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Resumen

RESUMEN

Uno de los componentes mas importantes en la biofiltracion de gases y vapores
residuales es el lecho empacado, que tiene como funcién ser soporte para los
microorganismos activos y como una fuente de nutrientes. La depuracién biolégica de los
compuestos organicos volatiles (COV) por medio de biofiltros empacados con lechos
organicos como el musgo de turba (PM) y el aserrin de pino (SPS), se encuentran limitados en
muiltiples ocasiones cuando son operados por tiempos prolongados debido al colapso de sus
estructuras, afectando el desempefio hidrodindmico de estos sistemas. Esto produce una
disminucion en la capacidad de eliminacién de los COV en los biofiltros.

La reaccion de polimerizacion por injerto del carbonato de etileno (CE) sobre SPS o
PM, representa un enfoque metodologico y una aproximacion libre de disolventes, que
permite la derivatizacion alifatica simple y de bajo costo en las fibras lignocelulésicas
presentes en estos sustratos. Se injerté poli(etilen éter carbonato) (PEEC) al PM y SPS, (IPM
e ISPS), seguido de la adicion de 4,4’-metilenbis(fenil-isocianato), como una opcién para
mantener unidas a las fibras lignoceluldsicas en formas especificas, logrando al mismo tiempo
mantener la capacidad de retencion de agua en las mismas.

Los soportes de ISPS mas destacados desde la perspectiva del ahorro en el consumo
del mondémero, la fuerza de compresion obtenida (250 N) y el hexano adsorbido fueron
aquellos conteniendo 40-60% de PEEC injertado. La cantidad de hexano adsorbido en estos
fue 3.7 veces mayor que en la perlita, material de soporte empleado en la actualidad en los
sistemas de biofiltracion a nivel de laboratorio, cuya composicion quimica es (%): Si, 33.7; O,
41.4; Al, 7.0 y K, 4.7. Los soportes de IPM mas destacados fueron aquellos conteniendo 15%
de PEEC injertado, ya que se obtuvieron fuerzas de compresion considerables (180 N),
ademads de presentarse una cantidad de hexano adsorbido 3.8 veces mayor que en la perlita.

IPM se empled para empacar un biofiltro a escala piloto y se operdé con una carga
inicial de hexano de 120 g.m'3 h', alcanzando una capacidad de eliminacion (EC) de 66 g.m
>h’. Este sistema fue operado por 70 dias y la caida de presion en el sistema fue 5.3
mmH,0.m™ reactor con un periodo de arranque de 8-13 dias.

Se empaco un biofiltro con ISPS y se operd con una carga inicial de hexano de 140
g.m'3 b, siendo requeridos 5 dias para desarrollar una EC significativa y sostenida alrededor
de 100 ghl.m?. Bajo condiciones similares se operé un biofiltro de control empacado con
?erlita, el cual requiri6 de 12-17 dias para alcanzar una EC gradual y sostenida de 100 gh'm

después de 30 dias.

Bajo las condiciones de operacion antes mencionadas, las propiedades fisico-quimicas
de IPM e ISPS permitieron mantener una actividad del agua (ay) de 0.925, valor minimo
requerido para promover el crecimiento de cepas flingicas compuestas principalmente por
Fusarium solani. Con ello se limit6 la actividad bacteriana cuya a,, 6ptima es de 0.99.

Considerando que el contenido de agua en los soportes de IPM e ISPS es
relativamente alto para mantener una a,, minima de 0.925, se compararon las capacidades de
adsorcion y sorcion del hexano para los soportes secos y huimedos en experimentos por lotes,
observandose cambios poco significativos. Lo anterior sugiere que el hexano se distribuye
hacia los sitios hidrofobicos presentes en los soportes humedos y esto permite la
disponibilidad del hexano hacia los microorganismos, lo que resulta en un periodo de
arranque corto del proceso de biofiltracion.
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ABSTRACT

One of the most important components in the biofiltration of waste gases and vapors is
the filter-bed composed by packed layers of a variety of solid materials, serving both as a
support carrier for the active biomass and as a source of nutrients. The removal of volatile
organic compounds (VOC) in biofilters packed with organic filter beds such as peat moss
(PM) and scots pine sawdust (SPS) is often limited due to collapse of its structures affecting
hydrodynamic performance, thus reducing the elimination capacity in the long-term
biofiltration.

The graft polymerization reaction between ethylene carbonate (CE) and SPS or PM
offers a solvent-free approach to the simple and inexpensive aliphatic derivatization of these
lignocellulosic fibres. Poly(ethylene ether carbonate) (PEEC) was grafted to PM and SPS
(IPM and ISPS) in addition to 4,4’-methylenebis(phenylisocyanate), as an option to retain the
lignocellulosic fibres into specific shapes, while water-holding capacity is maintained.

The most remarkable supports from the economic perspective of monomer
consumption, compression strength and adsorbed hexane was ISPS containing 40-60%
grafted PEEC, since low monomer consumption with high compression strength (250 N) was
attained, in addition to an enhanced amount of adsorbed hexane (3.7-times) than popular
inorganic matrices (Si, 33.7%; O, 41.4%; Al, 7.0% y K, 4.7%) as perlite.

The most remarkable supports of IPM contained 15% of grafted PEEC, with high
compression strength (180 N) in addition to an enhanced amount of adsorbed hexane (3.8-
times) than the perlite reference.

For a typical inlet hexane load of 120 g.m'3 !, elimination capacity (EC) of 66 g.m"
3 h! was obtained in a pilot-scale IPM biofilter, whereas the final pressure drop after 70 days
of operation was 5.3 mmH,0.m™ reactor. For IPM biofilter a start-up period of 8—13 days was
observed. For bench-scale ISPS biofilter, the inlet hexane load of 140 g.m™.h™” was fed, thus 5
days were required to develop both a significant and sustained EC of about 100 g.h.m™>.
Under similar conditions, 12-17 days were required to observe a significant start-up in the
bench-scale perlite biofilter to reach gradual progress of the EC around to 100 ghl.m? at day
32. Under typical biofiltration conditions, the physical-chemical properties found within the
modified supports promoted a minimum water activity (ay) of 0.925. This value is required to
develop fungal strains composed mainly by Fusarium solani and limiting tolerant low-pH
bacterial growth.

Despite the high water content in IPM and ISPS supports to ensure minimum a,, the
fractional hexane adsorption capacities remained almost unchanged in batch experiments,
suggesting complex partition of hexane over the grafted strong hydrophobic sites present in
the humid supports, and enhancing available sorbed hexane to microorganisms that resulted in
a reduced start-up period.
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INTRODUCCION.

En la altima década la biofiltracion se ha constituido como una metodologia técnica y
econdémicamente viable para eliminar compuestos organicos que estan presentes en corrientes
gaseosas o liquidas y que son nocivos para el medio ambiente y para la salud. En el caso
especifico de México existen unas cuantas aplicaciones a nivel industrial, asi como varios
grupos de trabajo especializados en el campo en instituciones de investigacién y de educacion
superior (Kennes y Thalasso, 1998; Acufia y col., 1999; Garcia-Pefia y col., 2001; Hernandez,
2001; Ortiz y col., 2003; Morgan-Sagastume y col., 2003; Arriaga y Revah, 2005).

La naturaleza fisica y quimica de los soportes empleados en el proceso de biofiltracion
resulta critica para mantener la operacion biolégica dentro de parametros esperados como son
a) la resistencia a la atricion, b) el grado de compactacion, c) la resistencia al ataque
microbiolégico, d) una alta actividad biologica especifica, y e) una adecuada nutricién y
oxigenacion de la flora microbiana. A su vez, el costo representa un criterio fundamental
considerando que los volumenes de los efluentes a tratar son altos. Varios soportes han sido
estudiados en los ultimos afios cubriendo una gama amplia de materiales organicos, como la
composta, la turba y el suelo, los cuales han mostrado ser materiales efectivos en el
tratamiento de contaminantes especificos de las corrientes gaseosas. Sin embargo, presentan
una pobre resistencia mecanica cuando son operados por largos periodos de tiempo,
resultando en una disminucién paulatina de la eficiencia de remocién de los contaminantes.
Para retardar la aparicion de estos problemas, es comun adicionar al lecho orgénico sélidos
inertes como: espuma de poliuretano, vidrio, perlita, pedaceria de madera, etc. Recientemente
se adicioné alcohol polivinilico a la turba (Chan y Lu, 2003), soporte muy conocido, con la
finalidad de mantenerla unida fisicamente debido a su fina estructura.

Por su parte, los desechos de la actividad agricola, por su bajo costo, han sido
empleados con el mismo propésito. Como ejemplos estan la cascarilla de arroz, la fibra de
coco, el bagazo de la cafia de azucar, el rastrojo de maiz y la cascara de cacahuate. Asi
mismo, los residuos de la actividad silvicola y maderera, como aserrines de maderas diversas,
han sido considerados para propoésitos de proteccion ambiental (Kennes y Thalasso, 1998;
Santana, 2004). Estos residuos agroindustriales, asi como la turba, poseen estructuras

quimicas complejas integradas principalmente por celulosa,
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hemicelulosa y lignina en distintas proporciones asi como extractos. En este caso, la
espectroscopia infrarroja es una herramienta muy util que permite obtener informacion sobre
los grupos funcionales presentes y sus cambios. Estos son principalmente hidroxilos,
fracciones fenodlicas y éteres (Pandey, 1999).

A partir de este conocimiento, aparejado a la necesidad de contar con soportes
microbianos apropiados para la remocion eficiente y duradera de contaminantes organicos

principalmente en corrientes gaseosas, surge la justificacion del presente proyecto.

HIPOTESIS:

A partir de residuos lignoceluldsicos como el aserrin de pino o la turba y polimeros
sintéticos, es posible la sintesis quimica de un soporte mejorado en comparacion con los
soportes organicos tradicionales empleados en equipos de biofiltracion de gases. Estos
poseeran una capacidad dual hidrofilica/hidrofobica que favorecera una alta sorcién del
hexano (sustrato modelo) y retencion de agua, asi como mantener la resistencia mecanica

necesaria para una operacion duradera.
OBJETIVO GENERAL:

Desarrollo de un soporte organico econémico y funcional para la eliminacion
microbioldgica de contaminantes organicos presentes en corrientes gaseosas a partir de

residuos agroindustriales.
OBJETIVOS ESPECIFICOS:

e Determinar las condiciones adecuadas de reaccion para la sintesis de soportes organicos del
tipo composito a partir de aserrin de pino y de turba para la eliminacion microbioldgica del
hexano presente en corrientes gaseosas.

¢ Optimizar los parametros de reaccion con la finalidad de reducir los costos de los materiales
empleados.

e Caracterizar quimica, fisica y microbiolégicamente los soportes seleccionados.

e Determinar la efectividad de los soportes en biofiltros a escala piloto.



Capitulo 1. Antecedentes

CAPITULO 1. ANTECEDENTES.

1. METODOS PARA EL TRATAMIENTO DE EFLUENTES GASEOSOS DE FUENTES FIJAS.

Las técnicas de eliminacién de los compuestos organicos voldtiles (COVs) y
compuestos inorganicos volatiles (CIVs) pueden catalogarse dentro de dos grupos:
e Métodos fisicoquimicos, que pueden ser destructivos, como la incineracion (flama directa,
térmica y catalitica) o lavado quimico; o de recuperacién, como la adsorcién, absorcion,
condensacion y separacion con membranas.
e Métodos de tratamiento bioldgico como: biolavadores, biofiltros de lecho escurrido y
biofiltros empacados (van Gronestijn y Hesselink, 1993).
Para elegir el método mas adecuado de tratamiento de la corriente contaminada debe
considerarse: la naturaleza del contaminante, la eficiencia de eliminacién deseada, el flujo del
gas contaminante y su concentracion (van Groenestijn y Hesselink, 1993). En la figura 1.1, se
observa que los métodos bioldgicos son eficientes para tratar grandes voliimenes de aire con

bajas concentraciones de contaminante.

