Table 3 Accession numbers in GenBank, levels of similarity and corresponding phylogenetic
groups of the strains identified and isolated by plating methods in BTF1.

Closest organism in GenBank Similarity (%)°  Phylogenetic group®
(accession No.)
Microbacterium sp. 111H3b (KJ744028) 99 Actinobacteria/
Actinobacteridae
) Bacteroidetes/
Chryseobacterium sp. CHKOV-5M 100 Flavobacteria
(KF499317)
Acinetobacter sp. Ooi24 (AB933637) 100 Protecbacteria/
Gammaproteobacteria
Pseudomonas sp. B1_64 (KC306412) 100 Proteobacteria/
Gammaproteobacteria
. . Bacteroidetes/
Sphingobacterium sp. P031 99 Sphingobacteria
(KC252768)
. Actinobacteria/
Mycobacterium sp. SWH-M4 100 Actinobacteridae
(KJ729254)

#Sequences were matched with the closest relative from the GenBank database.

°Phylum/class.
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DGGE profile, sequencing and analysis
of 16S ribosomal DNA in BTF2

DGGE was applied in BTF2 in order to
monitor microbial population evolution. Fig. 5a
shows the DGGE banding patterns of samples
from days 0 (inoculum), 40, 60 and 80. The
spatial distribution of the bacterial community
along the reactor was studied by including
samples from the bottom port (30 cm) and the
top port (70 cm). Additionally, samples from
the recirculation tank were also analysed in
parallel. Fig. 5b shows the DGGE profile for
the samples taken at the end of the
experiment (day 100) from: the top port of the
bioreactor, a MM plate cultivated with a
sample from the recirculation solution and a
MM plate cultivated with a sample from the top
port. The samples from the MM plates allowed
the identification of bands that matched with
species able to use 2-butoxyethanol.

a)

Inoculum (day 0)
Recirculation tank
day 40
Bottom port, day 40
Recirculation tank
day 60
Bottom port, day 60

Top port, day 40

Top port, day 60

The predominant bands of the native
samples (named with numbers in Fig. 5a) of the
DGGE profile from day 40 to 80 were excised
and sequenced. DGGE band designation,
accession numbers, similarities to related
GenBank sequences and the phylum and class
of each strain are summarised in Table 4. The
corresponding sequences exhibited a similarity
of >96% with: Pseudomonas aeruginosa (band
1),  Pseudomonas putida (band  2),
Sphingobacterium  mizutaii  (band 3),
Lactobacillus brantae (band 4), Lactobacillus
curvatus (band 5), Pedobacter koreensis (band
6), Marivirga tractuosa (band 7), Rubrobacter
naiadicus (band 8) and Acidovorax avenae
(band 9).
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Fig. 5 DGGE profiles from samples of the BTF2. a) Samples at days 40, 60 and 80 from the
recirculation solution, bottom and top port, b) Samples at day 100 from the top port, a MM plate
cultivated with a sample from the recirculation solution and a MM plate cultivated with a sample

from the top port.
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Table 4 DGGE band designation, accession numbers in GenBank and levels of similarity to
related organisms according to Fig. 5a.

DGGE band Closest organism in GenBank Similarity (%)°  Phylogenetic group®

(accession No.)
Pseudomonas aeruginosa strain 100 Proteobacteria/

1 SNPO614 (NR_118644.1) Gammaproteobacteria

5 Pseudomonas putida F1 strain F1 100 Proteobacteria/
(NR_074739.1) Gammaproteobacteria

3 Sphingobacterium mizutaii strain NBRC a9 Bacteroidetes/
14946 (NR_113705.1) Sphingobacteria

4 Lactobacillus brantae strain SL1108 100 Firmicutes/
(NR_125575.1) Bacilli

5 Lactobacillus curvatus 100 Firmicutes/
(DQ336384.1) Bacilli

6 Pedobacter koreensis strain NBRC 100 Bacteroidetes/
101153 (NR_113980.1) Sphingobacteria

- Marivirga tractuosa strain DSM 4126 95 Bacteroidetes/
(NR_074493.1) Cytophagia

8 Rubrobacter naiadicus strain RG-3 %6 Actinobacteria/
(NR_125704.1) Rubrobacteridae

9 Acidovorax avenae strain ATCC 19860 100 Proteobacteria;
(NR_102856.1) Betaproteobacteria

#Sequences were matched with the closest relative from the GenBank database.

*Phylum/class.

Table 5 DGGE band designation, accession numbers in GenBank and levels of similarity to
related organisms according to Fig. 5b.

DGGE band Closest organism in GenBank Similarity (%) Phylogenetic group”

(accession No.)
Pseudomonas aeruginosa strain 100 Proteobacteria/

10 SNP0614 (NR_118644.1) Gammaproteobacteria
Alcaligenes faecalis strain NBRC 13111 100 Proteobacteria/

11 (NR_113606.1) Betaproteobacteria

12 Pseudomonas putida F1 strain F1 100 Proteobacteria/
(NR_074739.1) Gammaproteobacteria

13 Alcaligenes aquatilis strain LMG 22996 100 Protecbacteria/
(NR_104977.1) Betaproteobacteria
Bacillus flexus strain NBRC 15715 100 Firmicutes/ Bacilli

14 (NR_113800.1)

15 Fictibacillus phosphorivorans strain Ca7 100 Firmicutes/ Bacilli

(NR_118455.1)

Sequences were matched with the closest relative from the GenBank database.
*Phylum/class.
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The dominant bands of the samples from
the MM plates on day 100 were also excised
and sequenced (named with numbers in Fig.
5b). Table 5 summarises the DGGE band
designation, accession numbers and the
phylum and class of each strain. These bands
belong to species that present the ability to
use 2-butoxyethanol as carbon source. The
corresponding sequences of bands exhibited
a high level of similarity (100%) with:
Pseudomonas aeruginosa strain SNP0614
(band 10), Alcaligenes faecalis strain NBRC
13111(band 11), Pseudomonas putida F1
strain F1 (band 12), Alcaligenes aquatilis
strain LMG 22996 (band 13), Bacillus flexus
strain NBRC 15715 (band 14) and Fictibacillus
phosphorivorans strain Ca7 (band 15).

The DGGE profile of BTF2 revealed
patterns in the composition of the bacterial
community. Several bands that appear in the
inoculum (activated sludge) disappeared on
day 40, while other bands, such as band 6,
were conserved during the whole experiment.
In contrast, the majority of bands appearing
from days 40 to 100, such as bands 1, 2, 4, 5
and 8, were not found in the original inoculum.
As a consequence, the bacterial community
from days 40 to 100 was composed of species
that were either dominant in the original
inoculum or of low relevance. Several authors
have previously described the divergence
between the original inoculum and the
microbial community developed in a technical
system after an acclimatisation period [38,39].
The bacterial classes, including the species
involved in the removal of 2-butoxyethanol
from day 40, such as Gammaproteobacteria,
Actinobacteria or Sphingobacteria, have been
found in bacterial communities previously
analysed for the treatment of VOCs emissions
[23,4042].

As can be seen in Fig. 5a, two bands
(band 1 and 2) detected in BTF2 match
species able to use 2-butoxyethanol as carbon
source (band 10 and 12). Bands 1 and 10
belong to the species Pseudomonas
aeruginosa and bands 2 and 12 to the species
Pseudomonas putida. The bands 1 and 2,
associated with the Pseudomonas species,
appeared in the BTF on day 40 despite not
being detected in the inoculum source. The
capability of Pseudomonas species to
degrade VOCs and to emerge in bioreactors
has been demonstrated previously, even
though Pseudomonas sp. was not used as an
inoculum of the bioreactors [19,43,44]. The
results suggest that Pseudomonas species
can easily proliferate in a 2-butoxyethanol-
degrading environment, independently of
whether they were found in the inoculum or
not.

Regarding the operational changes
carried out in the bioreactor, the increase in
the IL on day 42 (from 130 to 195 g m™® h™)
caused slight changes in the DGGE profile
between days 40 and 60. As can be seen in
Fig. 5a bands 4 and 5 tended to disappear
after day 40, but new bands (bands 3 and 7)
appeared on day 60. Bands 1 and 2
corresponding to Pseudomonas species,
presented the highest intensity at day 60.
Although the bacterial community showed
smooth shifts during the days 40 to 60, no
significant changes in the performance of the
bioreactor were observed. Interestingly, the
change in the spraying frequency on day 69
had no effect on the DGGE profiles between
days 60 and 80. Thus, the improvement in the
performance of the bioreactor from day 69
onwards was related to the physical
phenomena involved in the decrease of the
spraying frequency in the case of VOCs with
high water solubility, such as 2-butoxyethanol.
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The analysis of the DGGE profile shows
a similar banding pattern along the filter bed
and the recirculation tank, thus indicating a
homogeneous bacterial composition caused
by the recirculation solution. This fact has
previously been observed [45]. In contrast,
conventional biofilters usually present a
stratification of bacterial communities along
the filter height [37,46] due to the use of a low
flow rate of nutrient solution, which is usually
sprayed infrequently (e.g. once per day),
among other factors.

Conclusions

With the exception of Woiski [32], the
aerobic biodegradation of 2-butoxyethanol by
biotrickling filtration has not been reported
previously. Two different BTFs, which were
built with the same relative dimensions,
worked at the same operation and hydraulic
conditions. The systems were started with
different inoculum sources, a pure culture of
Pseudomonas sp. BOE200 (BTF1) as a 2-
butoxyethanol-degrading strain and activated
sludge (BTF2), and operated for 100 days.
Despite using different inoculum sources,
similar ECs were achieved with values of
110.6 and 89.6 g m™ h™' for BTF1 and BTF2,
respectively, atan IL of 195 g m3h.

The outcomes of the microbial analysis
in each bioreactor indicated that a complex
bacterial community was  developed
throughout the experimental time and it was
different from that observed in the inoculum
sources. In the case of BTF1, different strains
were identified after 100 days with
Pseudomonas sp. as the only 2-butoxyethanol
degrading-strain.

This study shows that two different
microbial communities developed from two
different inoculum sources were able to
remove similar quantities of 2-butoxyethanol,
demonstrating the irrelevance of the origin of
the inoculum. Therefore, the use of activated
sludge without prior acclimation (the most

simple inoculation  procedure) is an
advantageous strategy for industrial
applications.

In the case of BTF2, 2-butoxyethanol-
degrading strains, such as Pseudomonas
putida and Pseudomonas aeruginosa, were
observed from day 40 onwards, despite the
fact that these species were not identified as
predominant in the inoculum source,
confirming the large degradation potential of
Pseudomonas species.

Acknowledgements

This project received funding from the Ministerio
de Economia y Competitividad (Project
CTM2010-15031/TECNO) and the Generalitat
Valenciana (PROMETEQ/2013/053), Spain. M.C.
Pérez  acknowledges the Ministerio de
Educacion, Cultura y Deporte, Spain for her FPU
contract (AP2009-2645). We would like to thank
Dr. Kevin Portune for his assistance in the
microbiological tests at the University of
Valencia. Finally, we would also like to thank the
staff of the Department of Biological Waste Air
Purification of the University of Stuttgart,
especially Christine Woiski for pre-isolation of the
strain Pseudomonas sp. BOE200 and for
allowing us to use this strain.