1x108

1x10%

Fljode 4,408 Incinera

gas (m3/h)

Lavadores

1x103

1x102

1 10 100

Concentracion (g/m?)

Figura 1.1 Aplicacion de diversas tecnologias para el control del aire contaminado basado en
la velocidad de flujo de aire (m3/h) y la concentracion del contaminante (Cérdenas y col.,
2003).
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1. 1 METODOS FISICOQUIMICOS.

La aplicacion de un método fisicoquimico toma ventaja de alguna propiedad fisica o
quimica del contaminante para ser separado del efluente. Estos métodos han sido
ampliamente utilizados por ser rapidos y eficientes bajo ciertas condiciones. Sin embargo,
tienen la desventaja de altos costos de construccion, energia, agua y productos quimicos cuya
adquisicién puede ser costosa o presentar problemas de disposicion y requerir de

procedimientos especiales de seguridad operacional (Cardenas y col., 2003).

1. 2 METODOS BIOLOGICOS.

Los métodos bioldgicos emplean a los microorganismos para transformar a los gases
y vapores de los COVs, asi como CIVs, en productos de la oxidacién microbiana que son
principalmente agua, bioxido de carbono, sales minerales, algin COV menor y biomasa
microbiana. El limite de estos procesos es la biodegradabilidad de los contaminantes, es decir;
los compuestos biogénicos (generados por procesos bioldgicos) son facilmente
biodegradables, mientras que aquellos con estructuras quimicas no naturales (xenobidticos)

pueden ser mas recalcitrantes (Céardenas y col., 2003).

Existen tres tipos de sistemas basicos para la depuracion bioldgica de las corrientes gaseosas
contaminadas con diferentes compuestos que reunen las condiciones apropiadas para su
oxidacion biolégica. Estos son los biolavadores, los biofiltros de lecho escurrido y los

biofiltros, como puede observarse en la tabla 1.1.

Tabla 1.1 Principales caracteristicas de los métodos bioldgicos para el tratamiento de las
emisiones gaseosas (Ottengraf, 1986).

Fase mévil Soporte Biomasa activa
Biolavador Liquido y gas Ninguno Dispersa
Biofiltro de lecho  Liquido y gas Sintético Fija
escurrido
Biofiltro Gas Orgéanico/Inorgéanico Fija

Es importante conocer la particion del contaminante entre la fase gaseosa y la liquida, ya que

en los tres métodos bioldgicos el contaminante (fase gas) tiene contacto con una fase liquida o
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una biopelicula (en biofiltracién) en la cual se disuelve o difunde. Tal relacion esta definida

por la Ley de Henry como se muestra a continuacion:

Pa=HeX) (1)
Donde:
P4: presion parcial del compuesto A en la fase gas (atm),
Xa: fraccion mol del compuesto A en la fase liquida.

H: constante de Henry (atm/fraccion mol).

Al dividir la ecuacién 1 entre la presion total del sistema, se obtiene Yo = H* ¢ X4 donde H*

= H/Potal S¢ denomina coeficiente de particion aire/agua y es adimensional (fracciéon mol de

Aire/fraccién mol de Aggua 0 bien gA.L'lai,,/gA.L'lagua).
1. 2. 1 Biolavadores.

Un biolavador consiste generalmente de dos reactores: un compartimiento lavador y
un biorreactor, seguidos por una camara de sedimentacién (Figura 1.2). En el lavador, un flujo
de gas contaminado fluye a través de un aerosol fino de agua conteniendo a los
microorganismos dispersos (lodos activados). Los compuestos contaminantes se transfieren
del aire de entrada a la fase acuosa o mezcla de lodos activados (absorcion). Esta agua
cargada con el contaminante se bombea hacia el biorreactor mientras el aire de entrada es

depurado en el lavador.

Rocio liquido

Biorreactor de
lodos activados

Agua

residual

Gas
entrante

Compartimiento de biomasa
lavador

Aire  Agua, nutrientes, sol.
amortiguadoras

Figura 1.2 Esquema de un biolavador (Janni y col., 2001).
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En el biorreactor (o tanque de aireacion de lodos activados) los agentes contaminantes son
oxidados y el agua se regenera. Una parte del liquido del biorreactor se recircula dentro del
lavador y el resto se envia a un compartimiento de sedimentaciéon donde se recupera la
biomasa. La biomasa se devuelve al biorreactor y el exceso de agua que contiene a los
productos de la oxidacion biolégica, se envia a una planta de tratamiento de aguas residuales,
evitando asi efectos inhibitorios (Kirchner y col., 1985; Ottengraf, 1987). Los biolavadores
tienen los menores requerimientos de espacio y la estabilidad operacional y de control de
proceso mas altos. También promueven una alta permeabilidad para el flujo del gas. Sin
embargo, la eficiencia de la depuracion es baja debido a una area de transferencia de masa
especifica gas/liquido baja (Kirchner y col., 1985; Bohn y Bohn, 1986; van Groenestijn y
Hesselink, 1993). Los biolavadores son eficientes para remover contaminantes solubles en
agua, por lo que solo son recomendables cuando el coeficiente de particion aire/agua del

contaminante es menor de 0.01 (Kennes y Thalasso, 1998).

1. 2. 2 Biofiltros de lecho escurrido.

En un biofiltro de lecho escurrido, el aire contaminado pasa a través de un lecho
empacado poroso donde se presenta el crecimiento de una biopelicula (Figura 1.3). Los
contaminantes y el oxigeno son absorbidos por una fase acuosa y transferidos hacia la
biomasa adherida en el lecho poroso donde los microorganismos oxidan a los contaminantes,

como puede apreciarse en el modelo de la figura 1.4.

Rocio continuo

Empaque inerte
con biopelicula

Gas —
entrante

nutrientes, sol.
amortiguadoras

Figura 1.3 Esquema de un biofiltro de lecho escurrido (Janni y col., 2001).
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Los biofiltros de lecho escurrido presentan una baja area especifica de empaque (100-
300 m>’.m™) para favorecer el paso del gas a través de un volumen vacio grande. Esta
propiedad reduce al minimo la caida de presion y la obstruccion al paso del gas debido a la
presencia de una biopelicula que puede crecer varios milimetros de espesor antes de ser

removida (Ottengraf, 1987).

Fase gaseosa Capa Biopelicula ~ Soporte
c, liquida
c = CJ m; /

-5, 0 5
Figura 1.4 Modelo de la interfase gas/biopelicula tomando en cuenta la existencia de una capa liquida
(Kennes y Thalasso, 1998). Donde m; es el coeficiente de particion aire/agua para el sustrato. C;* es la
concentracion del sustrato en la interfase aire-agua, posteriormente se presentard un proceso de
difusion del sustrato en la capa liquida, seguido de un proceso de difusion-reaccion en la biopelicula.

La fase acuosa se recircula constantemente al lecho poroso en sentido contrario al flujo del
gas (contra-corriente) para promover la transferencia del gas contaminante, el oxigeno, la
humedad, los nutrientes y el control del pH hacia los microorganismos. El aumento del indice
de recirculacién de la fase acuosa promueve una mayor transferencia de la fase gaseosa
mediante una alta turbulencia. Sin embargo, existen limites en los gastos energéticos
asociados al aumento en la capacidad de bombeo (Dicks y Ottengraf, 1991; Dolfing y col.,
1993). Recientemente se han establecido algunos limites en la recirculacion para este tipo de
sistemas en el tratamiento biologico de benceno, tolueno y xilenos (BTX) (Trejo y col., 2005).
La transferencia del contaminante de la fase gaseosa a la fase liquida es nuevamente el paso
limitante para este sistema, por lo que sélo es recomendable para contaminantes con un

coeficiente de particion aire/agua del contaminante menor de 0.1 (Kennes y Thalasso, 1998).

1. 2. 3 Biofiltros.

Entre los sistemas de tratamiento biolégico antes mencionados, los biofiltros son los

mas populares y comunmente encontrados. La biofiltracion es una técnica que combina los
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principios de la adsorcion con carbon activado y del lavado quimico (Figura 1.5). Esta
combinacion permite tener eficiencias de remocion entre un 80 y 99% para un amplio rango
de COVs (Cérdenas y col., 2003). Si comparamos el proceso de biofiltraciéon con los métodos
de tratamiento fisicoquimicos que emplean la oxidacion (incineracion y lavado quimico), en
la biofiltracion la oxidacién se lleva acabo bajo la influencia de un sistema biolégico que

contiene al menos un catalizador enzimatico para cada compuesto.

Aire depurado

1

. — Lecho empacado
Humidificador

Distribucion
del aire

_— Lixiviados
Gas entrante ———»

Agua

Figura 1.5 Esquema de un biofiltro abierto (Janni y col., 2001).

En los biofiltros, el gas contaminado se acondiciona antes de entrar al sistema, es decir, es
calentado o enfriado y humidificado. Posteriormente se busca obtener una distribucion
uniforme del flujo del gas a través del biofiltro. Estos sistemas estan constituidos por un lecho
orgénico, inorganico o sintético, en el cual los contaminantes volatiles biodegradables son
absorbidos y difundidos a través de una biopelicula activa y himeda que crece paulatinamente
sobre el empaque poroso, como puede apreciarse en el modelo la figura 1.6. El medio filtrante
proveera los nutrientes inorganicos y debe ser lo suficientemente poroso para prevenir caidas
de presion excesivas y taponamientos.

Tiene la ventaja respecto al biolavador y al biofiltro de lecho escurrido de requerir un menor
consumo de energia debido a que no hay recirculaciéon de una fase acuosa. A diferencia de un

biofiltro de lecho escurrido, no hay riesgo de desprendimiento de la biopelicula formada y no
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requiere de una etapa previa de transferencia del gas a la fase liquida. A diferencia de un
biolavador, no se requiere suministrar oxigeno al sistema para cubrir los requerimientos de la
oxidacién biolégica. La biofiltracion es aplicable a contaminantes con un coeficiente de
particion aire/agua menor de 1, por ejemplo: alcoholes, aldehidos, cetonas y COVs simples o

‘aromaticos (Kennes y Thalasso, 1998).

Fase gaseosa Biopelicula ~ Soporte

LD, ¢
0 )

Figura 1.6 Modelo de la interfase gas/biopelicula considerando la ausencia de una capa liquida
(Kennes y Thalasso, 1998). Donde m; es el coeficiente de particion aire/biopelicula para el sustrato y
Cg* es la concentracion del sustrato en la interfase, el cual presentara posteriormente un proceso de
difusion-reaccion.

1. 3 BASES DE DISENO Y OPERACION DE UN BIOFILTRO.

El concepto bésico de la biofiltracion fue reportado en la literatura desde 1923 cuando
se discuti6 acerca de la depuracion bioldgica de las emisiones de H,S generadas en las plantas
de tratamiento de aguas residuales (Leson y Winer, 1991). Carlson y Leiser (1966), estudiaron
la eficiencia de un biofiltro a nivel de planta piloto empleando suelo como soporte y
demostraron que la degradacion microbiana fue la responsable de la depuracién del olor en
vez de un proceso fisico como la absorcion. Ottengraf (1986), resumi6 el desarrollo de los
métodos biolégicos (biofiltracion) para la limpieza de diversas corrientes contaminadas. Una
gran parte del desarrollo de la biofiltracion y las normas generales para su disefio han sido
desarrolladas en Europa (Holanda y Alemania) y algunas firmas de ingenieria se han
especializado en el disefio de sistemas de biofiltracion (Leson y Winer, 1991; Janni y col.,
2001). La efectividad de este tipo de sistemas depende de varios parametros de disefio como
son: la configuracién del reactor, la secuencia de flujo y las caracteristicas del soporte. Las

condiciones de operacion también son parametros importantes como son: porosidad del lecho,
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contenido de humedad, pH, temperatura, suministro de nutrientes y oxigeno, dimensiones del
lecho, carga superficial, tiempo de contacto, concentracion del contaminante,
biodegradabilidad y poblaciones de microorganismos predominantes. Estos parametros de

manera individual o colectiva afectan el comportamiento de un sistema de biofiltracion.