Péagina 154



New Biotechnology

Removal of 2-butoxyethanol gaseous emissions by biotrickling filtration packed with polyurethane foam

References

1

2

10

11

12

Chemist, A. (2001) ChemSpider
SyntheticPages. http://cssp.chemspider.com
Fischer, A. and Hahn, C. (2005) Biotic and
abiotic degradation behaviour of ethylene glycol
monomethyl ether (EGME). Water. Res. 39,
2002-2007

National Toxicology Program (NTP) (2000)
Toxicology and carcinogenesis studies of 2-
butoxyethanol (CAS No. 111-76-2) in F344/N
rats and B6C3F1 mice (inhalation studies).
Technical report series 484, Department of
Health and Human Services, Public Health
Service, Bethesda, Maryland

Council Directive 2010/75/EU of 24 November
2010 on industrial emissions (integrated
pollution prevention and control). 17.12.2010.
Official Journal of European Union.
Delhomenie, M.C. and Heitz, M.
Biofiltration of air: a review. Crit
Biotechnol. 25, 53-72

Moe, W. and Irvine, R. (2000) Polyurethane
foam medium for biofiltration. |: Characterization.
J. Environ. Eng. 126, 815-825

He, Z. et al. (2009) Comparative study of the
eliminating of waste gas containing toluene in
twin biotrickling filters packed with molecular
sieve and polyurethane foam. J. Hazard. Mater.
167, 275—-281

Zhou, L. et al. (2010) Synthesis and
characterization of novel magnetic
Fe304/polyurethane foam composite applied to
the carrier of immobilized microorganisms for
wastewater treatment. Res. Chem. Intermed. 36,
277-288

Cai, Z. et al. (2004) Evaluation of trickle-bed air

(2005)
Rev.

biofilter performance for MEK removal. J.
Hazard. Mater. B114, 153-158
Mathur, A.K. and Majumder, C.B. (2008)

Biofiltration and kinetic aspects of a biotrickling
filter for the removal of paint solvent mixture
laden air stream. J. Hazard. Mater. 152, 1027-
1036

Lépez, M.E. et al. (2013) One-stage biotrickling
filter for the removal of a mixture of volatile
pollutants from air: Performance and microbial
community analysis. Bioresour. Technol. 138,
245-252

Morotti, K. et al. (2011) Analysis and comparison
of biotreatment of air polluted with ethanol using
biofiltration and biotrickling filtration. Environ.
Technol. 33, 1967-1973

13

14

15

16

17

18

19

20

21

22

23

24

San-Valero, P. et al. (2013) Biotrickling filtration
of isopropanol under intermittent loading
conditions. Bioprocess. Biosyst. Eng. 36, 975-
984

Popov, V.O. et al. (2004) Evaluation of
industrial biotrickling filter at the flexographic
printing facility. Environ. Prog. 23, 39—44
Sempere, F. et al. (2008) Performance
evaluation of a biotrickling filter treating a
mixture of oxygenated VOGCs during intermittent
loading. Chemosphere. 73, 1533-1539

Li, J. et al. (2012) Performance of a biotrickling
filter in the removal of waste gases containing
low concentrations of mixed VOCs from a paint
and coating plant. Biodegradation. 23, 177-187
Pielech-Przybylska, K. (2006) Acetone
biodegradation in a trickle-bed biofilter. Int.
Biodeter. Biodegr. 57, 200-206
Avalos-Ramirez, A. et al. (2009) Control of
methanol vapours in a biotrickling filter:
performance analysis and experimental
determination of partition coefficient. Bioresour.
Technol. 100, 1573—-1581

Pérez, M.C. et al. (2014) Abatement of styrene
waste gas emission by biofilter and biotrickling
filter: comparison of packing materials and
inoculation  procedures. Appl.  Microbiol.
Biotechnol. 99, 19-32

An, T. (2010) Comparison of the removal of
ethanethiol in twin-biotrickling filters inoculated
with  strain  RG-1  and B350 mixed
microorganisms. J. Hazard. Mater. 183, 372-
380

Li, G. et al. (2008) Comparative study of the
elimination of toluene wvapours in twin
biotrickling filters using two microorganisms
Bacillus cereus S1 and S2. J. Chem. Technol.
Biotechol. 83, 1019-1026

Maestre, J.P. et al. (2010) Bacterial community
analysis of a gas-phase biotrickling filter for
biogas mimics desulfurization through the rRNA
approach. Chemosphere. 80, 872-880
Kristiansen, A. et al. (2011) Bacterial
community structure of a full-scale biofilter
treating pig house exhaust air. Syst. Appl.
Microbiol. 34, 344-352

Okunishi, S. et al. (2012) Transformation of
microflora during degradation of gaseous
toluene in a biofilter detected using PCR-
DGGE. J. Air. Waste. Manag. Assoc. 62, 748—
757

Pagina 155



Capitulo 7

25

26

27

28

29

30

31

32

33

34

35

Removal of 2-butoxyethanol gaseous emissions by biotrickling filtration packed with polyurethane foam

Yu, J. et al. (2014) Degradation of
dichloromethane by an isolated strain
Pandoraea pnomenusa and its performance in a
biotrickling filter. J. Environ. Sci. 26, 1108-1117
Barcon, T. et al. (2012) Molecular and
physiological approaches to understand the
ecology of methanol degradation during the
biofiltration of air streams. Chemosphere. 87,
1179-1185

Zehraoui, A. et al. (2014) Impact of alternate use
of methanol on n-hexane biofiltration and
microbial community  structure  diversity.
Biochem. Eng. J. 85, 110-118

Portune, K. et al. (2014) Investigating bacterial
populations in styrene-degrading biofilters by
16s rDNA tag pyrosequencing. Appl. Microbiol.
Biotechnol. DOI 10.1007/s00253-014-5868-3
Jianming, Y. et al. (2014) Dichloromethane
removal and microbial variations in a
combination of UV pretreatment and biotrickling
filtration. J. Hazar. Mater. 268, 14-22
Alvarez-Hornos, F.J. et al. (2011) Evaluation of a
pilot-scale biotrickling filter as a VOC control
technology for the plastic coating sector.
Biochem. Eng. J. 58-59, 154-161

Wan, S., et al. (2011) Purification of waste gas
containing high concentration trimethylamine in
biotrickling filter inoculated with B350 mixed
microorganisms. Biores. Technol. 102, 6757-
6760

Woiski, C. (2010) Der Abbau von 2-
Butoxyethanol und dessen biotechnologische
Anwendung in einem Biowascher. Diplomarbeit.
Universitat Stuttgart

Clesceri, L.S. et al. (1998) Standard methods for
the examination of water and wastewater.
American Public Health Association, American
Water Works  Association and  Water
Environment Federation, Washington

Chang, K.S. and Lu, C. (2003) Biofiltration of
isopropyl alcohol and acetone mixtures by a
trickle-bed air biofilter. Biodegradation. 14, 9-18
Roy, S. et al. (2003) Pseudomonas putida as the
dominant toluene-degrading bacterial species
during air decontamination by biofiltration. Appl.
Microbiol. Biotechnol. 61, 366-373

36

37

38

39

40

41

42

43

44

45

46

Paca, J. et al. (2001) Styrene degradation along
the bed height of perlite biofilter. J. Chem.
Technol. Biotechnol. 76, 873-878

Cabrol, L. and Malhautier, L. (2011) Integrating
microbial ecology in bioprocess understanding:
the case of gas biofiltration. Appl. Microbiol.
Biotechnol. 90, 837-849

Steele, J.A. et al. (2005) Structure of microbial
communities in ethanol biofilters. Chem. Eng. J.
113, 135-143

Babbitt, C.W. et al. (2009) Methanol removal
efficiency and bacterial diversity of an activated
carbon biofilter. Bioresour. Technol. 100, 6207—
6216

Doble, M. and Kumar, A. (2005) Gaseous
pollutants and volatile organics, in Biotreatment
of industrial effluents, ed. by Elsevier
Butterworth-Heinemann, Burlington, USA, pp.
301-310

Cho, K.S., et al. (2007) Thermophilic
biofiltration of benzene and toluene. J.
Microbiol. Biotechnol. 17(12), 1976—-1982
Ralebitso-Senior, T.K. et al. (2012) Waste gas
biofiltration: advances and limitations of current
approaches in microbiology. Environ. Sci.
Technol. 46, 8542-8573

Zare, H. et al. (2012) Biofiltration of ethyl
acetate by Pseudomonas putida immobilized on
walnut shell. Bioresour. Technol. 123, 419-423
Zhao, L. et al. (2014) A demonstration of
biofiltration for VOC removal in petrochemical
industries. Environ. Sci. Process. Impacts. DOI
10.1039/c3em00524k

Tresse, O. et al. (2002) Population dynamics of
free-floating and attached bacteria in a styrene-
degrading biotrickling filter analyzed by
denaturing gradient gel electrophoresis. Appl.
Microbiol. Biotechnol. 59, 585-590

Khammar, N. et al. (2005) Link between spatial
structure of microbial communities and
degradation of a complex mixture of volatile
organic compounds in peat biofilters. J. Appl.
Microbiol. 98, 476-490

Pagina 156



8. Evaluation of a pilot-scale biotrickling filter as a VOC
control technology for the plastic coating sector

Este trabajo esta publicado en Biochemical Engineering Journal, vol. 58-59, 154-161.
Elsevier B.V. ha concedido el derecho de incluir este articulo cientifico en la presente
tesis doctoral.






Biochemical Engineering Journal, 58-59: 154-161

Biachemical Engineering Journal S58-59(2011) 154-161

¥

ELSEVIER

Biochemical Engineering Journal

journal homepage: www.elsevier.com/locate/bej

Contents lists available at SciVerse ScienceDirect

Biochemical
- Eﬁalnﬁ;ﬂng

Evaluation of a pilot-scale biotrickling filter as a VOC control technology for the

plastic coating sector

F.J. Alvarez-Hornos, C. Lafita, V. Martinez-Soria, | M. Penya-Roja, M.C, Pérez, C. Gabaldén®

Resrarch Group GHAM Deparrment of Cherical Engineering. Undversitar de Valéncia, Dv. Moliner S0, 46 T Burfazsor, Spain

ARTICLE INFOD

Article history:

Received 4 May 2011

Received in revised Form 1 August 2011
Accepted 10 Seprember 2011

Awailable online 17 September 2011

Keywaoras:

Biodegradanion

Binfilters

Flugrescence in situ hybridisarion
Volatile organic compounds

ABSTRACT

The performance and feasibility of a biotrickhing filter (BTF] pilot unit for the treatment of exhaust gases
from two robetic spray paimnt booths at a plastic coating facility were investigated. The volatile organic
compound (VOC) concentrations in the emissions of the exhaust gases from the paint booths were rel-
atively stable, although the VOC compesition depended on the applied solvent-paint formulation in the
hooths, The pilot plant was operated for one year at empty bed residence times (EBRTs) ranging from 30
1o 93 £, The performance of the system was affected by the solvent-paint fermulations, An EBRT between
30 and 405 was enough to meet legal requirements for products containing more than 60% biodegrad-
able compounds, whereas a minimum EBRT of 805 was required for emissions mainly composed of
hydrophobic ¥OCs. The dynamics of the microbial population was carried out by fluorescence in situ
hybridisatien (FISH], indicating a high microbial diversity with composition changes associated with the
solvent-paint used. The feasibility of the BTF was evaluated, showing that this technelogy is economically

and environmentally competitive in comparison with thermal treatment technology

@ 2011 Elsevier BV. All rights reserved.

1. Introduction

The plastic coating sector covers activities in which contin-
uous coating films are applied with the aim of adding special
effects andfor required properties to the plastic components, In
fact, the automative mdustry consumes approximately 75% of the
solvent-based paint used for this sector [1]. In the side mirrors
manulfacturing, volatile orgame compound (VOC) emissions char-
acterised by high flow rates and low and dynamically variahle
VOO concentrations occur during the coating and drying steps.
In this context, new Eurgpean VOC emission limits have been
established in the VOC Solvent Emissions Directive for this sector
(Council Directive 1999/12(EC), therefore, abatement technologies
are required. Among the available technologies, biological treat-
ment has been included as an end-of-pipe technigue for waste gas
abatement in installations for the surface treatment of substances
using organic solvents [2].

Vapour phase biotechnologies are based on the capability of
microorganisms to wtilise their metabolism to transform organic
pollutants into less toxic compounds. Among biotreatments, the
biotrickling filter (BTF) works by passing air through inert pack-
ing material while a liquid stream is re-circulated over the bed.

* Carresponding author. Tel: +34 963543331 fac: +34 963544808,
E-mail address: carmen.gabaldon@uw.es (O Gabalddn).
LRL: http: | fwownee uvees{giam (C. Gabaldan].

1369-703%/8 - see front matter © 2011 Elsevier BV, All nghts reserved.
doi: 101 016)).be) 2011.09.00%

A biofilm is developed on the packing surface and the nutrients
are supplied by the liquid phase, allowing for greater pH control
and yielding a more stable operation in comparison with biofil-
ters. These characteristics, along with a larger air-liquid surface
area, lead to higher VOC remaoval rates than those obtained with
conventional biofilters [3]. From biofiltration studies at laboratory
scale dealing with the remaoval of VOO mixtures from paint applica-
tion [4-8] can be derved that the performance of biotechnologies
relies on the chemical composition of the solvent paints, which
usually contain a mixture of easily biodegradable and recalcitrant
organic compounds. Literature data indicate that additional testing
izrequired ro demonstrate the robustness of the rechnology. In this
sense, pilot/full-scale studies at industrial sites give practical infor-
mation of the performance of the process under fluctuating and
pscillating emissions related to the manufacturing working plan.
These studies are still scarce |9,10], further information to assess
the BTFs in real situations is demanded.

Although extensive efforts have been made to optimise BTFs
from a design and operation perspective, BTFs stll lacked in
detailed biological information about the structure and dynamics
of their microbial communities. Biological molecular tools such as
fluorescence in situ hybridisation (FISH) [11-14], denaturing gradi-
ent gel electrophoresis (DGGE) [15,16] and cloning and sequencing
of nbosomal RNA genes [17,18] are being applied for evaluating
changes of microbial population,

The purpose of this work was o assess the feasibility of
a pilot-scale biotrickling filter as an environmentally friendly
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Fig. 1. Scheme and layout of the pilot-scale BTF.

biotechnolegy in the VOC control of exhaust gases from spray paint
booths at a plastic coating facility (located in Soria, Spain). The fol-
lowing objectives were taken into account: (1) to determine the
minimum empty bed residence time (EBRT) value that enabled
legal regulations to be met, (2) to evaluate the influence of the
YOU composition of waste gases in the removal efficiency, (3) to
carry out a feasibility study of BTF technology using the experi-
mental results, and (4] to determine the dynamics of the microbial
populations using the FISH techmique.

2, Materials and methods
2.1, Pilor-scale system

The pilot-scale BTF plant was supplied by Pure Air Solutions BV,
(The Netherlands). The scheme and layout of the pilot BTF is pre-
sented in Fig. 1. The biclogical reacter, a column with a volume of
0.75m?, was randomly filled with two inches of nominal diameter
Flexiring™ propylene rings (Koch-Glistch BV.B.A., Belgium), with
a4 93% void fraction. The bioreactor was operated in counter-current
mode. VOC-polluted air from the factory was introduced below the
column at a daily flow rate varying from 29 to 90 m? h~'. Recircu-
lated water was poured on the top of the filter media at a flow rate
of 1.2m* h=1 and the spraving frequency was fixed at 20 min per h.
The trickled water was collected in a 0.4 m? recirculation tank.
The hquid level of this tank was controlled, so that fresh water
was added when the level of water decreased as a consequence of
evaporation, Recycled water was Tully drained and replaced with
fresh water once a month, A nutrient dosing system compaosed of
a 100 L nutrient vessel and a dosing pump was set up in the pilot
unit. The nutrient solution (pH=7, urea (6.5 gL '), MasP04 12H,0
(74gL-",Callz (127 mg L"), Fea( 50y ); (4.8 mgL-"), ZnS0y TH; 0
(02mgL-"), CoCly GH:0 (02mgL-"), MnCl;4H,0 (0.1 mgl-"],
MazMo0y 2Hz0 (0.1 mgL-"), iS04 -6H;0 (0.1 mgL-') and H3B0;
(0.2mgL-')) was added to the recirculation tank at a maximum
rate af 0150k in arder to achieve a Cipaded (Nsupplied MAss ratio
above 30-40. The system was equipped with a programmable logic
controller, and a set of sensors and devices enabled control and
monitoring of the plant via modem communication.

The experiments presented in this study were carried out in
two consecutive phases related to VOC contrel of exhaust gases
from two different robotic spray paint booths of the plastic coat-
ing facility. In this factory, side mirrors for cars are coated in three
serial robotic spray booths (primer, base coat and clear coat layers).
From the three existing sources of VOC emissions, the clear coat and
the base coat spray booths were selected as the foci for this work.
In phase [, the gaseous ermissions from the clear coat spray boaoth
was piped to the pilot plant over a period of 7 months, In phase
II, the base coat booth exhaust gases were conducted to the pilot
plant for G months, The ermissions from these booths contained a
mixture of oxygenated and aromatic compounds coming from the
formulation of the product applied in the process {a mixture of a
specific coat withits thinner). In each phase, the pilot-scale unit was
operated at EBRTs between 30 and 93 s (air lows berween 29 and
adm? h~='7 in order to determine the minimum EBRT values that
enables legal regulations to be met (emission limit value (ELV]: an
average value of 75 mgC Nm—? for all valid readings, with none of
the hourly averages exceeding the ELV by more than a factorof 1.5).

The pilot-scale biotrickling system was inoculated with acti-
vated sludge from a municipal Wastewater Treatment Plant,
WWTP, (located in Soria, Spain) without further acclimation, in
order to simulate operational protocols at an industrial site. An
inoculum volume of 100 L was added to the recirculation tank and
continuously flowed through the bed for 72 h.

The EBRTIs] and remowval efficiency, RE (%] were determined
using the relationships between the inlet VOC concentration, C,
[ CNm~1), the outlet VOC concentration, Cow (g2 CNm~7), the gas
flow rate, @ (Nm® k1), and the reactor velume, ¥V {m?), as lollows:

v
EBRT = —
g (n

RE = 100 (1 - %‘:) (2}

2.2 Analytical technigues

Inlet and outlet gas temperatures, inlet and cutler total VOC
concentrations (measured using two photo ionisation detectors,
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Table 1

Liar of oligonucleonide probes used in this soudy.
Probe Specificity Sequence (5'-37] Farmarmide (%) References
ELIB33R* Mast Bacreria GCTGCCTOCCGTAGGAGT 0-5i 119
ELIB3Z8-11* Other Bacteria not detected by ELIB338 GOAGCCACCCGTAGGTST 0-50 (R
EUB335-111* Other Bacteria not detected by EUB338 GLTGCCACCCOTAGGTGT o-50 119)
ALFORR ce-Proteabasleria GLTAACCTTCTCCGOCTT 0 119]
BET42A B-Proteabhecierio GOCTTCCCACTTOGTTT 15 119]
- Campetitor for BET428 GUCTTCCCACATCGTTT i5 9]
CAMAZA +-Protenbacteria GOCTTCCCACATOGTTT 15 119]
- Competitor for GAMAZA GUCTTCCCACTTOLTTT 35 %)
HEGCGSA Actinobrcterio (high G +C Gram positive bacteria) TATACTTACCACCGOCGT 25 19
- Competitor for HGCEQA TATAGTTACGECCGOOGT 25 119)
LGCIS4AP Firmicures [low G+ C Gram paosative bacteria) TCGAAGATTCOCTACTLC i5 [ik:]]
LG 35487 Firmicutes [low G +C Gram positive bacteria) COGAAGATTCCCTACTGD 15 119]
LGC354C% Firmicures [low G+ C Gram posiove bacteria) COGAAGATTOCCTACTGD 15 9]

“ EUR338E, EUB338-11, EUB338-11 were used in the mixture called EUBy,,,.
b LGC354A, LGCI54E, LGC354C were used in the mixture called LGC s

or PIDs), air flow, the pressure drop between the gas inler and
the outlet of the media bed, tank levels, and the conductivity,
pH and temperature of the trickling solution were continuously
maonitored. Samples of the recirculated water were collected to
analyse COD, TOC (TOC-Vegy model, Shimadzu, Japan), suspended
salids and mitrogen and phosphorus content. A total hydrocarbon
analyser (Mira Mercury model 900, Spirax-Sarco, S5pain) was peri-
odically used to check and cahbrate the FID sensors, The response
ol the total hydrocarbon analyser was calibrated using a standard
mixture of propane (1473 mgCNm~—*) in nitrogen gas (Carburos
Metdlicos, Spain). The identification and quantification of the main
WOCs presented in the emissions and solvents used in the rwo
robotic spray booths were carried out by GC-MS. Analyses were
canducted using a mass spectrometer (5973N model, Agilent Tech-
nologies, USA) and a gas chromatograph (G8590N model, Agilent
Technologies, USA) equipped with a HP-5M3 capillary column
(30m = 025 mm = 026 wm, Agilent Technologies, USA). The gas
carrier was helium at a flow-rate of 44cm® min~'. The injec-
tor temperature was 250°C. The oven temperature was initially
set at G0°C and held at that temperature for Smin after injec-
tion. Mext, the temperature was raised from 60-C to 180-C at
a heating rate of 3°Cmin '. Then, it was increased to 300°C at
20°Cmin~". This maximum temperature was held for 20 min prior
to cooling down to 60°C, Compound identification was based on
their fragmentation patterns and by companison of their mass
spectra with the NIST database V2.0 and the Wiley mass spectral
library.

2.3, Fluorescence in situ hybridisation (FISH)

The FISH technigue was carried our following the procedure
described by Maestre et al. [14], with a Cy5-labelled EUB,,
probe for most bacteria and Cy3-labelled specific probes [Thermao
Fisher Scientific, Germany ). Table 1 lists the oligonucleotide probes
used in this study. Biofilm samples were taken from the pack-
ing material of the BTF pilot unit and were homogenised using
an KA ultra-turrax T15. Afterwards, the samples were fixed by
using the procedure described by Amann et al. |20]. Hybridisa-
tion was performed at 46°C for 2h with formamide according
to the details specified in Table 1 for each probe. Slides were
examined by using a Leica TCS 5P confocal laser scanning micro-
scope [CLEM, Leica Microsystems, Germany). Specific probes were
quantified as a proportion of EUB,,. labelled bacteria using
image analysis with the methodology developed by Jubany et al.
[21].