1. 3. 1 SOPORTE.

La seleccion del soporte es un parametro critico para todos los sistemas de
biofiltracion. Las caracteristicas mas importantes que debe presentar el material de empaque
son: porosidad, capacidad de retencion de agua, contener nutrientes y poseer caracteristicas
para la adsorcion. Estas ultimas impactan directamente en la capacidad de sorcién del
compuesto objetivo por parte del soporte y asi estar disponible a los microorganismos para su
biodegradacion. La eleccion del soporte afecta también a los parametros operacionales
incluyendo: la caida de presion, el flujo de aire, la adicion de humedad y la adicién de

disoluciones amortiguadoras.

Los soportes pueden clasificarse en cuatro categorias:

e Soportes que contienen nutrientes de forma natural como: turba, composta, suelo y residuos
agroindustriales.

e Soportes intrinsicamente inertes como las ceramicas, el vidrio o la arena, los cuales poseen
una baja capacidad de adsorcion; sin embargo, presentan la dureza y estructura necesarias y
funcionan como medio de soporte para la acumulacion de biomasa.

e Carbon activado granular, el cual posee un potencial de adsorcion apreciable.

e Soportes sintéticos a base de polimeros, los cuales pueden ser biodegradables o no, que

poseen un alto potencial de adsorcion para el compuesto objetivo.

El empleo de mezclas de soportes ha recibido considerable atencion, ya que se pueden
combinar las ventajas que posee cada tipo de material. Sin embargo, la informacion
disponible es escasa para evaluar la efectividad de estas mezclas en procesos de biofiltracion
durante periodos de operacion prolongados (Baltzis y Shareefdeen, 1994; Zilli y col., 1996;
Veir y col., 1996; Lee y col., 1996; Kibazohi y col., 2004).

10
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1. 3. 1. 1 TURBA, SUELO Y COMPOSTA.

Estos materiales de origen natural se emplearon con gran frecuencia como soportes
para los biofiltros durante las décadas de los afios ochenta y noventa, ya que son relativamente
baratos y contienen nutrientes como nitrogeno y fésforo disponibles para los
microorganismos (Kennes y Talasso, 1998). Se siguen empleando en la actualidad (Mohseni y
Allen, 2000; Morgan-Sagastume y col., 2003; Chan y Lu, 2003; Ortiz y col., 2003; Kibazohi
y col., 2004). En algunas ocasiones no se necesitaron inocular los biofiltros que emplean estos
materiales como soportes, ya que contienen de forma natural diversas colonias de
microorganismos (Auria y col., 2000; Mohseni y Allen, 2000; Hernandez, 2001). Ya que
estos materiales poseen una alta capacidad de retencion de agua, no necesitan un suministro
continuo de la misma. Por otra parte, los soportes organicos poseen cierto potencial para la
adsorcién de los COVs, propiedad que promueve la depuracién bioldgica de compuestos
altamente hidrofobicos (Acufia y col., 1999; Chiou y col., 2000; Allen y col., 2004). Sin
embargo, en la medida que los soportes organicos aumentan su tiempo de operacioén en los
biofiltros, la superficie se cubre con una biopelicula y agua, reduciéndose la sorcion directa
sobre el material filtrante, y finalmente se presentan hundimientos y compactacion debido a
sus estructuras finas, lo cual promueve un aumento en la caida de presion a lo largo del
biofiltro y patrones de flujo preferentes (Leson y Winer 1991; Bohn, 1992; Ortiz y col.,
2003).

1. 3. 1. 2 SOPORTES INERTES.

Los materiales inertes de tipo ceramico se emplean principalmente en los biofiltros de
lecho escurrido y han tomado una gran popularidad en los biofiltros (Shareefdeen y col.,
1993; Devinny y Hodge, 1995; Kennes y col., 1996; Garcia-Pefia y col., 2001; Spigno y col.,
2003; Arriaga y Revah, 2005; Aizpuru y col., 2005). Los soportes de tipo ceramico presentan
una compactacién minima, la cual promueve una caida de presion menor, asi como proveer
areas superficiales especificas mayores que los soportes organicos y permiten operar los
biofiltros en condiciones termofilicas (60-70°C). Otra ventaja de los soportes ceramicos es

que pueden ser reutilizados sin necesidad de re-inocular el biofiltro atin después de remover la
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mayor parte de la biopelicula adherida. Sin embargo, presentan algunas desventajas
significativas como una baja capacidad de retencion de agua y nutrientes, ademas una baja
capacidad de sorcion para los COVs. Ya que la retencion de agua y la sorcion de los COVs
altamente hidrofébicos suelen ser una limitante para este tipo de soportes, su operacion resulta
un poco mas complicada y se presentan periodos de arranque prolongados en los biofiltros
(Spigno y col., 2003; Kibazohi y col., 2004; Arriaga y Revah, 2005).

1. 3. 1. 3 CARBON ACTIVADO GRANULAR (CAG).

Este tipo de material se emplea comunmente debido a su alto potencial de adsorcion.
Se ha estudiado en la biodegradacion de COVs hidrof6bicos; sin embargo, no se presenta una
buena particion del compuesto en la fase acuosa (Chou y Chiou, 1997). No son
recomendables en el tratamiento de compuestos recalcitrantes, los cuales requieren
normalmente de un tiempo de contacto mayor con los microorganismos. Algunas ventajas que
presenta el CAG son su resistencia a la compactacion debido a su solidez. Las desventajas que
presenta son principalmente el cuidado que debe de prestarse cuando un compuesto téxico se
encuentra adsorbido en su superficie, es decir, el CAG debera ser tratado como un residuo
peligroso. El CAG por si mismo es ligeramente téxico para los microorganismos y
comunmente se presenta una cierta oclusion de sus pequefias hendiduras debido a la presencia
del crecimiento microbiano. Para resolver estas desventajas del CAG se le puede agregar
composta, tal y como se encuentra reportado para la literatura en el tratamiento de los gases
contaminantes provenientes de las aguas residuales (Webster y col., 1995). El CAG también
se ha empleado como medio de adsorciéon para degradar vapores de gasolina y tolueno
(Medina y col., 1995; Ortiz y col., 2003).

1. 3. 1. 4 POLIMEROS SINTETICOS.
El empleo de diversos tipos de resinas sintéticas disponibles comercialmente como
materiales de empaque para el proceso de biofiltracion, provee de rigidez asi como potencial

de adsorcion selectivo (Hartmans y col., 1992; Wittorf y col., 1993; Shi y col., 1995). La

diferencia principal entre los variados tipos de resinas radica en sus propiedades adsorbentes
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hacia un determinado tipo de VOC, prevaleciendo al mismo tiempo su capacidad de retencion
de agua y el proveer de un abanico amplio de porosidades. Un ejemplo de esta dualidad
hidrof6bica/hidrofilica esta presente en algunos polimeros sintéticos (como los hidrogeles) del
tipo poli(2-hidroxi-etil-metacrilato), el cual presenta dos extremos en la cadena: uno metilo y
el otro hidroxilo. Holly y Refojo (1975) demostraron, mediante la determinacion del dngulo
de contacto, que la superficie del polimero presenta un caracter hidrofébico cuando se evalta
en aire e hidrofilico cuando se hace en agua. La explicacion aceptada para ello se atribuye a
que las cadenas pueden rotar para minimizar la energia interfacial. Es decir, el grupo metilo
gira hacia la superficie cuando el polimero se coloca en un ambiente hidrofébico y el grupo
hidroxilo puede extenderse hacia afuera cuando se coloca en un medio hidrofilico. El hecho
de que un hidrogel exhiba propiedades hidrofébicas e hidrofilicas muestra un potencial de
interaccion alto con los componentes de un ambiente bioldgico. Sin embargo, el contenido de
agua conduce a una fuerza mecanica baja que en algunos casos limita su campo de aplicacion.
Para mejorar su funcionamiento mecanico, se les puede fijar sobre un soporte mas fuerte

como la celulosa, como fue reportado por Okieimen (2003), y Xie y Hsieh (2003).

1. 4 MICROORGANISMOS.

Los procesos de depuracion biologica que se han mencionado con anterioridad basan
su operacion y éxito en la capacidad metabdlica de diversos microorganismos para degradar
compuestos toxicos. Generalmente son bacterias, un reducido grupo de levaduras y algunos
hongos filamentosos. Esta capacidad se debe a la evolucion que los microorganismos han
sufrido durante millones de afios. Dicho proceso evolutivo ha dado origen a sistemas
enzimaticos que permiten degradar adecuadamente compuestos biogénicos, antropogénicos,
asi como algunos compuestos xenobidticos que presentan una biodegradabilidad pequefia
(compuestos recalcitrantes) o nula (compuestos persistentes) (Dicks y Ottengraf, 1991).

Debido a que la degradacion se realiza en la mayor parte de los casos en condiciones
aerdbicas, estos microorganismos oxidan los compuestos hasta CO, y H,O como productos
finales del proceso metabdlico. Una parte del substrato se transforma en nuevo material

celular, como puede apreciarse en la figura 1.7.
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Una gran variedad de microorganismos han sido estudiados en relacion con los
biofiltros, ya que se conoce que varios de ellos se encuentran involucrados en la degradacion
de los COVs. Dentro de estos se encuentran principalmente los hongos y las bacterias que en
su mayoria son heterotréficos, es decir, emplean los constituyentes del gas a tratar como unica
fuente de carbono (anabolismo) y energia (catabolismo) y los transforman en CO, y agua.
Aproximadamente 50% del carbono contenido en el sustrato estd involucrado en cada
reaccion (Dicks y Ottengraf, 1991).

Algunos investigadores han estudiado la distribucion espacial de los microorganismos
en los biofiltros y han observado que la remocion de COVs es mayor cuando la densidad de
los microorganismos es alta (Ottengraf y van den Oever, 1983), siempre y cuando no se afecte
de manera considerable el transporte del gas a través del lecho empacado (Arriaga y Revah,
2005).

Catabolismo Prodictos "
Oxidacién CO,, H,0
Sustrato Respiracion
enddgena
Anabolismo Células
Sintesis nucvas
celular

Figura 1.7 Eliminacién del sustrato debido a la oxidacion biologica (Hernandez, 2001).

Se sabe que para compuestos organicos faciles de degradar, el tiempo de adaptacion es
de aproximadamente 10 dias (Ottengraf y col., 1986). La biodegradacion de algunos
compuestos, en particular los xenobiéticos, pueden requerir la inoculacién del biofiltro con
microorganismos que han sido expuestos previamente al contaminante. Por ejemplo, Corsi y
Seed (1995), emplearon suspensiones de suelo y de microorganismos especialmente
cultivados que fueron destinados como inéculo para la degradacion de ciertos compuestos. En
el caso de la biofiltracion de compuestos BTX, es necesaria la presencia de microorganismos
capaces de degradar compuestos xenobi6ticos. Lo anterior ha permitido que una gran cantidad
de cultivos microbianos hayan sido desarrollados y adaptados en laboratorios para degradar

compuestos especificos (Kennes y Thalasso, 1998; Janni y col., 2001; Kennes y Veiga, 2004).
14
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1. 4. 1 BIOFILTROS BASADOS EN LA ACCION DE LOS HONGOS.