3. Results and discussion
3.1. Characterisation of emissions from the sproy paint booths

The industrial site operates full-time, 24 h a day, from 6:00 am
on Monday to 5:00am on Saturday, with shut down periods on
weekends, The gas flow rates exiting the spray booth systems
were approximately 35 000Nm? h=' for the cleat coat booth and
45 000 Nm?* h=" for the base coat booth. The daily average emis-
sion temperatures of the putletr emissions varied berween 8 and
33°C throughout the experimental period doe to ambient tem-
perature changes between the winter and summer seasons. The
YOO concentrations at the two foci were relatively stable dur-
ing working hours, with hourly average values ranging from 100
to 450mgCNm—*. The daily average VOC concentrations for the
clear coat and the base coat booths were 235+ 57 mg CNm~-? and
153 + 38 mgCNm*, respectively. Twao typical VOC concentration
emission patterns from both booth systems over one working day
are showninFig. 2. As can be chserved, due to the inlet hourly aver-
age VOC concentrations exceeded the ELV by a factor greater than
1.5 (maximum hourly legal limits), treatment of booth emissions
may be required at both foci,

During the entire test period, the industrial facility used three
different product formulations in the clear coat booth (named here
as A, B and C) and one product farmulation in the base coat booth
(named here as D), each of which consisted of a mixture of a
specific coat with its thanner, resulting in differences in the VOC
compositions for the waste gas from the spray booths. The product
formulations used by the facility during the experimental period in
baoth spray booths are summarised in Table 2, As can be abserved,
products A and B contained oxygenated compounds such as buryl
acetate, butyl glycol acetate and methyl acetare (=70%) and the sol-
vent naphtha including small proportions of aromatic compounds
(uylenes and ethylbenzene). Product C was mainly composed of
hydrophobic and relatively recalcitrant substances [~60%) with a
high proportion of heavy aromatics, and a water soluble compound
fraction of only 40% {mainly n-butyl acetate . Product D was similar
in chemical composition to products A and B, with a water soluble
and readily biodegradable substances fraction of 60%.

3.2 Pilot unit performance

After inoculation (day 0, the pilot plant was connected to the
clear coat focus for 7 months (phase 1. During the first days of
operation, a relatively low level of VOC removal was observed (RE
<20% for Product C). However, a progressive increase in removal
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Fig. 2. Typical instant and hourly average VOO concentralion emission patiemns in
the studied foci: clear coat focus, phase 1{a), and base coar focus, phase 11 (b). The
dizcontmuous lime represents a lacter of 1.5 times the ELV,

efficiency was achieved until stable performance of the pilat plant
in the first month, with BE ~50% (PFroduct C, ERRT=5035), due to
the fact thar biofilm was being developed a:m the packing mate-
rial. This fact can be ohserved in Fig. 3, where the inlet and outler
hourly average YOC concentrations obtained at days 5 and 30 of
operation are plotted. Martinez-5oria et al. [9] reported RE val-
ues higher than 70% a few days after starting up a BTF pilot plant
installed in a furniture manufacturing facilicy by using pre-adapted
biomass. The length of time it tock to reach stable performance

Table 2

can be attributed o the variability in concentrations along with
the intermittent pattern associated with weekend shutdowns, as
bath factors slowed down the start-up process. Product C contains
a high proportion of hydrophobic aromatic and relatively recal-
citrant substances (~G60%), and the absence of biomass adapted to
these compounds, since the mnoculum was an activated sludge from
a municipal WWTP, could also have prolonged the start-up period.

Dwring the next six menths, phase I, periodic changes in the
VOC compaosition of the exhaust gases from the clear coat spray
booth took place. These changes were associated with the different
products applied in this booth [(Product A&, B or C). The air flow rate
through the pilot plant was periodically adjusted to values ranging
from 33 to 90m? h !, corresponding to EBRTs between 30 and 80 5,
in order to determine the minimum EBRT values that enable legal
regulations to be met for each solvent-based paint product. The
performance of the pilot unit was dramatically affected by the for-
mulation af the product used in the coating process. The inlet and
outlet howrly average VOC concentrations obrained during a typi-
cal day of operation working with the minimum EBRT that allows
legal compliance for products A and C are plotted in Fig, 4a and by,
respectively. For product A, which is mainly compaosed of readily
biodegradable VOCs (>70%], the system was able to met legal reg-
ulations working with an EBRT as low as 30 s [daily average outlet
VOC concentration of 56 mg C Mm- ). For product B, similar results
were obtained. However, for product C, an EBRT of 80 5 was neces-
sary to achieve similar RE as with products A and B, increasing the
required size of the industrial scale bioreactor by more than twice
in order to ensure the adequate removal of the slowly biodegrad-
able compounds. Itis worth noting that the Christmas holidays took
place at the end of the second month of operation of the pilot unit,
WVOCs were not fed into the bioreactor, and air flow, water trickling
and nutrients were maintaimed at reduced levels, The former levels
of efficiency were restored almost as soon as normal operation was
re-established, showing the robustness of the biclogical technology
[data not shown here),

In the seventh month of operation, a change in the pilot unit
fram the clear coat facus to the hase coal focus was conducted.
Then, the pilat unit was operated at different EBRTs ranging from 45
to 93 5 for 6 months (phase 117 In this focus, product D was applied
inthe coating process. Fig. 4c represents the inlet and outlet hourly
average VOC concentrations obtained during a typical day of oper-
ation working with an EBRT of 45 5. For this focus, an EBRT walue
of 45 5 was shown enocugh to meet legal compliance (daily average
outlet VOC concentration of 37 mg CNm~ ).

Product formulations used Tor the cleat coat and base coal focn during the experimental perod.

Products clear coat focus Clear coat { 70wit®)

Thinmer [ 30 wtiE)

A Xylenes 10=-25%
n-Butyl acetate 10-25%

n-Butyl acetate 1003

2-Merhoxy-1-methylethyl acetate 10-25%

Isnbutyl acetare 10-25%
B Butyl glycel acetabe 25-50%

Maphtha, light aromatic 10-25%
Maphtha, heavy aromatic 2.5-
1.24-Trmethyl benzene 2.5-10%

C n-Butyl acetate 25-50%
Kylenes 25-50%

N-methylpyrrolidinone 2.5-10E

Ethwlbenzens 1-2.5%

Product base coat focus Base coat (70 wik]

n-Butyl acetare 25-50%
Butyl glycal acetate 10-25%

104 1.2 4-Trimethyl benzene 2.5-10%

Maphtha, hight aromarnic 2.5-10%
Xylemes 2 5-10%

Maphtha, heawvy aromatic 75-100%
Maphthalene 2.5-10%

2-Butoxy ethanol 2.5-10%
Cumene 1-25%

Thinmer [ 30 wiE)

D n-Butyl acetate 25-50%
Xylenes 25-50%
| -Butanal 2,5-10%

Maphtha, light aromatic 25-50%

n-Butyl acetare 10-25%

Butyl glycal acetate 10-25%

Erhylene glycol monobutyl ether 2.5-10%
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Fig. 3. Hourly averages of inlet and outlet WOU concentrations after 5 (a) and 30 days [rom pilot unit incculation (B). The discontinuous line represents a factor of 1.5 times

rhe ELV.

The gutlet versus the inlet VOC hourly average concentration for
typical days at three different EBRTs for both selected foci are rep-
resented in Fig. 5. The products used in the clear coat booth, product
A, and C have been plotted in Fig. 5a and b, respectively. Product D
used in the base coat booth has been presented in Fig. 5c. As can
be abserved, for product A the system was able to met legal regu-
lations working with the three EBRTs, with average daily values of
the outlet emissions of 20, 23, 50 and 69 mgC Mm%, for 80, 65, 45
and 305 of EBRT, respectively. For product B, similar results were
ohserved. With product C, the regulatory limit was only reached
waorking ar an EBRT of 805, The daily average outlet VOC concen-
tration values were 22,93, 115 and 118 mg CNm~*, working at 80,
G5, 45 and 30z of EBRT, respectively. For product D, the bioreac-
tar performance was not significantly affected by the decrease in
the EBET, achieving daily average values of the gutlet emissions of
13,37 and 43 mgCNm*, for 80, 65 and 45 s of EBRT, respectively.
As a conclusion, the minimum EBRT values that would allow legal
regulations to be met is 305 for all the coating products used in
the tested factory, except for product C that requires a minimum
EBRT of 80 5 owing to its composition. Taking into account the great

similarity between results obtained for product A and D at EBRTs
of 45, 60 and 80 s, it could be derived that an EBRT of 30 s could be
also high enough to ensure the outlet gas concentrations below the
emission legal limit are reached when emissions coming from the
apphication of product D are treated.

The performance of the BTF pilot unit during the entire test
period for both selected foct and for each product formulation used
in the coating process is summarised in Fig. 6, where average daily
data are presented. The variations of the RE versus the applied EBRT
are shown in Fig. Ga and b for the clear coar and base coat foci,
respectively. Regarding the clear coat focus, for products A and B,
the RE was not significantly affected (RE values were hetween 85
and 95%) when the pilot unit was operated with EBRTs ranging
between 45 and 805 Howewver, RE slightly dropped to approxi-
mately 70% when the EBRT decreased to 30 s. 5till, the lowest EERT
(30s5) was enough to maintain outlet VOC concentrations below
the legal limits {75 mgCMNm~*), despite the observed decreased
in RE. These results are comparable to those obtained by Webster
et al. [10] that installed a 0.47 m?-volume BTF pilot unit to treat off-
gases from two spray paint booths, achieving RE higher than 70%
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working at an EBRT between 11 and 395 for methyl ethyl ketone,
methyl isobuty] ketone, o-sylene, m-xylene, p-xylene and n-butyl
acetate, For product C, a linear relationship existed between the
applied EBRT and the abtained RE. In this case the system performed
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Fig. 6. Surnmary of pilot unit performance during the entire experimental period:
clear coar Foecus (a) and base coat focus (B,

warse compared to the results ebtained for products A and B. For
example, at an EBRT of G0 5, the pilot unit achieved a RE ~70% for
product © and a value of 90% for products A and B, indicating that a
higher content of aromatic and hydrophobic compounds was asso-
ciated with worse performance of the BTF. In the hase coart focus,
the results show behaviour hetween those chtained in the clear
coat focus for products A, B and C. For example, at an EBRT of G0 s
the pilot unit reached a RE ~80% for product D and a value of 90%
for products A and B, the slight difference could be attributed to the
lower content of biodegradable compounds in product D [(~60%) in
comparison with the content of products & and B [=70%).

The pressure drop was low [<60Pam~!) for the entire test
period, indicating that the short-term starvation periods over
weekends combined with the relatively low VOC inlet load
[~25gCm~? h~")avoided clogging episodes in the reactor. The sol-
uble COD values in the trickling solution ranged between 200 and
400 mg COD LY, corresponding to TOC analysis varying from 70 to
190mg C LY, From mass balances, the quantity of carbon monthly
purged 15 neghgible, less than 1% of the inlet organic carbon fed to
the pilot unit, The pH and conductivity values ranged between 6.5
and 7.5 and between 1.1 and 2.0 mScm~7, respectively,

3.3, Dyvnamics of the bacterial community using FISH

Fluarescence in situ hybridisation was applied to samples taken
fraom the BTF pilot unit throughout the year of experimentation,
covering the two studied foci and the different solvent-paint prod-
ucts. This is the first study in which FISH rechnigue is applied in
a real system with variable and complex emissions in the VOC
remaval sector. In addition, FISH analysis of the inoculum (com-
ing from a municipal WWTP) was also carried out. Fig. 7 shows
the changes in bacterial community composition with time using
domain to class-specific FISH probes such as the Proteobacteria
domain [Alphaprotecbacteria, Betaproteobacteria and Gammapro-
teobacteria), Actinobacteria (high G +C Gram positive bacteria) and
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Firmicutes (low G+ C Gram positive bacteria). The results have been
expressed as the percentage of EUB,,, stammed cells [hereafter
defined as total bacteria). As can be observed in Fig. 7, a high bac-
terial diversity and heterogeneity was obtamed during the entire
test period, since the total percentages of the target domains var-
ied between 23% and 56% relative to the EUB,. counts with no
any predominant domain. The great heterogeneity and high diver-
sity can be explained taking into account two factors: the complex
and variable emission compaosition and the selected inoculum (acn-
vated sludge). There are no others literature references related to
micrabial communities monitoring from BTF applied in the coat-
ing sector. In the odour remaoval filed, Ho et al. [13] stadied the
micrabial populations in a biofilter packed with granular activared
carbon, reporting a high bacterial diversity with total percentage
values ranged from 10% to 50% for the same target domains as those
used in this study.

Although the community composition changed over time, there
were some patterns, which could be considered. Changes in the
bacterial community in comparison with the initial inoculum com-
munity were observed, depending on time but especially on the
different VOC emission composition associated with the paint-
solvent products used in each spray booth. Therefore, the change
in the paint formulation did not only affect the pilot unit's per-
formance but also affected the micrebial pepulation compaosition.
When products A, B and D {similar chemical composition) were
used, no significant differences were observed in the microbial
populations, Far example, members of the Alphaprotesbacteria and
CGammaproteobacteria were the most abundant groups with val-
ues of 15% and 17%, respectively, at the third month (products
ABB) and values of 16% and 18%, respectively, ar the twelfth month
(product ). However, the microbial population compaosition was
significantly different when product C was used. In this case, all
target groups decreased their importance, for example, the highest
obtained values for Alphaprotechacteria and CGCommaproteabacte-
ria were 11 and 6%, respectively. Finally, values for members of
the Betaprofeobacteria group were stable, with an average value of
5.9+ 3.0%. Additional FISH analysis was carried out to identify the
dominant species within the Betaproteobacteria group. This analy-
si5 indicated that the most abundant species in the former group
was associated to the Pseudomonas sp. genus (FS56A probe, GCTG-
GOCTAGCCTTC [19]) This genus has been identified as the main
bacteria related to the biodegradation of aromatic compounds in
biofiltration [22].

3.4, Feasibility study

The economic feasibility of biotrickling filter technology for the
control of VOC emissions from the coating sector was carried out.
In this study, the treatment of the total air emissions coming from
the two robotic spray paint booths was considered. The BTF was
sized assuming the use of products A and B in the clear coat booth
and product D in the base coat booth. The industrial-scale BTF
design was based on the modular VOCUS™ technology developed
by Pure Air Solutions BV, (The Metherlands). Sizing calculations
were based on a flow rate of 80 000 Nm®* h~" and a VOC concentra-
tion of 220mg CNm~F of the waste gas as a result of the mixture
of both focus emissions. Under these conditions, a RE value higher
than 65% is necessary to comply with legal regulations. The EBRT
was selected from the experimental results of the pilot wmit (Fig, 6).
The estimations for the total capital investment (TCI) and the total
annualised cost ([TAC) are summarnsed in Table 3, The feasibility
results are presented in terms of annual cost per volumetric air flow
of the waste stream (€(Mm* h '} 1), The TCl was supplied by Pure
Adr Solutions. The TAC includes the annual operating costs and the
annualised capital investment cost, assuming that the equipment
would have a 10 years amortization. The operating costs in terms
of nutrients, power (25 kKW, fresh warter and waste management
have been included. The natural gas consumption to keep the inlet
air temperature above 12°C during the winter months has been
consideread as well.

A comparison with the annual costs of a regenerative thermal
oxidiser (RTO) combined with a zeolite rotor as a pre-concentrator
step is also included in Table 3. The installation of a zeolite rotor
concentrator has a substantial impact on the capital cost of the sys-
tem, but reduces the consumption of natural gas with a net positive
impact an the viability of the thermal treatment option for highly
diluted emissions of VOCs, The estimation of the TCl and operating
costs were derived from the budget of the industrial facility. The
RTO was designed in arder to achieve an outlet VOC concentration
value of 50 mgC Nm—2, The operating costs include those incurred
by the consumption of natural gas, electricity and zeolite reposi-
tion. It was estimated that a minimum annual of 145 000 Nm-—? of
natural gas would be necessary. The electricity power required was
approximately of 220 KW, mainly due to the pressure drop caused
vy the zeolite bed of the rotor concentrator. The lifetime of the
zeolite was established at five years.

The feasibility results show that the TCI of the biological system
in treating waste gas emissions mainly composed of bicdegradable

Table 3
Comparisan of the estimated cost of the biotrickling Alter option with the zeolite
rator plus RTO configuration.

Biotrickling filter technology

Design parameters

EBET, = 4
Total bigreactor volume, m* 750
Toral biereactor Feotprine, m o0
Mumber of units m

Cost esnmation, €
Total capital investment (TCI E v
Toral annualised cost [TAC) 130 000
TCH(Nm® h-1) 7.50
TACHMNm? h=1} 1.63

Fealite rator+RTO

Cosr esnimation, &
e GO0 000
TALCh 196 Q00
TC(Mm™ h ') .50
TACNm? h-1) 2.45

! Supplied by Pure Air Solutions BA. (The Netherlands].
b Eetimated from data supplied by the industrial facility.
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compounds s comparatively similar o the cost estimated for
the thermal option. However, the TAC per volumetric air flow
(€£1.63(Nm* h—") -1} is significantly lower than that estimated for
the RTO systern [€2.45/Mm® h-'1-1) because of the much lower
operational costs for the biotrickling filter. For source emissions
from the clear coat booth composed of hydrophobic compounds
(product C), the authors estimated similar operating costs to those
obtained for biodegradable compounds [23], however, the TCI was
two-fold higher, resulting in an increase in the total annualised cost
of approximately of 45%,

Biological treatment could be an attractive alternative i the
near future as an air pellution control technology in the plastic
coating sector, The abiohic system 15 an energy-intensive control
technology, with the added disadvantage that it emits greenhouse
gases and NOy emissions, along with the financial risks associated
with the Muctuating costs of energy. In this sense, an estimation
of the production of CO5 (kg CO2 h=1) has been carried out for the
RTO system and BTF technology, where a biomass yvield coefficient
of 0.3 gCaC 1 was assumed. For the RTO system, CO; emissions
values of 53 and 50kgCOz h~! were estimated for the contrilu-
tion of natural gas and VOC oxidation, respectively. Far the BTF
technology, a total COz emission of 35 kg CO; h~" was determined,
resulting in a 66% reduction in relation to the total C0; emissions
from the RTO system. Boswell at al. [24] reported in the control
of VOC emissions from a panel board press that greenhouse gas
emissions can be reduced by 60-80% by replacing a conventional
thermal oxidiser (RTO) with a biotreatment system.

4. Conclusions

Brological remaoval of WOCs from exhaust gases from two robotic
spray paint booths at an industrial plastic coating facility were stud-
ied for ane year. The suitability, rebusiness and competiniveness for
ETF in VOC abatement have been shown. The emissions from the
clear coat and the base coat foci were quite stable in terms of VOC
concentration, but significant differences in the chemical composi-
tion related to the solvent-paint product applied in the paint booths
were ohserved, The minimum EBRT values that allowed for meet-
inglegal regulations depended mainly on the chemical composition
af the emissions. For products A, B and D (mainly composed of
hiodegradable compounds) the minimum EBRT should be between
30 and 40 5, however, a minimum EBRT of 80 5 is needed for product
C (with a high proportion of hydrophobic compounds). Therefore,
the treatment of emissions composed of slowly biodegrad able com-
pounds requires a reactor more than twice the size of a reactor
treating emissions of oxygenated compounds. The results show
that the total annualised cost for the BTF is low in comparison with
thermal treatment technology. In addition, a reduction of G66% n
relation to the total CO; emissions from the RTO system 15 esti-
mated. From a micrabiological point of view, FISH analysis indicates
that the microlmal population composition depends on the solvent-
paint applied in the booths, members of the Alphaprotecbacreria
and Gammaproteabacteria groups were the most abundant when
products A, B and D were used.
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Abstract

The performance of a full-scale biotrickling system for the treatment of exhaust gases from two different paint
sources at a furniture facility, was investigated applying Fluorescense in situ hybridization (FISH). This technique
allowed the detection of major bacteria groups and, therefore, helped in understanding complex microbial
communities. The results indicated that Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and
Deltaproteobacteria were more predominant than Firmicutes and Actiniobacterias. In addition, a variation in the
composition of the bacterial community throughout the time of operation and with the paint source was observed.
Betaproteobacteria showed similar relative abundance in all analyzed days. However, Gammaproteobacteria,
relevant group in the degradation of VOCs, fluctuated with operational changes and the relative abundance of
Alphaproteobacteria decreased when the composition of pollutants of the emission source was changed.

© 2012 Published by Elsevier Ltd. Selection under responsibility of the Congress Scientific Committee
(Petr Kluson)

Keywords: Biotechnologies: biotrickling filter: FISH: volatile organic compounds: waste gas treatment

1. Introduction
Biotrickling filtration could be considered as a suitable and viable technology for controlling the

industrial emissions of volatile organic compounds (VOCs) in waste gases. Biotrickling filters (BTFs) use

* Corresponding author. Tel.:+34 963543169: fax:+34 963544898.
F-mail address:Vicente.mtnez-soriauv.cs.

1877-7058 © 2012 Published by Elsevier Ltd.
doi:10.1016/j.proeng.2012.07.459

Pagina 169



Capitulo 9

M. C. Pérez et al. / Procedia Engineering 42 (2012) 666 — 671 667

a specified inert packing material and involve a liquid phase, which trickles through the bed providing
nutrients. The biofilm is developed on the packing surface. Removal efficiency in BFTs depends on
multiple parameters, being the microbial community a key parameter in the performance of this process.
In general, main efforts have been made to improve the feasibility and robustness of the bioprocess,
however there are few studies focused on the characterization of the bacterial population in BTFs. For this
porpuse, molecular biological techniques are useful tools to analyze microbial community structures
during the removal of contaminants in biological processes. Fluorescence in situ hybridization (FISH) is
currently a method used for the detection and quantification of the composition of microbial communities
in natural and engineered ecosystems. FISH detects nucleic acid sequences by probes with fluorescent
dyes that hybridize specifically to its complementary target sequence within the cell [1]. In fact, there are
some studies in the field of biofiltration where FISH technique was used to analyze the bacterial
community, for example Friedrich applied the FISH technique in a full-scale industrial biofilter resulting
that members of the Betaproteobacteria followed by Actinobacteria, Alphaproteobacteria, Cytophaga-
Flavobacteria, Firmicutes and Gammaproteobacteria were the most abundant groups and whereas the
lower 50 cm of the biofilter proved to be the most active part for the degradation of aldehydes such as 2-
and 3-methylbutanal, 2-methylpropanal, and hexanal [2].