El proceso de la biofiltracion es atractivo desde una perspectiva econémica cuando la
concentracién de los gases residuales (COV) es inferior a 3 g/m’, ya que la eficiencia de
remocién es muy cercana al 99% (van Groenestijn y Hesselink, 1993). Sin embargo, cuando
un biofiltro convencional emplea composta como material de empaque y algin tipo de
actividad bacteriana, es comun encontrarse con problemas para la eliminacion eficiente de
compuestos aromaticos, alquenos y alquinos debido a la existencia de una solubilidad pobre
de estos en la fase acuosa de las biopeliculas bacterianas (Devinny y col., 1999); no obstante,
su estabilidad operacional es admisible pero se ve obstaculizada por la acidificacion y secado
del material de empaque. Para superar los problemas presentes en la depuraciéon de COVs
altamente hidroféobicos, se han desarrollado tratamientos bioldgicos basados en la accion de
los hongos y empleando al mismo tiempo soportes inertes. Los hongos son mas resistentes a
las condiciones 4cidas y a la escasez de agua que las bacterias; propiedad de la que se puede
tomar ventaja cuando se operan los biofiltros. Se ha establecido una hipétesis en donde se
plantea que los hongos poseen micelios aéreos que pueden estar en contacto directo con el gas
y tomar a los COVs hidrofobicos mas rapido que las biopeliculas planas formadas por las
bacterias (van Goenestijn y col., 2001; Pagella y col., 2001). Esto puede ser posible por la
ausencia de una barrera de agua entre la fase gaseosa y la biomasa (Figura 1.4).

Spigno y col., (2003) y Arriaga y Revah (2005) aislaron hongos filamentosos capaces
de absorber y degradar hexano con una tasa muy elevada (120-150 g.h'l.m'3 ). Cabe destacar
que éste es un compuesto 100 veces mas hidrofébico que el tolueno. En un trabajo muy
reciente, Kennes y Veiga (2004); reportaron una gran variedad de hongos que tienen un
potencial alto para emplearse en los biofiltros para el tratamiento de n-alcanos (C1, C2-C4,
C6-C19 y C1-C9), fenol, o, m y p-cresol, formaldehido/metanol, dietil-éter y metil-terbutil-
éter (MTBE). El empleo de los hongos puede aumentar la capacidad de eliminacién 5-10
veces mas que los biofiltros tradicionales operados con composta. Hoy en dia comienzan a
desarrollarse proyectos para la construccion de biofiltros operados por hongos a escala
industrial, por ejemplo para el tratamiento de 48,000 m’ gas.h'l, con una concentracion de VOC

de 500 mg.m'3 , pretendiendo obtener 80-90% de eficiencia de remocién (van Groenestijn y
Kraakman, 2005).
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CAPITULO 2. ESTRUCTURA QUIMICA DE LA MADERA Y DE LA TURBA.

La madera es uno de los recursos naturales renovables més importantes y su empleo es
numeroso y variado. Durante muchos afios la madera fue considerada como una fuente de
energia o como materia prima para industrias tradicionales como la de fabricacioén del papel.
Hoy en dia la madera es la base de una quimica nueva. Sin embargo, la madera presenta dos
desventajas, es muy heterogénea y muy compleja a nivel de su estructura. Su quimica sera
rentable cuando se puedan aprovechar todos los subproductos de los cultivos agricolas, ya que
ascienden a un 50% de la biomasa total producida (materia vegetal), mientras que con la
actividad forestal, la produccion de biomasa desperdiciada es todavia mucho mayor. Wartelle
y Marshall (2000), estimaron que tan s6lo los subproductos de la agricultura para ese afio eran
aproximadamente 320x10° kilogramos/afio.

Los residuos agroindustriales y madereros han sido empleados con gran éxito a nivel
industrial para la fabricacion de materiales sintéticos biodegradables que le dan una gran
valorizacion a estos subproductos (Thiebaud, 1995; Vaca-Garcia y Borredon, 1999), donde se
derivatizan en multitud de formas los hidroxilos que conforman el grupo reactivo mas
importante en estos materiales. La quimica de agro-recursos ha aportado un enorme
conocimiento y experiencia en relacion a las interacciones de los subproductos orgénicos y
los polimeros sintéticos (Schurz, 1999).

La materia vegetal es susceptible de proveer cantidades importantes de nuevos materiales con
valor agregado mayor si la celulosa y las hemicelulosas que la constituyen pudieran separarse
de la lignina con quien estin estrechamente ligadas (Schurz, 1999). Este problema sigue
siendo el centro de atraccion para la investigacion después de varios afios referentes a la
valorizacion de la materia vegetal. Los componentes principales de las paredes celulares

pueden clasificarse en tres categorias:

- Esqueleto: la celulosa.
- Los constituyentes de la matriz: los polisacaridos no celuldsicos.

- Los constituyentes incrustantes: esencialmente la lignina.

Vaca-Garcia y Borredon (1999), reportaron las composiciones en base seca y libre de

extractos para diversos residuos agroindustriales (Tabla 2.1) y determinados de acuerdo al
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método de van Soest y Wine (1968) y estdndares ASTM D1106-84 y Tappi T 211 OM-03.
Por otro lado, Wartelle y Marshall (2000), cuantificaron los componentes mayoritarios de

diversos residuos lignoceluldsicos de interés, los cuales se presentan en la Tabla 2.2.

Tabla 2.1 Composicién estructural de los residuos lignocelulésicos.

Substrato Tamaiio de las Extraibles Celulosa Hemicelulosas Lignina  Cenizas
particulas (%) (%) (%) (%) (%)
Aserrin de pino 2-10 mm 5 47 23 29 0.5
Cascarilla de trigo 5-20 mm 11 42 35 16 52
Semillas de oliva ~ Malla 100-200 22 70 22 5 0.8
_Bagazo de agave Malla 60-80 10 50 23 18 6.0

Tabla 2.2 Composicion estructural de residuos lignoceluldsicos (g/100g muestra seca).

Substrato Celulosa Hemicelulosas Lignina  Proteina Cenizas
Bagazo de la caiia de aziicar 58.2 9.2 13.4 1.6 0.4
Cascara de cacahuate 453 8.1 32.8 49 2.3
Cascarilla de arroz 13.0 72 43.0 2.1 17.5
Cascarilla de semilla de algodon 48.7 18.5 223 3.5 1.1
Mazorca de maiz 384 40.7 9.1 1.8 1.3
Cascarilla de soya 67.6 13.7 4.9 10.9 3.6
Cascara de almendra 40.5 19.7 27.2 1.9 2.9

De las tablas 2.1 y 2.2 podemos observar que los residuos agricolas poseen un contenido
elevado de materia lignoceluldsica (LS). Por ejemplo, la cascarilla de cacahuate posee ~78.1 g
LS/100 g de residuo seco y el aserrin de pino posee ~76% respectivamente; por el contrario,
la mazorca de maiz posee tan sélo 47.5 g LS/100 g de residuo seco. Por su gran
disponibilidad, es interesante estudiar al aserrin de pino como un residuo representativo por su

alto contenido de celulosa y lignina.

2.1 TURBA

La turba es un material derivado de la materia vegetal parcialmente descompuesta
cuya consistencia varia entre la de un material fibroso afieltrado y la de un cieno resultante de
avanzada descomposicion. Se encuentra en yacimientos extensos en regiones del norte del
planeta y contiene 88-93% de materia organica. Debido a que la turba es el producto de la
descomposicion de diferentes tipos de vegetacion y a que su composicion depende de su
origen, su analisis quimico es de gran importancia para su caracterizaciéon. Algunas de sus

caracteristicas han sido reportadas por Yagodin (1982) y se presentan en la tabla 2.3.
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Tabla 2.3 Caracteristicas de la turba reportadas por Yagodin, 1982.

Turba pH del % de % de % de % de % de % de
de extracto materia | cenizas | nitrégeno P,0Os K,0 CaO
turbera orgénica

Alta 3.0-45 | 95-98 2-5 0.7-1.5 0.05-1.15 | 005-0.15 [ 0.2-04
Media 4.0-6.0 | 90-95 5-10 1.2-2.5 0.10-0.25 | 0.10-025 | 04-0.2
Baja 55-70 | 85-92 | 8-15 25-35 0.20-0.60 0.15-0.20 | 2.0-6.0

Hernandez (2001), reporté en experimentos sobre biofiltracion que el contenido de nitrégeno
en la turba analizada fue de 5.5 g/kilogramo de turba seca y propuso que si todo ese nitrégeno
estuviera disponible para la produccion de biomasa, la cual tiene la composicion CH; 3O sNp2
(Rehm y col., 1993), se obtendrian 48.3 mg de biomasa/g soporte seco. Este resultado puede
compararse con el obtenido en experimentos de biofiltracion por Garcia-Pefia y col., (2001).
El contenido de fosforo encontrado en la turba analizada fue de 130 mg/kilogramo de turba
seca, y de forma similar, si todo ese fosforo estuviera disponible en la produccién de biomasa,
se obtendrian 4.3 mg de biomasa/g soporte seco. Para el potasio, se encontraron 200
ppm/kilogramo de turba seca y con esta cantidad se podrian obtener 4.4-20 mg de biomasa/g
soporte seco. El contenido de calcio encontrado fue de 5600 mg/kilogramo de turba seca, con
esta cantidad se podrian idealmente obtener 509 mg de biomasa/g soporte seco. Lo anterior
nos permite sefialar que la turba contiene nutrientes, pero no en las cantidades que se
necesitan para que los microorganismos se puedan desempefiar Optimamente (fésforo y
potasio principalmente), lo cual hace necesaria su adicion y de esta forma lograr un soporte

con las condiciones apropiadas para el desarrollo microbiano.

2. 2 MODIFICACION QUIMICA DE LA MATERIA LIGNOCELULOSICA.

Si bien se considera que el area superficial y la porosidad son los pardmetros que
definen la calidad de un residuo agroindustrial (Johns y col., 1998 y 1999), actualmente se ha
enfatizado que la quimica superficial de estos materiales también juega un papel muy
importante en cuanto a sus propiedades fisicoquimicas. Las estimaciones obtenidas por los
investigadores empleando diferentes técnicas analiticas pueden diferir debido a que la
superficie de estos residuos es compleja (anisotropia) e interacciona de forma distinta en
ambientes diferentes. Por otra parte, es muy claro que hay diversos grupos funcionales
oxigenados que le confieren a estos sustratos un caracter acido-base (Pandey, 1999; Schurz,
1999).
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Respecto a las modificaciones quimicas de la celulosa, se refieren principalmente a su

derivatizacion, a partir de los miltiples grupos hidroxilo que presenta (Figura 2.1).

OH OH OH
. H oyqH H H oyH H
o o o 0 o o)
HON H 0/ Wy Ho\ M HO/ Ky HON\ H |
0 o o} o 0“"‘%
OH OH OH
H H H Son H H H Soy H H
Figura 2.1 Cadena de celulosa.

Inicialmente se produjeron los ésteres y los éteres (Mench, 1968; Morris y col., 1996;
Aniedobe y Thies, 1997; Samios y col., 1997, Chauvelon y col., 1998; Heinze y Schaller,
2000). Estos se sintetizan facilmente cuando se emplea un disolvente para la celulosa. La
estructura cristalina del biopolimero se destruye, generando una accesibilidad méxima a sus
grupos hidroxilo. Generalmente son sistemas binarios integrados por una sal y un disolvente
aprotico, por ejemplo, el cloruro de litio (LiCl, 9% en peso) y la dimetilacetamida
(LiCI/DMAC) o el cloro sulfoxido de tetraetil-dimetil amonio (McCormick y Dawsey, 1990;
Zhang y McCormick, 1997; Williamson y col., 1999; Heinze y col., 2000). El impacto
ecoldgico y el precio de tales componentes limitan su empleo a una escala de laboratorio y
exige que los grupos de investigacion desarrollen técnicas alternativas libres de disolventes
(Thiebaud y Borredon, 1995; Vaca-Garcia y Borredon, 1999).

Por otra parte, se ha estudiado el empleo de polimeros naturales como material de
soporte para diversos hidrogeles, debido a que cuando estos se encuentran hinchados, su
resistencia mecanica es pobre (Karlsson y Gatenholm, 1997; Karlsson y col., 1998;
Gangopadhyay y Ghosh, 1999; Karlsson y Gatenholm, 1999; Karlsson y col., 2000); este
concepto sera ciertamente de gran interés en la investigacion futura.

Se ha reportado la modificacion quimica del almidén mediante reacciones de
polimerizacion por injerto (del inglés graffed) con monémeros vinilicos, el cual es uno de los
métodos mas eficientes para incorporarle caracteristicas deseables al almidén sin sacrificar su
naturaleza biodegradable (Trimnell y col., 1996; Athawale y Lele, 2000). También se ha
logrado el injerto de monémeros vinilicos sobre polimeros naturales como la celulosa, el
algododn, la lana o el yute, empleando una variedad de iniciadores de radicales libres como el
2,2"azobisisobutironitrilo (AIBN) o los sistemas redox, como el reactivo de Fenton (Carneiro

y col., 2001; Okieimen, 2003; Xie y Hsieh, 2003). Destaca por sus caracteristicas unicas el
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nitrato de amonio cérico (CAN), el cual debe su empleo preferencial sobre otros iniciadores
de radicales libres al mecanismo de transferencia simple del electréon que promueve la
producciéon de copolimeros injertados de alta pureza y de facil aplicacién a temperatura
ambiente en medio acuoso (Trimnell y col., 1996; Athawale y Lele, 2000).

Otro método para injertarle polimeros a la celulosa, es aquel en el que se forma
directamente un iniciador en la macromolécula, como un perdxido o un hidroperéxido.
Los hidroperéxidos se pueden descomponer en radicales libres e iniciar la polimerizacién por

injerto.

Rcell-OOH — Rcell-O « + OH (a)
OH ¢ + M — homopolimero (b)
Rcell-O ¢« + M — copolimero injertado (©)

Si se emplea un agente reductor, la formacién del homopolimero se puede eliminar en gran

parte, por ejemplo:

Reell-OOH + Fe** — Reell-O « + Fe** + OH (d)

Los peréxidos se pueden formar por ozonificacién, mismos que se ha estudiado
principalmente en la Union Soviética (Bikales y Segal, 1985). También se obtienen mediante
la irradiacién del substrato en presencia de aire, por foto-induccion y mediante la adiciéon de
una disolucién de peréxido de hidrégeno (Saraydin y col., 1998; Gangopadhyay y Ghosh;
1999; Trimnell y col., 1996).

La polimerizacion por injerto inducida por ozono se ha empleado con éxito debido a
que es una técnica barata; un ejemplo de ello es la preparacion de hidrogeles sélidos sobre las
membranas y fibras de los polipropilenos (Chtourou y Riedl, 1993; MacManus y col., 1999;
Ko y col., 2001); asi como en la obtencion de tabletas (composites) de aserrin de pino con
anhidrido maléico, las cuales mostraron una alta resistencia mecédnica y un caracter
hidrofébico (Nouwezema y col., 1993). Puesto que el ozono es actualmente un delignificante
prometedor y un reactivo de blanqueo en la industria de la pulpa, es de interés una
investigacion del tratamiento con ozono como paso de progresion de la activacion para la

polimerizacién por injerto ya que abre la oportunidad para usar el equipo existente (Bikales y
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Segal, 1985; Euphrosine-Moy, 1988).

2. 3 REDES SEMI-INTERPENETRANTES (SIPN).

Las redes semi-interpenetratantes se caracterizan por tener polimeros lineales y
entrecruzados injertados a los polimeros naturales como la celulosa o el quitosano
(Williamson y col., 1999; Qu y col., 1999; Kim y col., 2000), los cuales se emplean para
formar redes semi-interpenetrantes (SIPN) (figura 2.2), sin embargo; el injerto de polimeros
sobre la celulosa y el quitosano ha sido limitado debido a la carencia de su solubilidad en
disolventes organicos comunes. El descubrimiento del disolvente LiCl (9%)/DMAc ha
permitido la sintesis de diversos derivados de la celulosa y del quitosano asi como su
caracterizacion. Este disolvente puede emplearse para preparar SIPN con N, N-dimetil-
acrilamida (DMAm), dando por resultado un material con propiedades mecanicas muy

interesantes.

Fig. 2.2 Estructura quimica de los componentes de una red semi-interpenetrante: ()
poliMBAm; (—) poliDMAm:; ( ) polisacérido (de acuerdo con Williamson y col., 1999).

Al incorporar unidades de mondémero reticulante como la N, N-metilen-bisacrilamida
(MBAm) en la red de poliDMAm, el material final se asemeja a un tipico sistema hidrogel
sensible que se puede caracterizar por precipitacion y por el cambio en el grado de
hinchamiento de la red polimérica debido al cambio en el estimulo externo, tal como la
temperatura, el pH, la fuerza iénica o la constante dieléctrica. Perceptiblemente, las
caracteristicas mecénicas crecientes de las SIPN pronostican su uso futuro en muchas

tecnologias, tales como la liberacion controlada de productos farmacéuticos o de la
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remediacion ambiental (Abraham y Rajasekharan, 1996; Kimura y col., 2001).

Finalmente, no siempre es necesario aislar la lignina de la celulosa, es decir, es posible
emplear el material lignocelulésico como tal, ya sea derivatizado o en su estado nativo para
ciertas aplicaciones técnicas (Nouwezema y col., 1993; Thiebaud y col., 1997; Chauvelon y
col., 1998; Vaca-Garcia y Borredon, 1999; Wartelle y Marshall, 2000; Chauvelon y col.,
2000; Patil y col., 2000). Por ejemplo, en la figura 2.3 se muestra una reaccion de acilacion
para un residuo lignocelulésico, el cual se somete a un pre-tratamiento acido, seguido por la
reaccion de acilaciéon con cloruro de lauroilo, empleando un disolvente organico como el
tolueno. El polimero resultante presenté propiedades interesantes para formar peliculas.
Thiebaud y Borredon (1995) reportaron un método libre de disolventes para la reaccion de
acilacion entre el aserrin de roble y cloruros de acidos organicos con diferentes tamafios de
cadena (R: CH3-(CHy)n con n = 6, 8, 10, 12, 14, 16), con la finalidad de obtener peliculas
plésticas o recubrimientos hidrofébicos. Los derivados resultantes permitieron la fabricacién
de peliculas con la ayuda de una termo-prensa y éstas mostraron un caracter termofijo mayor
en la medida que se incrementaba el tamafio de la cadena del sustituyente (n = 6-10). Cuando
el tamafio de los sustituyentes aumenté por encima de este valor se observo un efecto

contrario, el cual se atribuy6 a un grado de substitucion bajo en los aserrines.

Celulosa Ester de celulosa
[ OH | i OCOR]
oo+t 0o+
OH * B —~——r OCOR
) =)
R: -(CH,),,-CH
OH (i CHs OCOR

n - n

Figura 2.3 Modificacién quimica de los residuos agroindustriales enriquecidos en celulosa
(Chauvelon y col., 1998).

2. 4 POLIMERIZACION POR INJERTO DE CARBONATOS CiCLICOS SOBRE LOS RESIDUOS
LIGNOCELULOSICOS.

Los carbonatos ciclicos como el carbonato de etileno (CE), presentan una naturaleza
no toxica, son de bajo costo y debido a ello tienen éxito a nivel industrial. Cuando se pone en

contacto un carbonato ciclico como el CE con un i6n hidroxilo (iniciador) capaz de abrir el
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anillo ep6xido tenso y un alc6xido metélico, se forma un poli-carbonato (x) o un poli-éter ()
mediante una reaccion directa SN; 0 SN, como puede apreciase en la figura 2.4. La relacion
molar de las funcionalidades carbonato a éter en el producto (x/y) dependera esencialmente de
la temperatura de reaccion (Harris, 1989, 1990). Las temperaturas elevadas promueven la
formacién de la funcionalidad éter con emision de CO,, mientras que las temperaturas
moderadas promueven preferentemente la formacién de la funcionalidad carbonato.

Se ha reportado en la literatura la reaccion entre el CE y monomeros diversos, como el

anhidrido ftalico (Fagerburg, 1984); asi como con dioles (Gunatillake y col., 1998).

(0]
Iniciador-OH + E —0 — 3 Inici 0—C—0—CH,-CH,}—fo—cH,-cH,-oH
n 0> o) n|0|ador<|i i 5 ﬂ B 2]~ +yCo,
x y

alcodxido o
x+y=n

Figura 2.4 Polimerizacion del EC sobre un iniciador y un alcéxido (Harris, 1989).

En este tltimo trabajo se menciona que la sintesis de los macrodioles de policarbonatos
diversos, se pueden preparar tipicamente mediante dos métodos: 1) la reacciéon de poli-
condensacion de los dioles (1,6-hexanodiol, 1,10-decanodiol, etc.) con fosgeno o 2) las
reacciones de trans-esterificacion de los dioles anteriores con carbonatos ciclicos, como puede
apreciarse en la Figura 2.5.

i

| ) HO—R—OH 0
HO-R—0-C-O—R—OH ———>  HO-R-0-C-0-R-OH + HO—R'—OH A

l 0
l HO—R—OH + 0)1\0

i ] i
HJ&O—R—O—C O—R«{EO—R'E]LO——C—O—R*OH
X y

Figura 2.5 Reacciones de trans-esterificacion de los dioles con carbonatos ciclicos
(Gunatillake y col., 1998).

(o]
HO—R-OH + O/U\O
oy

Como ya se menciono, tales reacciones dependen del empleo de metales, alc6xidos metalicos
o compuestos organometalicos como catalizadores (Fagerburg, 1984; Harris, 1989; Acemoglu

y col., 1997; Gunatillake y col., 1998).
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En principio, la materia lignocelulésica presente en el aserrin de madera o en la turba, podria
actuar como un fuerte nucledfilo, capaz de abrir el CE, conduciendo a un polimero injertado.
Esta reaccion es un ejemplo de una polimerizacién anionica (Solomons y Fryhle, 2000). Se ha
reportado que el aserrin de pino presenta en promedio 4.5 mmol de OH/g de sdlidos
(Thiebaud, 1995); que podria proporcionar suficientes grupos hidroxilo. Cabe notar que el
injerto de un carbonato ciclico sobre el residuo lignocelulésico (iniciador), presentara tres
etapas primordiales: 1) una iniciacion que permitira la apertura de los carbonatos ciclicos; 2)
la reaccion covalente con el grupo hidroxilo de la fibra que conduciré a una funcién hidroxilo

mas expuesta al ataque covalente que la original; 3) progreso de la reaccién en cadena.
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CAPITULO 3. DESARROLLO EXPERIMENTAL.

El desarrollo experimental se realizé en tres partes. La primera parte estuvo enfocada a
la determinaciéon de las condiciones adecuadas de reaccion para la sintesis de soportes
organicos del tipo composito a partir de aserrin de pino (SPS) y de musgo turba (PM), asi
como minimizar el consumo de los monémeros empleados en funcién de parametros como el
esfuerzo de compresion y la capacidad de retencion de agua en los polimeros.

La segunda parte se enfocé a la optimizacion de los parametros de sintesis buscando
minimizar el consumo de los mondmeros empleados en funcién de propiedades fisico-
quimicas como la adsorcion y sorcion del hexano y la actividad del agua en los polimeros.

La tercera parte se enfocé a la determinacion de la efectividad de los soportes

sintetizados en biofiltros a escala de planta piloto y su caracterizacion microbioldgica.