In this study. the evolution during more than a year of the bacterial population in an industrial BFT
treating two different VOC sources at a furniture facility was analyzed by using FISH.

2. Materials and methods

The full-scale biotrickling unit was supplied by Pure Air Solutions (The Netherlands) following its
innovative abatement technology (VOCUS™) and it has been described by elsewhere [3]. Two different
VOC discharge sources were selected, consecutively, as representatives of the diverse paint activities
carried out in the industrial facility. In the first focus (A) tested, butyl acetates and xylenes were the major
compounds and acetone was the dominant compound in the second focus (B). The plant was operated for
more than a year at different air flow rates corresponding to empty bed residence times (EBRT) ranging
from 20 to 100 s. During the first seventh months, including start-up period, the VOC removal in the first
focus was studied. Afterwards, the BTF was connected to the second source during more than four
months. Then, the first source was connected again. At 13™ month industrial installation was closured
associated to holyday period. During these different periods several biomass samples were taken from the
bioreactor to analyze the microbial community.

The FISH technique was carried out adapting the procedure described by Amann et al.[4]. The
procedure includes the following steps: sampling, fixation of the biofilm, hybridization with the
respective probes for detecting the respective target sequences, washing, mounting, visualization and
document of results. Biofilm was collected from full-scale biotrickling unit, the samples were
homogenized and disaggregated with the Ultra-Turrax (IKA"® T18 basic). Then, the samples were fixed to
allow the penetration of the fluorescent probes into the cell. Gram negative cells were fixed with 4%
paraformaldehyde and Gram positive cells with ethanol. Hybridization consists in annealing of the probe
to the target sequence, performed at 46 °C for 2 h. In this technique, was used a Cy5-labelled EUB,,;,
(general probe) and Cy3-labelled specific probes (Thermo Fisher Scientific, Germany). EUBmix consists
of the mix of probes EUB338, EUB338I1 and EUB338IIl. Cy5 and Cy3 are fluorescent dyes, that is,
fluorochromes with different excitation and maximum emission allowing simultaneous microscopic
observation. Table 1 summarizes the oligonucleotide probes used in this study and the percentage of
formamide used for each probe. Slides were examined by using a Leica TCS SP confocal laser scanning
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microscope (CLSM, Leica Microsystems, Germany). This microscope is equipped with two He-Ne lasers
with light emission at 543 and 633 nm, respectively. Five microscopic images were acquired for the
negative control and 30 images for the sample with specific and general probes. Each captured image was
formed with 2 pictures, one corresponding to EUBmix and other one to specific probe. Finally, specific
probes were quantified as a proportion of EUB,, labelled bacteria using image analysis based on the
methodology developed by Jubany et al.[5].

Table 1. List of oligonucleotide probes used in this study

Probe Specificity Sequence (5°-37) Formamide (%)

‘EUB338 Most Bacteria GCTGCCTCCCGTAGGAGT 0-50

YEUB338-I1 Other Bacteria not detected by FUB338 GCAGCCACCCGTAGGTGT 0-50

“EUB338-I11 Other Bacteria not detected by EUB338 GCTGCCACCCGTAGGTGT 0-50

ALF968 a—Proteobacteria GGTAAGGTTCTGCGCGTT 20

BET42A Bl | —Proteobacteria GCCTTCCCACTTCGTTT 35

- Competitor for BET42A4 GCCTTCCCACATCGTTT 35

GAM42A y —Proteobacteria GCCTTCCCACATCGTTT 35

- Competitor for GAM42A4 GCCTTCCCACTTCGTTT 35

"DELTA495a  Deltaproteobacteria AGTTAGCCGGTGCTTCCT 35

"DELTA495b  Deltaproteobacteria AGTTAGCCGGCGCTTCCT 35

"DELTA495¢c  Deltaproteobacteria AATTAGCCGGTGCTTCCT 35

- Competitor for DELTA495a AGTTAGCCGGTGCTTCTT 35

- Competitor for DIELTA495b AGTTAGCCGGCGCTTCKT 39

- Competitor for DIELTA495¢ AATTAGCCGGTGCTTCTT 35

HGC69A Actinobacteria TATAGTTACCACCGCCGT 25
(high G+C gram positive bacteria)

- Competitor for HGC69A4 TATAGTTACGGCCGCCGT 25

*LGC354A° Firmicutes TGGAAGATTCCCTACTGC 35
(low G+C gram positive bacteria)

‘LGC354B" Firmicutes CGGAAGATTCCCTACTGC 35
(low G+C gram positive bacteria)

‘LGC354CP Firmicutes CCGAAGATTCCCTACTGC 35

(low G+C gram positive bacteria)
a EUB338, EUB338-11, EUB338-III were used in the mixture called EUBmix
b DELTA495a. DELTA495b, DELTACc were used in the mixture called DELTA495mix
¢ LGC354A, LGC354B, LGC354C were used in the mixture called LGCmix

3. Results and discussion

The changes of the microbial population associated to different operational conditions were monitored
by the FISH technique. In addition, FISH analysis of the inoculum (coming from a municipal WWTP)
was also carried out. Figure 1 shows the relative abundance of the general groups of bacteria in the full-
scale biotrickling filter; in particular, Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria, Actinobacteria (high G+C Gram-positive bacteria) and Firmicutes (Low G+C gram-
positive bacteria) are expressed as percentage of EUB338mix stained cells.
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Fig. 1. Time-dependent changes in bacterial community composition using domain to class-specific FISH probes

It can be observed a variation in the composition of the bacterial community throughout the time of
operation and with the source selected as well. In first place, a high relative abundance of bacteria was
identified, with an average of 80%. This fact indicates that despite the complexity of the samples
analyzed, the characterization of the microbial community was successful and, therefore, the selection of
probes used in this study was suitable. The complexity of the samples is due to the high diversity of
bacterial presenting into the biofilm caused by the complex mixture of volatile organic compounds hardly
degradable in the emission source. In addition, changes in the bacterial community in comparison with
the initial inoculum community were observed, depending on time but especially on the different VOC
emission composition associated with the paint-solvent products used in each spray booth. Figure 1
shows as Betaproteobacteria is maintained at similar rates in all analyzed days with values ranging from
16% to 30%. The relative abundance of Alphaproteobacteria decreased when source B was connected,
previous value of abundance, around 20%, was achieved when source A was sclected again.
Gammaproteobacteria, relevant group in the degradation of VOCs, fluctuate with operational changes
and with composition of pollutants of the emission source. For example, at 4™ month, the abundance
relative of Gammaproteobacteria was 10%, at 10" month 44% and at 17" month 31%.

Therefore, the change in the paint formulation did not only affect the pilot unit’s performance but also
affected the microbial population composition. In this sense, a sudden change of the relative abundance of
Gammaproteobacteria and Deltaproteobacteria between the 7™ and 10" month associated to the variation
in the emission composition was observed. Gammaproteobacteria varied from 13% to 45% and
Deltaproteobacteria from 22% to 6% when the source was changed. Finally, the shift in the population at
13" month could be related to the starvation period associated to holidays closure in the industrial
installation. In 17" month of operation, after the holiday period a recovery of the bacteria population was
observed. Both at 10™ as at 17" month, a high relative abundance of Gammaproteobacteria was
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identified, 44% at 10™ month and 31% at 17™ month. These percentages can be explained by ability of
species belonging to Gammaproteobacteria group to degrade VOCs [5]. Figure 2 shows a high relative
quantity of Gammaproteobacteria at 10™ month respecting general probe EUB338mix. In the last place,
in the full-scale biotrickling filter has been more abundant Gram negatives bacteria (4/phaproteobacteria,
Betaproteobacteria and Gammaproteobacteria) compared to Gram positives bacteria (Actinobacteria and
Firmicutes) in all days.

Generad peobe, EUBm 3 38mx Gammoprolesbaciens

Fig. 2. Gammaproteobacteria at 10™ month of operation. (a) General probe; (b) specific probe
4. Conclusions

In the present work, the FISH technique allowed the detection of the microbial populations existing in
the full-scale biotrickling filter in the coating sector. Operational conditions were changed over the study
period and therefore it reflects an evolution in the bacterial community in the process. A high abundance
relative of bacteria was identified, an average of 80% and identifying reaching 98%. FISH analysis
indicates that the microbial population composition depends on the solvent-paint applied in the booths, so
the differences between source A and B were evident. The results obtained showed higher relative
abundance of Gram negatives bacteria and relevant changes of Gammaproteobacteria, important
microorganisms in the degradation of organic solvents.

Finally, it would be interesting to deepen into the microbiology of this process to identify the
predominant bacteria species, in order to study the role which play in the VOC removal and in the
robustness and effectiveness of the process.

Acknowledgements

The research leading to these results has received funding from the People Programme (Marie Curie
Actions) of the European Union’s Seventh Framework Programme FP7/2007-2013/ under RFEA grant
agreement n° 284949, Financial support from Ministerio de Ciencia ¢ Innovacién (Project CTM2010-
15031/TECNO) and Generalitat Valenciana (ACOMP/2012/209), Spain, is also acknowledged.
M.C.Pérez has a FPU grant from Ministerio de Educacion, Cultura y Deporte, Spain.

Pagina 173



Capitulo 9

M. C. Pérez et al. / Procedia Engineering 42 (2012) 666 — 671 671

References

[1] Moter A, Gobel UB. Fluorescence in situ hybridization (FISH) for direct visualization of microorganisms. .J
Microbiol. Methods 2007:41(2):85-112.

|2] Friedrich U, Van Langenhove H, Altendorf K, Lipski A. Microbial community and physicochemical analysis of an industrial
waste gas biofilter and design of 16S rRNA-targeting oligonucleotide probes (vol 5., pg 183, 2003). Environ Microbiol
2003:5(5):439.

|3] Lafita C, Penya-Roya JM. Gabaldon C, Martinez-Soria V. Full-scale biotrickling filtration of volatile organic compounds
from air emission of wooden coating activities. J Chem Tech Biotech, in press.

[4] Amann R, Fuchs BM, Behrens S. The identification of microorganisms by fluorescence in situ hybridisation. Curr Opin
Biotechnol 2000:12(3):231-236.

|5] Jubany I, Lafuente J, Carrera J, Bacza JA. Automated thresholding method (ATM) for biomass fraction determination using
FISH and confocal microscopy. J Chem Techn Biotech 2009:84(8):1140-1145.

[6] Mosqueda G, Ramos-Gonzalez M, Ramos JL. Toluene metabolism by the solvent-tolerant Pscudomonas putida DOT-T'1
strain, and its role in solvent impermeabilization. Gene 1999:232(1):69-76.