3.1 PRIMERA PARTE

Se llevaron a cabo reacciones de polimerizacion por injerto sobre el SPS y el PM para
sintetizar soportes organicos durables que presenten un compromiso hidrofébico/hidrofilico y
que puedan ser moldeados en formas especificas para emplearse en la biofiltracion de COV's
durante periodos de tiempo prolongados. Tal acercamiento debera ser viable econoémica y
ambientalmente (libre de disolventes) para justificar estudios posteriores de biofiltracion a
gran escala. Como ya se menciond, los métodos a seguir para modificar quimicamente al SPS
y PM mediante reacciones de polimerizacion por injerto, para incorporarles las propiedades
deseadas son: 1) formar quimicamente un iniciador en el polimero natural, tal como un
peréxido o un hidroperéxido (mediante ozonificacion), los cuales podrian descomponerse
posteriormente en radicales libres e iniciar la polimerizacién por injerto con monémeros
vinilicos; o 2) llevar a cabo la reaccién de polimerizacion por injerto sobre el SPS y el PM
con carbonato de etileno (CE), libre de disolventes, mediante un proceso de derivatizacion
simple, limpio y rapido. Se eligio estudiar el sistema basado en el injerto del CE sobre el SPS
y el PM.

Se mencioné que las reacciones de polimerizacion del CE solo, con dioles y otros
mondmeros, dependen del empleo de alcoxidos metélicos y compuestos organometalicos

como catalizadores. Nuestra propuesta para tal reaccién empleara carbonato de sodio

25



Capitulo 3. Desarrollo experimental

(NayCOs) como catalizador, ya que representara un impacto ecolégico bajo. Una vez que se
ha garantizado la disponibilidad de los grupos hidroxilo en los residuos agroindustriales (SPS)
y con el objeto de reducir el consumo del CE, se realizé la comparacion de esta reaccion en
tres sistemas: reactor intermitente agitado (BSR), reactor de tanque semi-continuo agitado
(SSR) y reactor tubular continuo en fase vapor (CVTR).

Concluidas las reacciones de polimerizacion, los polimeros injertados se extrajeron en
un Soxhlet con acetona. Posteriormente se empled la espectroscopia infrarroja (FTIR) para
caracterizar los grupos funcionales presentes en las muestras de SPS y PM resultantes de la
reaccion de polimerizacion. De forma paralela, se caracterizo la fraccion liquida resultante de
la reaccién por cromatografia de exclusion en gel (SEC). Se encuentra reportado que en la
reaccion de polimerizacion del CE solo, los productos principales son poli(etilen-éter-
carbonato) dioles (Harris, 1989). Posteriormente se evalué un posible entrecruzamiento de los
grupos OH potencialmente expuestos con agentes reticulantes, mediante la sintesis de tabletas
de SPS o PM conteniendo diferentes rendimientos de polimero injertado. Esto fue posible
mediante una termo-prensa. A continuacion se tomaron las tabletas, se hidrataron en agua
des-ionizada y se realizaron las determinaciones del esfuerzo de compresion en un
texturémetro como fue reportado por Billmeyer, 1984.

Los resultados correspondientes a estos objetivos particulares se presentan en el
articulo “Graft polymerization of Wood Sawdust or Peat with Ethylene Carbonate. A novel
method for the preparation of supports with enhanced mechanical properties for the

biofiltration of organic vapors”. Enviado a la revista Bioresource Technology.

3.2 SEGUNDA PARTE

Las tabletas sintetizadas de SPS y PM conteniendo diferentes cantidades de CE
injertado (ISPS e IPM), asi como controles de PM, SPS, CAG y perlita fueron molidas y se
tamizaron para obtener particulas de 500-1250 pum. Los experimentos de adsorcion del
hexano por lotes se llevaron a cabo sobre las muestras previamente acondicionadas y se
colocaron en botellas seroldgicas. Posteriormente se inyectaron volumenes de hexano liquido
y se mantuvieron a 25°C. La concentracion del hexano en la fase gaseosa se analizé por
cromatografia de gases (CG) hasta llegar el equilibrio. Se determiné el efecto del contenido de

agua en las muestras sobre la sorcion del hexano y se compararon con los resultados
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obtenidos para las muestras secas.

Posteriormente se construyé la isoterma de desorcion para los soportes himedos en
funcién del contenido de agua (g agua/g soporte seco) o (g agua/g soporte himedo) mediante
la determinacion de la actividad del agua (ay).

Los resultados correspondientes a este objetivo particular se presentan en el articulo
“Hexane removal with a microbial consortium integrated by Fusarium solani in biofilters
packed with enhanced hydrophobic peat/sawdust organic carriers”. Articulo para enviarse a la

revista Biotechnology & Bioengineering.

3.3 TERCERA PARTE

Originalmente se adapt6 un consorcio fingico para depurar vapores de hexano al estar
en contacto con una corriente de aire saturada del COV en un fermentador de 5 L y a un pH
de 4. Este consorcio esta integrado principalmente por el hongo Fusarium solani CBS 117476
y se encuentra disponible en el laboratorio del doctor Sergio Revah y se empleé como
inoculo.

A continuacion se determinoé la efectividad de los soportes sintetizados en biofiltros a
escala piloto. El primer experimento de biofiltracion (EB1), se llevé a cabo en una columna
de vidrio (didmetro 7 cm x 100 cm de longitud) empacada con IPM50 (PM conteniendo 50%
de PEEC injertado) para alcanzar un volumen de 1.55 L. Se suministré periédicamente un
flujo de medio mineral ajustado a un pH de 4 por medio de un nebulizador para proveer de
nutrientes al material de empaque y para controlar la humedad y el pH. En determinados dias
se suministr6 cloranfenicol (20 g.m™) y sulfato de amikacina (50 g.m™) al medio mineral para
limitar el crecimiento bacteriano.

La segunda serie de experimentos se llevé a cabo en dos columnas de vidrio de 0.25 L.
El biofiltro EB2 fue empacado con 0.17 L de ISPS35 (SPS conteniendo 35% de PEEC
injertado). El biofiltro EB3 fue empacado con un volumen similar conteniendo perlita.

Los resultados del desempeifio de los sistemas de biofiltracion se evaluaron en funcién
de la carga del hexano a la entrada del biofiltro (L) (g.m>.h™), la capacidad de eliminacién del
biofiltro (EC) (g.m™.h™), la eficiencia de remocién (%RE) y la produccion de biéxido de
carbono (CO,) (g.m™h™).
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Los resultados correspondientes a este objetivo particular se presentan en el articulo
“Hexane removal with a microbial consortium integrated by Fusarium solani in biofilters
packed with enhanced hydrophobic peat/sawdust organic carriers”. Articulo para enviarse a la

revista Biotechnology & Bioengineering.

En ambos articulos se especifican los métodos y materiales empleados en este trabajo

doctoral, asi como los resultados obtenidos y la discusion correspondiente.
Al final del documento se presentan cinco anexos a manera de ejemplo de los

espectros infrarrojos para los soportes injertados, asi como fotografias de microscopia

electronica de barrido para los materiales de referencia.
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Graft polymerization of Wood Sawdust or Peat with Ethylene Carbonate.
A novel method for the preparation of supports with enhanced mechanical properties

for the biofiltration of organic vapors.

O. Herndndez-Meléndez ¢, J. Peydecastaing ©, E. Barzana **, C. Vaca-Garecia °,

M. Herndndez-Luna °, M.E. Borredon

“Universidad Nacional Auténoma de México, Facultad de Quimica, Departamento de
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Abstract

The graft polymerization reaction between ethylene carbonate (EC) and Scots pine
sawdust (SPS) or peat moss (PM) offers a solvent-free approach to the simple and
inexpensive aliphatic derivatization of these lignocellulosic fibres. This reaction was studied
with liquid or vapor EC phases in three different reactor configurations: batch stirred (BSR),
semi-continuous stirred (SSR) and continuous tubular in the gas phase (CVTR). The use of a
vapor phase allowed a satisfactory grafting yield and minimal production of non-grafted
polyol by-products. The crosslinking agent 4,4’-methylenebis(phenylisocyanate) (MDI)
achieved superior characteristics to form shaped tablets resistant to water desegregation, a
high water retention capacity and high compression strength, characteristics that conventional
organic supports like PM or PM-polyurethane foam mixtures used in biofiltration of waste

gases do not completely possess.

Keywords: graft polymerization; solvent-free derivatization; poly(ethylene ether carbonate)
polyols; lignocellulosic resources; biofiltration of waste gases; volatile organic compound

(VOC).
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1. Introduction

One of the most important components in the biofiltration of waste gases and vapors is
the filter-bed composed by packed layers of a variety of solid materials serving both as a
support carrier for the active biomass and as a source of nutrients. Most of the papers
published in the early 1980°s dealt with carrier materials composed of organic matter (peat,
compost, sawdust, etc.) (Dalouche et al., 1981; Ottengraf et al., 1986; Van Langenhove et al.,
1986), while the use of inorganic matrices such as perlite, glass beads, vermiculite or
polyurethane foam has gradually increased during the last decade (Shareefdeen et al., 1993;
Devinny and Hodge, 1995; Kennes et al., 1996). Carriers comprising physical mixtures of
organic and inorganic matter are also being used and may present advantages. The objective
of incorporating pieces of inorganic material into the filter-bed is to avoid its compaction and
flow channelling aiming for an enhancement in biofilter hydrodynamic performance during
long term operation (Baltzis et al., 1994; Zilli et al., 1996; Veir et al., 1996; Lee et al., 1996).
Also it has been mentioned that a mechanically strong non-biodegradable media should be
used to prevent an excessive pressure drop in biofilters resulting from biomass growth and
support compaction, as compared to commonly used biodegradable particles as in the case of
peat (Kennes and Thalasso, 1998; Kibazohi et al., 2004).

The main objective of the proposed graft polymerization reaction on PM or SPS is to
develop novel synthetic methods for the preparation of durable hydrophilic/hydrophobic
supports that can be easily moulded into specific shapes to be used in the long term
biofiltration of waste gases. This should represent a significant improvement to current
methods in terms of mechanical resistance and hydraulic performance. Clearly, such approach
should be economically and ecologically sound (free of solvent use) to justify further studies
at a larger scale of biofiltration.

A possibility to carry out a solvent-free graft polymerization on lignocellulosic waste
resources is the treatment with cyclic carbonates. Among these, ethylene carbonate (EC) is
innocuous to public health and the environment and widely used in industrial processes.
Hereby a simple, clean and rapid process is proposed.

A polycarbonate (x) or polyether (y) is formed when treating EC with an alkoxide or
hydroxide ion (initiator) which is able to open the strained epoxide ring in a direct Sy1 or Sy2

reaction as can be described in figure 1. The molar ratio of the carbonate to ether moieties in
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the product (x/y) depends essentially on the reaction temperature (Harris, 1989, 1990). High
temperatures favour ether function formation with evolution of CO,. Conversely, at relatively
low temperatures a preferential carbonate function formation occurs. In addition, previous
reports for EC reaction with monomer or diols have depended on the use of metals, metal
alkoxides and organometallic compounds as catalysts (Fagerburg, 1984; Harris, 1989;
Acemoglu et al., 1997; Gunatillake et al., 1998), whereas our approach employs sodium

carbonate as a catalyst with a low ecological impact.

2 3 o

0]
Initiator-OH + n —0 — Initiator4+0—C—0—CH,~CH,4—0-}CH,—CH OH
[o> Na,CO { i Z 2}{ z ZT +y CO,
X Yy

X+y=n

Figure 1. Poly(ethylene ether carbonate) polyol polymerization over an initiator.

In principle, lignocellulosic matter present in SPS or PM should act as strong
nucleophile able to open the EC leading to a grafted polymer. This reaction is an example of
anionic polymerization. It has been reported that SPS posses 4.5 mmol lignocellulosic
material/g solids on average (Thiebaud, 1995) that should provide sufficient OH groups (see
figure 2) for the preparation of graft polymerized tablets. Once theoretical availability of
reacting groups was guaranteed and with the objective to minimize the consumption of EC,
the polymerization reaction was studied in reactor systems where this reagent was fed in
liquid or vapor phase. Such comparison was performed in three different modes of operation:

batch stirred, semi-continuous stirred and continuous tubular.
2. Methods

2. 1. Materials

SPS or PM (Peat Moss Company) with 500-1250 pm particle size, were dried
overnight at 110°C before use. Sodium carbonate (250 um, dried at 110°C) and 4,4’-
methylenebis(phenylisocyanate) (MDI) reagent grade chemicals were obtained from the
Aldrich Chemical Co. Ethylene carbonate (bp 243-244°C/740 mmHg) reagent grade (98%)

was obtained from Acros Organics. All reagents were used without further purification.
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Figure 2. Proposed reaction mechanism for the polymerization of poly(ethylene ether
carbonate) polyol over wood sawdust or peat moss acting as OH initiators.

2. 2. Synthesis of grafted SPS or PM polymers
2. 2. 1. Batch stirred reactor (BSR)

20 g of EC were introduced in a 1 litre capacity glass reactor. The reactor was stirred
(750 rpm) and attached to a reflux condenser. When the desired temperature was reached, 1 g
of SPS (EC/SPS mass ratio of 20) and 0.05 g of sodium carbonate were added. The first series
of experiments were performed in the range of 150-200°C and 1-2 h of reaction time to

establish the feasibility of the reaction.
2. 2. 2. Semi-continuous stirred reactor (SSR)

The BSR reactor was modified to a SSR by controlling the addition of monomer. An
initial load of 50 g of EC was introduced into the reactor to allow convenient stirring and
mixing. When the programmed reaction temperature was reached, 5 g of SPS (EC/SPS mass
ratio of 10) and 0.25 g of sodium carbonate were added. 0.5 h after the start of the reaction the

rest of the monemnser was added dropwise along a 4 h period to reach a final EC/SPS mass
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ratio of 20.

2. 2. 3. Continuous vapour phase tubular reactor (CVIR)

A jacketed glass column (length 0.8 m, diameter 0.05 m, total volume 1.6 x 107 m®)
was used as reactor. Heating was supplied by flowing hot oil through the jacket (maximum
180°C). An initial load of 10 g of SPS or PM and 5 g of sodium carbonate were packed into
the reactor. To start the reaction, EC vapors were supplied by heating a vessel containing
liquid EC and attached through glass fittings to the reactor. Reaction temperatures were 145,
160 or 180°C.

2. 3. Purification of the grafted SPS or PM polymers

At the end of the graft polymerization reaction, the remaining liquid phase was
removed by filtration. The resulting solid fraction was Soxhlet extracted with acetone for 1 h.
No specific removal of catalyst was performed since spontaneous powder sedimentation
allowed for solid separation. In any event, small amounts of sodium carbonate on the fibres

should have no significant adverse effect during the biofiltration of waste gases.
2. 4. Grafting yield

The grafting yield was calculated on a gravimetric basis as a weight increase (%) by

means of the following ratio:

W of treated and extracted - W of initial extracted
W of initial extracted

x 100%

To quantify correctly the weight gain on the initial material, blank Soxhlet extractions with
acetone were run for 1 h on SPS or PM because this solvent may dissolve some polyphenolic-
lignin compounds present in the original material.

2. 5. FTIR analysis of grafted products
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After drying at 105°C overnight, FTIR was used for the characterization of the raw and
the grafted SPS or PM samples. A Jasco-460 Plus spectrophotometer was used with the KBr
pellet method (3 mg of sample and 300 mg of KBr). The acquisition conditions were: spectral
width of 4000—400 cm™, 32 times accumulation, 4 cm™ resolution and signal processing by
cosine apodization.

The absorbance values of the following bands: CH, (2895 cm™), carbonate (1748 ¢cm™) and
ether (1120 cm™) were normalized to that of the OH band (3382 cm™); it was assumed that
the latter remained constant (Gunatillake et al., 1998) in agreement with the reaction schemes

shown in Figures 1 and 2.
2. 6. Size exclusion chromatography (SEC) of the liquid medium

The liquid fraction obtained at the end of each reaction experiment contained mainly
poly(ethylene ether carbonate) polyols (Harris, 1989), which were analysed using a Precision
Instruments System size exclusion chromatograph equipped with a refractive index detector
IOTA 2, a Chromeleon data acquisition system and a DIONEX auto sampling ASI-100.
Tetrahydrofuran (THF) GPC reagent degree (Scharlau) was used as the mobile phase in
conjunction with two mixed DPLgel 5 pm gel columns plus one pre-column PLgel 5 | pm
guard, 50 x 7.5 mm. The columns temperature was set at 25°C and the mobile phase flow rate
was | mL/min. All the samples were diluted (1/100 v/v.) in THF and filtered using a 0.1 mm
pore size poly(tetrafluoroethylene) syringe filter (Chromatographic Specialties Inc.).
Poly(ethylene glycol) standards furnished by Polymer Laboratories with molecular weights of

0.106 x 10% to 22.8 x 10* were used to generate a calibration curve.
2. 7. Crosslinking of the grafted SPS or PM

During preliminary experiments, 5 g of SPS grafted to a comparable extent (according
to FTIR analysis) was mixed with 5 g of glycerol or adipic acid to evaluate crosslinking
efficiency. Other crosslinking agents were 2 g of MDI or 2 g of residual poly(ethylene ether
carbonate) polyol. Each mixture was placed in a metallic mould to fabricate cylindrical tablets
(3.8 cm diameter) at 200°C, pressurized to 10 bar and left to react for 0.4 h to achieve

crosslinking of the potentially exposed OH groups. The temperature for the MDI mixtures
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was limited to 160°C because of possible polyurethane thermal degradation.

In parallel experiments, 50 ml of formic acid was introduced into a 1 litre capacity
glass reactor. When the temperature of 50°C was reached, 5 g of grafted SPS and 5 g of
glutaraldehyde were added under agitation. The reaction time was 0.5 h. The resulting
mixture was placed in the metallic mould for tablet production under the conditions described
previously.

In addition, two blank tablets of raw SPS and PM (blended SPS-MDI and PM-MDI)

were prepared with MDI as described previously and used as controls.
2. 8 Compression strength measurement

Tablets from 5 g of each SPS or PM with different grafting yields and 2 g of MDI
were obtained. Thermo pressure conditions were 160°C and 3 bar during 0.4 h.
The water content of the previously synthesized tablets was defined as a water fraction (W)
accordingly to Gottlieb (1988) and corresponded to the equilibrium value reached after 21
days of soaking in de-ionized water. The original water fraction (W) in the support was
measured by drying the tablets at 105°C'f0r 10 h, after which weight remained constant.

Compression strength measurements were made to the tablets by the stress—strain test
(Billmeyer, 1984). The SPS or PM tablets were placed on a metal base into the opening of a
TA-XT2 texture analyser, exactly below the test needle (5 mm diameter) attached to the
pneumatic arm. A constant displacement velocity of 0.1 mm/s was applied. Compression
strength, needle displacement and test time data were recorded in a computer connected on-
line. The compression strength values of the hydrated tablets are of the utmost importance

since it can be related to the volume compression of the filter-bed packing (compaction).

3. Results and discussion

3. 1. Batch stirred reactor

A preliminary study made on SPS, as observed in the Table 1, showed that the CH,
band to OH ratio (absorbance 2895 cm™/absorbance 3382 cm™) presented progressive rise

from 0.25 to 0.66 while increasing the reaction temperature from 150 to 180°C at 2h of
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reaction time with respect to SPS control (0.21). The carbonate band to ether ratio
(absorbance 1748 cm/absorbance 1120 cm™) reached its highest value at 175°C. Higher
temperatures to this threshold value tended to increase the ether function with acceptable
CH,/OH ratio (grafting). In the experiments at 200°C the reaction time was halted after 1.33 h
of reaction time due to visual liquid polyol dimness promoted by excessive heating.

As discussed, the graft polymerization of EC over an initiator bearing a hydroxyl
group may lead either to a grafted carbonate or an oxyethylene group with CO, production.
The proportion between these two moieties depended especially on the reaction temperature.

A temperature of 175°C was therefore used for the rest of this study, since it resulted
mainly in a carbonate structure grafted to native fibres with the lowest possible reaction

temperature to avoid possible structural substrate damage.

Table 1. Operation conditions for SPS graft polymerization in BSR reaction system

Temperature Reaction Ratio Ratio Residual
(°C) time (h) CHOH  carbonate homopolymer
/ether average Mw °
(g/mol)
SPS --- --- 0.21 --- -
Ell 150 2 0.25 -—- 180, 320
El2 160 2 0.31 0.15 180, 320
El3 175 1.5 0.42 0,16 88,180,284
El4 175 2 0.66 3.51 180, 320
El5 180 1 0.63 0.19 ‘88, 180, 320
El6 180 1.5 0.68 0.36 180, 320
E17 180 2 0.66 0.09 180
El18 200 1.33 0.69 0.40 88, 180, 320
E19 200 1.33 0.65 0.43 88, 180, 320

a The predominant Mw-values are in bold figures.

Values of average molecular weight (Mw) from analysis of the liquid phase obtained at the
end of the reaction ranged from 180 to 320 g/mol. This result indicates the occurrence of
undesirable homopolymerization (possibly initiated over bound water molecules
accompanying the dried vegetal substrate or any other initiators present in the monomer) that
corresponded to the dimer, trimer, and tetramer of EC monomer. The results observed in the
Table 1 indicated that only small poly(ethylene ether carbonate) chains were grafted to SPS,
attributed mainly to the absence of EC reagent (Mw of 88 g/mol) after reaction times greater
than 1.5 h. Additionally, EC ring opening in liquid media, monomer dimerization or even EC

affinity towards generated polyols may occur (Gunatillake et al., 1998).
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With the objective of increasing the polymer chain size grafted to SPS, a SSR
configuration was mounted. A lower initial EC/SPS mass ratio of 10 was chosen to prevent

high initial generation of undesirable non-grafted homopolymer by-products.
3. 2. Semi-continuous stirred reactor

To control the homopolymerization reaction, EC was added dropwise semi
continuously. Results are shown in Table 2. A large increase in both the carbonate band to
ether (absorbance 1748 cm/absorbance 1120 cm'l) and the CH, to OH ratios (absorbance
2895 cm™'/absorbance 3382 cm™') was obtained with respect to BSR experiments, indicating a
sustained improvement in grafting (from CH,/OH of 0.21 for the control to 2.47 for the
treated sample). Such values reflect that grafting is composed mainly of carbonate units
whose values stayed constant practically throughout all the semi-continuous reaction, that is, a
carbonate/ether ratio = 17. Both parameters are in accordance to the weight gain observed on
raw SPS. Also final liquid phase analysis revealed that non-grafted homopolymers covered an

approximate range of 10 to 40 EC units.

Table 2. Operation conditions at 175°C for SPS graft polymerization in SSR reaction system.

Reaction  Grafting Ratio Ratio Residual
time ¢h) yield CHy/OH  carbonate homopolymer
(%) /ether average Mw *
(g/mol)

SPS - --- 0.21 --- ---
E21 6 128 0.80 17.14 180, 320, 1080
E22 8 140 1.60 14.27 180, 1800
E23 10 150 1.65 15.58 180, 1050
E24 12 170 1.98 17.24 180, 1800, 4000
E25 14 230 2.47 19.21 180, 320, 4000
E26 16 133 1.59 17.73 4000

a The predominant Mw-values are in bold figures.

A maximum value in CH; band to OH ratio and grafting yield were obtained after 14
hr (run E25). After this time, monomer traces or even dimers and tetramers were not found in
the liquid phase. It is also possible that at longer reaction times a loss of groups grafted to SPS
occurred since only large homopolymers are obtained, sustained also by a parallel reduction
in grafting yield (E26 experiment).