Pagina 174



10. CONCLUSIONES GENERALES






Conclusiones Generales

El presente trabajo de tesis doctoral se ha centrado en el andlisis de las
comunidades bacterianas desarrolladas en biofiltros y biofiltros percoladores para el
tratamiento de emisiones gaseosas de compuestos organicos volatiles, y en el
estudio de su relacion con las condiciones de funcionamiento del proceso. Las
principales conclusiones que pueden obtenerse del andlisis de los resultados
experimentales presentados en cada uno de los articulos cientificos que componen

la presente tesis doctoral (capitulos del 5 al 9) se exponen a continuacion.

Escala de laboratorio

A nivel de laboratorio se realizaron tres estudios en los que se emplearon
tanto biofiltros como biofiltros percoladores para el tratamiento de emisiones
gaseosas que contenian un Unico contaminante. Del estudio correspondiente al
tratamiento de isopropanol (capitulo 5), contaminante tipico del sector flexogréfico,

se pueden extraer las siguientes conclusiones:

1. Se ha demostrado que el biofiltro percolador relleno de anillos de polipropileno
obtuvo eficacias de eliminacion ligeramente superiores a las obtenidas en el
biorreactor con el material de relleno estructurado, especialmente cuando se
aplic6 el menor tiempo de residencia (27 s) o la mayor carga masica
volumétrica (75 g C m2 h™).

2. Las técnicas de hibridacién fluorescente in situ y de electroforesis en gel con
gradiente desnaturalizante han permitido el analisis de la composicion de las
comunidades bacterianas desarrolladas en los biorreactores y su variacion a

lo largo de la operacion.

3. A pesar de utilizar idénticas condiciones de funcionamiento, se han observado
diferencias en la composicion de las comunidades bacterianas de ambos
biorreactores, relacionandose con la utilizacion de distinto material de relleno
en cada uno de ellos. La diferente estructura y superficie especifica que

presentan ambos materiales puede afectar a procesos microscopicos tales
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como la transferencia de contaminante, oxigeno y nutrientes a la biopelicula y
su difusién en el seno de ésta; asi como, al desarrollo y a la adhesién de la
biomasa sobre el relleno, a la superficie mojada del mismo y a la distribuciéon
de la fase liquida. Por lo tanto, una variacion en estos procesos puede influir
en el desarrollo de las comunidades microbianas, causando un

comportamiento diferente a escala macroscopica.

4. A lo largo del experimento se ha detectado una progresiva especializacion de
las poblaciones bacterianas. Se ha observado un incremento importante de la
abundancia relativa de grupos bacterianos que incluyen especies con
capacidad para degradar compuestos organicos y/o para mantener su
actividad metabdlica en ambientes con elevadas concentraciones de dichos
compuestos. En este sentido, el grupo Gammaproteobacteria y el género
Pseudomonas sp. que destacan por esta capacidad presentaron finalmente la

mayor abundancia relativa.

5. La mayor eficacia de eliminacién obtenida en el biorreactor relleno de anillos
de polipropileno se ha relacionado con una mayor abundancia de especies
pertenecientes al género Pseudomonas sp. La especie Pseudomonas putida,
perteneciente a este género, fue identificada en ambos reactores durante el
periodo experimental, indicando que presenta un rol importante en el proceso

de degradacion del isopropanol y de otros compuestos organicos.

Para el estudio relativo a la eliminacion de estireno (capitulo 6), contaminante
tipico de las emisiones industriales del sector del procesamiento y de la sintesis de

polimeros, se presentan las siguientes conclusiones:

6. Los resultados obtenidos muestran que el biofiltro de turba present6 la mayor
capacidad de eliminacién maxima (81 g m™ h™! para una carga volumétrica de
173 g m® h* a un tiempo de residencia de 60 s), frente a las obtenidas en el
biofiltro de fibra de coco (39 g m™ h™* para una carga volumétrica de 89 g m
h™* a un tiempo de residencia de 90 s) y en el biofiltro percolador (52 g m= h*

para una carga volumétrica de 116 g m> h™ a un tiempo de residencia de 45
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s). Sin embargo, el biofiltro de turba y el biofiltro percolador presentaron una
capacidad de eliminacién similar, alrededor de 40 g m™ h™, trabajando a una

carga volumétrica de 75 g m™ h™y a un tiempo de residencia de 60 segundos.

Se ha demostrado que el disefio y la planificacion del programa de riego en
los biofiltros juega un papel fundamental en la operacion de estos sistemas.
Este programa de riego deberia ser ajustado en funcion del tiempo de
residencia y de la capacidad de retencion de humedad de cada material de
relleno, ya que, un desajuste en este parametro puede llegar a producir
problemas de secado o de compactacién, afectando de manera negativa al

rendimiento del sistema.

Desde el punto de vista de la utilizacion de estos sistemas a escala industrial,
el biofiltro percolador ha presentado: (a) mayor robustez en el funcionamiento,
(b) menores pérdidas de presion que implican menores costes energéticos en
la impulsién del gas a tratar y (c) eficacias de eliminacion elevadas trabajando
a tiempos de residencia inferiores a 45 segundos, lo que conlleva la necesidad
de menores requisitos de volumen. Por lo tanto, todo esto, junto a las mayores
alturas permitidas en su construccién (intervalo comprendido entre 8 y 10 m),
contribuye a un mayor control de la operaciéon y a unos requisitos de superficie
inferiores a los necesarios para los biofiltros, haciendo del biofiltro percolador
el sistema mas adecuado para el tratamiento de emisiones de estireno en los

intervalos de condiciones experimentales ensayadas.

El uso como inéculo de un fango activado proveniente de una estacion
depuradora de aguas residuales urbanas permiti6 un tiempo de arranque
menor que el observado mediante la inoculacion con un cultivo enriquecido de
la cepa Pseudomonas putida CECT 324. Este hecho, unido a la obtencion de
eficacias de eliminacion similares entre ambos sistemas inoculados con un
tipo de inoculo diferente, pone de manifiesto que el procedimiento de
inoculacion mediante fango activado es la mejor opcidon por su mayor

aplicabilidad a nivel industrial.
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10.Se ha demostrado que la especie Pseudomonas putida se desarrollo en
presencia  de estireno, alcanzando  abundancias  significativas
independientemente del tipo de in6culo y del tipo de material de relleno
empleado: organico o plastico. Esta observacion, junto con el resultado
obtenido durante la eliminacién de isopropanol, corrobora la importancia de
esta especie en la degradacion de compuestos organicos.

11.En el caso particular de los biofiltros, se han detectado diferencias en la
composicion de las comunidades bacterianas de ambos sistemas. Estas
diferencias se pueden atribuir, entre otras causas, a la microflora indigena
especifica que estaba presente originalmente en cada uno de los dos
materiales de relleno. A partir de esta microflora proliferaron especies
bacterianas que no fueron detectadas en el in6culo. Esto explica que la cepa
Pseudomonas putida CECT 324 contenida en el in6culo no fuera la especie

predominante en los biofiltros a partir del tercer mes de operacion.

En el ultimo estudio realizado a escala de laboratorio para la eliminacién de 2-
butoxietanol (capitulo 7), compuesto habitual de las emisiones industriales del sector

del recubrimiento de superficies, se ha demostrado que:

12.EIl proceso de biofiltro percolador permite un tratamiento eficaz de emisiones
gaseosas contaminadas con 2-butoxietanol. Los resultados indican que el
biorreactor inoculado mediante el cultivo puro de Pseudomonas BOE200
presentd valores de capacidad de eliminacion ligeramente superiores al
biorreactor inoculado con fango activado procedente de una depuradora de
aguas residuales urbanas. Se han obtenido valores de 110.6 gm2h?y 89.6 g
m™ h™ bajo condiciones de carga volumétrica de 195 g m® hy un tiempo de

residencia de 12.5 s para ambos sistemas, respectivamente.

13.Se ha corroborado que el uso de fango activado para la puesta en marcha de
los biorreactores es la mejor opcion, tal y como ya se habia indicado en el
ensayo para la eliminacion de estireno. La ligera mejora en la capacidad de

eliminacién utilizando un cultivo puro no justifica la complejidad que a nivel
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industrial supone el uso de cultivos puros frente al uso de fango activado para

la inoculacién del biorreactor.

14.El uso combinado de las técnicas de cultivo en placa empleando un medio de
crecimiento selectivo y la secuenciacion de ADN ha permitido el aislamiento y
la identificacion de especies bacterianas con capacidad de usar el 2-

butoxietanol como fuente de carbono.

15.A lo largo del experimento se ha detectado el desarrollo de comunidades
bacterianas complejas que incluyen tanto especies capaces de asimilar el 2-
butoxietanol como especies que empleaban otras fuentes de carbono como

pueden ser las sustancias celulares o extrapoliméricas.

16.Se vuelve a demostrar la importancia de las especies pertenecientes al
género Pseudomonas sp. como Pseudomonas putida y Pseudomonas
aeruginosa en el tratamiento de corrientes gaseosas contaminadas con
compuestos organicos. Ambas especies han mostrado capacidad para
degradar 2-butoxietanol y, ademas, se detecté un desarrollo de ambas en el

sistema inoculado con fango activado.

17.El andlisis de los patrones de bandas de DGGE de las muestras obtenidas a
diferentes alturas del lecho del biofiltro percolador y en la solucién de
recirculacion mostraron una gran similitud, lo que indica que los flujos de aire y
de liquido del proceso generan una distribucion homogénea de especies

microbianas en el biorreactor.
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Escala industrial

A nivel industrial se realizaron dos estudios en los que se utilizé el proceso de
biofiltro percolador para el tratamiento de emisiones industriales procedentes del
sector de recubrimiento de superficies caracterizadas por patrones irregulares de
concentracién y de composicion. La instalacién de una planta piloto de 0.75 m® en
una industria dedicada a la fabricacion de productos automovilisticos (capitulo 8) ha

permitido extraer las siguientes conclusiones:

18.Se ha demostrado la efectividad del proceso de biofiltro percolador para el
tratamiento de emisiones industriales que presentaron composiciones
variables de sustancias de distinta naturaleza quimica como n-butil acetato,

xileno, cumeno o naftaleno, entre otros.

19.EI tiempo de residencia necesario para que la concentracion de compuestos
organicos volatiles en el efluente gaseoso cumpliera los limites legales
exigidos para esta actividad industrial (75 mg C Nm™) dependi6 de la
composicién de las emisiones gaseosas asociada al tipo de productos que
eran empleados en el proceso de fabricacion. Para emisiones ricas en
sustancias biodegradables se necesité un tiempo de residencia comprendido
entre 30 y 40 s. Sin embargo, en el caso de composiciones con elevada
proporcién de sustancias aromaticas y recalcitrantes se necesitd incrementar

el tiempo de residencia hasta 80 s.

20. Se desarroll6 una comunidad bacteriana diversa y diferente a la
identificada en el inéculo que, ademas, se vio afectada por la variacion en la
composicién de las emisiones gaseosas. En este sentido, el grupo bacteriano
Gammaproteobacteria, que anteriormente en los experimentos de laboratorio
se ha destacado por contener especies con capacidad para degradar
compuestos organicos, presenté cambios en su abundancia a lo largo del
experimento. Los mayores valores de abundancia de este grupo se
alcanzaron al tratar las emisiones ricas en sustancias mas biodegradables,

por ejemplo en presencia de n-butil acetato.
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Finalmente, del estudio que completaba la transferencia de tecnologia del proceso
de biofiltro percolador y que se centré en la caracterizacion de las comunidades
microbianas del sistema instalado como solucion final de depuracion de las
emisiones gaseosas de una empresa de fabricacion de muebles (capitulo 9) se

puede concluir que:

21.La caracterizacion de las poblaciones bacterianas del sistema y la seleccién
de las sondas FISH para la identificacion de la comunidad microbiana han
resultado ser satisfactorias. Se cuantificé hasta el 98% de las bacterias
presentes en el sistema industrial a pesar de la complejidad de las muestras y

de la elevada variabilidad de las emisiones a depurar.

22.La comunidad bacteriana desarrollada en el sistema experimentd variaciones
a lo largo del periodo experimental debido a cambios en la composicidon de las
emisiones gaseosas, tal y como se observo en el estudio a escala piloto

realizado en una instalaciéon industrial del sector auxiliar de automocion.

23.Se vuelve a demostrar la importancia de las especies pertenecientes al grupo
bacteriano Gammaproteobacteria en la degradacion de disolventes organicos
corroborando las conclusiones extraidas en los estudios a escala de

laboratorio y de planta piloto.

24.Las variaciones detectadas en el funcionamiento del sistema y, a su vez, en
las comunidades bacterianas desarrolladas, muestran la importancia de
profundizar en la identificacion de las especies involucradas para determinar
el papel que desempefian sobre la efectividad y la robustez del proceso de
biofiltracion. En este sentido, la aplicacion de técnicas de nueva generacion

como la pirosecuenciacion puede ser de gran utilidad.
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General Conclusions

The present doctoral thesis has focused on analysis of the bacterial
communities developed in biofilters and biotrickling filters for the treatment of
gaseous emissions polluted by volatile organic compounds, and on the study of their
relationship with the operational conditions of the process. The main conclusions that
can be obtained from analysis of the experimental results presented in each of the
scientific articles that compose the present doctoral thesis (chapters 5 - 9) are

discussed below.

Laboratory scale

At the laboratory level, three studies were performed, in which both biofilters
were used as biotrickling filters for the treatment of gaseous emissions that contained
a single contaminant. From the study corresponding to the treatment of isopropanol
(chapter 5), a typical contaminant of the flexographic sector, the following

conclusions can be extracted:

1. In the biotrickling filter packed with polypropylene rings, removal efficiencies
that were slightly higher than those obtained in the bioreactor with the
structured packing material were observed, especially when the shorter

residence time (27 s) or the greater inlet load (75 g C m-3 h-1) was applied.

2. The techniques of fluorescence in situ hybridisation and denaturing gradient
gel electrophoresis allowed analysis of the composition of the bacterial
communities developed on the bioreactors and its variation throughout the

operation.

3. Despite using identical operational conditions, differences in the composition of
bacterial communities of both bioreactors were observed; these were related to
the use of different packing materials in each bioreactor. The different structure
and specific area presented by both materials can affect microscopic
processes such as the transfer to and diffusion into the biofilm of pollutants,
oxygen and nutrients or the biomass development and attachment, wetted

area and distribution of the liquid phase. Therefore, variation in these
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processes can influence the development of microbial communities, causing

different behaviours at the macroscopic scale.

4. During the experiment, a gradual specialisation of the bacterial populations
was detected. An important increase in the relative abundance of bacterial
groups that include species with the ability to degrade organic compounds
and/or maintain their metabolic activity in environments with high
concentrations of these compounds has been observed. In this sense, the
Gammaproteobacteria group and the genus Pseudomonas sp., which were
highlighted for this capability, finally presented the highest relative abundance.

5. The higher removal efficiency obtained in the bioreactor packed with
polypropylene rings has been associated with a greater abundance of species
belonging to the genus Pseudomonas sp. The species Pseudomonas putida,
belonging to this genus, was identified in both reactors during the experimental
period, indicating that it presents an important role in the degradation process

of isopropanol and other organic compounds.

For the study related to the removal of styrene (chapter 6), a typical pollutant
of the industrial emissions from the processing and polymer synthesis sector, the

following conclusions are presented:

6. The results obtained show that the peat biofilter presented the highest
maximum elimination capacity (81 g m™ h™ for an inlet load of 173 g m= h*
and an empty bed residence time of 60 s), compared with those obtained from
the coconut fibre biofilter (39 g m™ h™* for an inlet load of 89 g m™ h™* and an
empty bed residence time of 90 s) and in the biotrickling filter (52 g m™= h™* for
an inlet load of 116 g m2 h™ and an empty bed residence time of 45 s).
However, the peat biofilter and the biotrickling filter presented a similar
elimination capacity, about 40 g m> h™, working at an inlet load of 75 g m= h*
and an empty bed residence time of 60 s.
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7.

It has been demonstrated that the design and planning of the irrigation
programme in the biofilters play a key role in the operation of these systems.
This irrigation programme should be adjusted with regard to the empty bed
residence time and the water holding capacity of each packing material, since
maladjustment in this parameter can lead to drying or compacting problems,
negatively affecting the system performance.

From the point of view of the use of these systems at the industrial scale, the
biotrickling filter has presented: (a) greater robustness in the performance, (b)
lower pressure drops that involve lower energy costs and (c) high removal
efficiencies working at empty bed residence times less than 45 s, which
implies lower volume requirements. Therefore, all of these advantages and the
greatest heights permitted in its construction (range between 8 and 10 m)
contribute to a greater control of the operation and to lower surface
requirements than those required for biofilters. This demonstrates that the
biotrickling filter is the most suitable system for the treatment of styrene

emissions in the intervals of the tested experimental conditions.

The use of activated sludge from an urban wastewater treatment plant as
inoculum allowed a shorter start-up period than that observed by inoculation
with an enriched culture of the strain Pseudomonas putida CECT 324. This
fact and the similar removal efficiencies obtained in both systems inoculated
with a different type of inoculum, shows that the inoculation procedure using
activated sludge is the best option due to its wider applicability at the industrial

level.

10.It has been demonstrated that the species Pseudomonas putida was

developed in the presence of styrene, reaching significant relative abundances
regardless of the inoculum type and the type of packing material: organic or
plastic. This observation, together with the result obtained during the removal
of isopropanol, corroborates the importance of this species in the degradation

of organic compounds.
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11.In the particular case of biofilters, differences in the composition of the
bacterial communities of both systems were detected. These differences can
be attributed, among other causes, to the specific indigenous microflora that
was originally present in each of the two packing materials. From this
microflora, bacterial species that were not detected in the inoculum
proliferated. This explains that the strain Pseudomonas putida CECT 324
contained in the inoculum was not the predominant species in the biofilters

from the third month of operation.

In the last study performed at the laboratory scale for the removal of 2-
butoxyethanol (Chapter 7), a common compound of the industrial emissions from the
surface coating sector, has demonstrated that:

12. The biotrickling filter process allows the effective treatment of gaseous
emissions contaminated with 2-butoxyethanol. The results indicate that the
bioreactor inoculated with the pure culture of Pseudomonas BOE200
presented elimination capacity values slightly higher than those in the
bioreactor inoculated with activated sludge from an urban wastewater
treatment plant. Values of 110.6 g m™ h™* and 89.6 g m™ h™* were obtained for
both systems, respectively, under conditions of inlet load of 195 g m® h* and

an empty bed residence time of 12.5 s.

13.The use of activated sludge for the start-up of the bioreactors as the best
option has been corroborated, as already indicated in the study regarding the
removal of styrene. The slight improvement in the elimination capacity using a
pure culture does not justify the complexity that supposes the use of pure
cultures compared with the use of activated sludge for the bioreactor

inoculation at the industrial scale.

14.The combined use of plating techniques with a selective growth medium and
DNA sequencing has enabled the isolation and identification of bacterial

species with the capability to use 2-butoxyethanol as the carbon source.
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15.During the experiment, the development of complex bacterial communities that
include both species with the ability to assimilate 2-butoxyethanol as a species
that employed other carbon sources, such as cellular or extrapolymeric

substances, was detected.

16.The importance of species belonging to the genus Pseudomonas sp., such as
Pseudomonas putida and Pseudomonas aeruginosa, in the treatment of gas
streams contaminated with organic compounds, has been demonstrated. Both
species have shown the ability to degrade 2-butoxyethanol and, in addition,
development of them in the system inoculated with activated sludge was

detected.

17.The DGGE banding patterns analysis from obtained samples at different
heights of the bed of the biotrickling filter and in the recirculation solution
showed great similarity, indicating that the air and liquid flows of the process

generate an even distribution of microbial species in the bioreactor.

Industrial scale

At the industrial level, two studies were performed in which the biotrickling filter
process was used for the treatment of industrial emissions from the surface coating
sector characterised by irregular patterns of concentration and composition. The
installation of a pilot plant of 0.75 m® in an industry dedicated to the automotive

products manufacturing (chapter 8) has led to the following conclusions:

18.The biotrickling filter process is effective for the treatment of industrial
emissions that presented variable compositions of substances of different
chemical nature such as n-butyl acetate, xylene, cumene and naphthalene,

among others.

19.The empty bed residence time needed for that the concentration of volatile
organic compounds in the gaseous effluent met the legal limits for this

industrial activity (75 mg C Nm™), dependent on the composition of the
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gaseous emissions associated with the type of products that were employed in
the manufacturing process. For the treatment of emissions composes mainly of
biodegradable substances, an empty bed residence time between 30 and 40 s
was needed. However, for the treatment of emissions containing a high
proportion of aromatic and recalcitrant substances, it was required to increase

the empty bed residence time to 80 s.

20.A diverse and different bacterial community to that identified in the inoculum
was developed, which affected the variation in the composition of the gaseous
emissions. In this sense, the Gammaproteobacteria bacterial group, which has
been previously been highlighted in laboratory experiments using species with
the ability to degrade organic compounds, presented changes in abundance
throughout the experiment. The highest abundance values of this group were
achieved when the emissions were composed mainly of biodegradable
substances, for example in the presence of n-butyl acetate.

Finally, from the study that completed the technology transfer of biotrickling filter
process which was focused on the characterisation of microbial communities of the
system installed as a final solution for the treatment of gaseous emissions from a

furniture facility (chapter 9), it can be concluded that:

21.The characterisation of bacterial populations of the system and the selection of
FISH probes for identification of the microbial community gave satisfactory
results. Despite the complexity of the samples and the high variability of
emissions for treatment, 98% of the bacteria present in the industrial system

were quantified.

22.The bacterial community developed in the system showed variations
throughout the experimental period due to changes in the composition of the
gaseous emissions, as observed in the study at the pilot scale, which was

conducted in an industrial installation from the auxiliary automotive sector.
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23.1t has been demonstrated again the importance of the species belonging to the
Gammaproteobacteria bacteria group in the degradation of organic solvents,
corroborating the conclusions extracted from studies at laboratory and pilot

plant scale.

24.The variations detected in the system performance and, in turn, in the bacteria
communities developed, show the importance of deepening the identification
of the species involved to determine the role that presents the effectiveness
and robustness of the biofiltration process. In this sense, the application of
next-generation sequencing technologies such as pyrosequencing can be very

useful.
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