Despite the semi-continuous system ability to attain a high grafting yield, the presence
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of non-grafted homopolymers was still an undesirable trade off. One potential solution would
be to start the reaction under vacuum, where the active water bound molecules or monomer
impurities could be eliminated firstly at reduced temperature followed by monomer addition.
Also, such arrangement should minimize the EC initial quantity necessary to start the
reaction. However, for both BSR and SSR arrangements there is a minimum liquid to solid
ratio necessary for an adequate mixing by stirring of the initial suspension (EC/SPS of 10).
With this reasoning a CVTR reactor was proposed in which the EC reagent is fed through a
vapor phase. In principle, this should lead to a significant reduction in undesirable non-grafted

homopolymers formation.
3. 3. Continuous vapor phase tubular reactor

In this arrangement the solid organic material is in contact with a constant flow of EC
present in vapor phase and avoiding the need of a stirring device. In addition, since the EC
concentration is maintained at a low value, non-grafted homopolymers formation is limited. A
final advantage is that the reduced pressure system (400 mbar) allowed EC volatilization at
120°C instead of 244°C. EC vapors were heated to reach reaction temperatures of 145, 160 or
180°C and then contacted with the mixture of fibres and the catalyst packed into the reactor.

Table 3 shows the results obtained for SPS in the CVTR system. Clearly, results were
poor with no grafting at 145 or 180°C. Furthermore, some material decomposition was
observed for the later temperature. At 160°C modest yields were obtained up to 76%, however
the carbonate band to ether ratio was also low. We observed similar results with E36
compared to that of E14 in BSR experiments. Such behaviour suggests a deficient contact
between EC vapors, the catalyst and the exposed OH groups available for the reaction. In any
event, the exposed OH groups should play a very important role in the selectivity to the graft
reaction. A different organic substrate was then evaluated.

Because of its long-lasting stability to microbial attack, PM is a well know packing
material for the biofiltration of waste gases. However, PM presents severe compaction and
hydrodynamic limitations (Dalouche, 1981; Hirai et al., 1990; Cho et al., 1992; Acuiia et al.,
1999; Jang, et al., 2004). Therefore, it was desired to test the graft polymerization in
continuous vapor mode for PM, taking advantage that such arrangement should avoid mineral

salts leaching and other nutrients essential for microbial consortia consolidation in biofilters.
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The results for PM on a CVTR reactor and the conditions used are presented in Table 4. It is
observed that the total carbonate band to ether and CH, to OH ratios increased rapidly after
4.75 h, indicating that a high grafting yield composed mainly by poly(ethylene carbonate)

units occurred.

Table 3. SPS graft polymerization in continuous CVTR vapour phase reaction system at 400
mbar vacuum.

Temperature Reaction Grafting Ratio Ratio
°C) time (h) yield CH,/OH carbonate
(%) /ether
SPS --- - -— 0.21 -
E31 145 4 0% 0.21 -
E32 180 4 0% n. a. n. a.
E33 160 2.5 42% 0.28 3.0
E34 160 4.75 60% 0.28 343
E35 160 6.5 70% 0.49 3.55
E36 160 8.0 76% 0.76 3.14

n. a. = not available

Table 4. PM graft polymerization in continuous CVTR vapour phase reaction system at 400
mbar vacuum.

Reaction Grafting Ratio Ratio
time (h) yield CH,/OH carbonate
% /ether
PM - --- 0.06 ---
E41 2.5 15% 0.30 2.55
E42 4.75 52% 0.48 9.06
EA3 8.0 138% 0.98 10.88
E44 10.0 150% 1.29 12.18

A comparison in the grafting yield progress for SPS and PM at 160°C for the CVTR
reactors is presented in the figure 3. Results show a shift in profile after 4.75 h suggesting a
significant difference in the availability of OH initiators that relates to compositional and
structural variations. Specifically, we refer to the hemicellulose (Hc), lignin (L) and cellulose
(C) structures present in the SPS and PM, which was determined by the ADF-NDF method
(Van Soest and Wine, 1968) and reported in Table 5. Accordingly, a slower graft
polymerization start-up on PM as compared to SPS could be related to the lower proportion of
C and Hc structures on PM (31%) compared to SPS (70%). The fact that after 4.75 h a
sustained grafting occurs only for PM can only be related to the larger amount of extractible
material. This group could include important quantities of other components like humic acids,

waxes, resins, etc., that may act as extra OH groups that become accessible to EC.
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Figure 3. Grafting yield (%) profiles for (@) SPS and (M) PM obtained in CVTR reactor at
160°C.

Table 5. Composition of mayor compounds (dry basis, extractibles free) of supports
determined according to the ADF-NDF method.

Dry matter Ash Extractibles  Hemicelluloses Lignin Cellulose
%) (%) (%) (%) ) ()
SPS 92 0.7 13 29 29 41
PM 85 1.3 23 25 68 6

3. 4. Crosslinking of the grafied SPS or PM

Explorative experiments were realized to study some physical properties and
performance of grafted SPS using samples that resulted after a 150% grafting yield from
reproducible SSR reactions. Tablets obtained under pressure of grafted SPS did not show any
appreciable thermoset character to result in single homogeneous pieces that were resistant to
manipulation in aqueous solutions. External crosslinking agents like glycerol, adipic acid or
even residual poly(ethylene ether carbonate) polyol with average Mw of 4000 g/mol were
added to improve cohesion and resistance. However, no improvement in tablet aggregation
was achieved.

In contrast, when MDI was added as crosslinking agent to both grafted SPS or PM a
significant improvement in mechanical resistance was obtained as compared to controls

obtained with raw (i.e. not grafted) samples. Also, hard and mechanically resistant tablets
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were obtained when, in addition to MDI, 2 g of residual homopolymer obtained as reaction
by-product at the end of the polymerization reaction was added before tablet formation. This
should allow for the recycling of poly(ethylene ether carbonate) that was not incorporated into
the final by-product. The tablets were then characterized further in terms of resistance to

compression as an important mechanical property.

3. 5. Compression strength measurements

During fabrication of final tablets, a pressure of 3 bar was applied instead of 10 bar in
order to generate a larger amount of empty space between the fibres (and possibly a higher
available surface), without sacrificing integrity and the capacity to retain water as well.

Water content in untreated SPS or PM tablets was rather high in the order of 4 g
water/g dry support in both cases. However, such control preparation loose integrity easily
after soaking in water for an extended amount of time. Hence polymer grafting is an option to
retain integrity as long as water content is maintained.

Figures 4 and 5 show compresion strength values (N) and water content (W) as a
function of polymer grafting yield for SPS and PM tablets respectively, after soaking the
tablets for 21 days in water. For SPS (Figure 4) water remained fairly constant up to 60%
grafting yield, followed by a small decrease. A similar pattern was observed for compresion
strenght indicating that up to 60% grafting yield the particles retained a good resistance to

compresion value of 250 N with no loss of water content (around 60% on a wet basis).
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Figure 4. Equilibrium water content (@) and compression strength (O) for synthesized SPS
tablets.
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Such values are of interest since it has been reported that supports with water contents
in the range of 40-60% are recommended to sustain an adequate microbial activity during
biofiltration (Wang et al., 1996; Kennes and Thalasso, 1998; Janni et al., 2001). Also,
compression values of 250 N are substantially larger than those reported for novel materials in
the scarce literature dealing with composite materials adequate for biofiitration (Chan et al.,
2003). For preparations above 60% in grafting yield, the loss in water retention and
compression strength could be due to a thermally related fragmentation of cellulose and
hemicellulose fibers present in wood that collapses the general structure of the composite

matrix. This may result in the observed weakening of the linking forces between fibers that

cause a drop in compression strength.
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Figure 5. Equilibrium water content (@) and compression strength (O) for synthesized PM
tablets.

The observed values for PM tablets presented in figure 5 show significant differences
compared to SPS. Clearly, water content increases steadily up to 150% grafting yield,
whereas the compression strength increases up to 15% grafting yield followed by a rapid
drop. In contrast to SPS, PM structure is based on complex associacions of lignin and humic
acid like molecules with globular shape, instead of fiber like geometries (see Table 5),
explaining the different patterns observed. Clearly the results obtained for PM is of interest
since strong tablets with up to 180 N compression strenght and a water content above 60%
(on a wet basis) can be obtained for a grafting yield of only 15%, a value associated with a
low, and potentially economical, consumption of carbonate. As reported by Gottlieb-(1988),
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the fact that a water content substantially above 0.9 g water/g dry support was obtained with
significant swelling, suggests the formation of an interpenetrating network of poly (ethylene
ether carbonate) grafted to the original SPS or PM, and with a large hydrophilic surface.

It has been recognized that the biofilter removal performance of VOCs can be
improved by combining the biological action of microorganisms with the adsorption capacity
of the filter-bed media (Janni et al., 2001; Devinny et al., 1999). In general, ceramic and
inorganic materials show a slow rate of VOC adsorption as compared to organic supports like
PM (Jang et al., 2004). For future work, it is now possible to study hexane adsorption, as a
representative and environmentally important VOC, for the obtained carbonate grafted tablets
reported in this work. It is expected that the enhanced hydrophobic sites provided by the
ethylene groups in the grafted materials should result in greater adsorption rates and hence in
a larger availability of the carbon source for the microbial biofilm attached to the support. In
addition the demonstrated hydrophilic nature of the composite material should provide an
appropriate hydration level for a sustained microbial activity. Finally, the resistance to
compression obtained should guarantee a long term operation without a significant loss of

structural properties during biofiltration operations.

Conclusions

The graft polymerization of EC on wood sawdust or peat can be obtained by means of
sodium carbonate instead of organometallic catalysts. It is assumed that grafting occurs in an
analogous reaction pattern to EC polymerization as shown in figures 1 and 2. Grafting on both
supports was established by FTIR, monitoring peak signals at 2895, 1748 and 1120 cm™, and
weight gain after polymerization. Appreciable formation of poly(ethylene ether carbonate)
chains grafted to these fibres were observed. For SPS a grafting of 230% was obtained in a
SSR reactor, although an undesirable large amount of residual homopolymer was also
produced. For both supports, this limitation linked to a poor yield on monomer utilization was
resolved noticeably when monomer was supplied in the gas phase in a CVTR reactor, a clear
improvement over current methods. Fabricated tablets of grafted PM and SPS showed a
general tendency to increase water retention in proportion to grafting yield. Grafted tablets
were also stronger than non-grafted tablets as measured by compression strength. In

particular, PM tablets with only 15% grafting yield (i.e. a low consumption of monomer)
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showed strong compression resistance with an appropriate water retention capacity (above
60% on a wet basis) to support the microbial activity needed in biofiltration operations. Such
materials are excellent candidates as filter-bed packing for an efficient biofiltration of VOC.
Experiments to establish the capacity o VOC adsorption by the grafted support and

biofiltration tests in packed bed columns are currently under progress.

Acknowledgements

The authors acknowledge financial support from PAEP program at Facultad de Quimica-
UNAM. O. Hernandez-Melendez was supported by a doctoral fellowship from the Mexican
National Council for Science and Technology (CONACyT) and the Post-graduate
Cooperative Program Mexico-France (PCP) for an autumn and spring stay at the National
Polytechnic Institute of Toulouse, France.

References

Acemoglu, M., Nimmerfall, F., Bantle, S., 1997. Poly(ethylene carbonate)s, part I: syntheses
and structural effects on biodegradation. J. Control. Release. 16, 27-42.

Acufia, M.E., Pérez, F., Auria, R., Revah, S., 1999. Microbiological and kinetic aspects of a
biofilter for the removal of toluene from waste gases. Biotechnol. Bioeng. 63, 175-184.

Billmeyer, F.W., 1984. Textbook of Polymer Science, first ed. Wiley, New York.

Baltzis, B.C., Shareefdeen, Z., 1994. Biofiltration of VOC mixtures: modeling and pilot scale
experimental verification. In: Proceedings of the 87™ Annual Meeting and Exhibition,
Air and Waste Management Association, Cincinnati, Ohio, paper A907.

Chan, W.C., Lu, M.C., 2003. A new type synthetic filter material for biofilter: poly(vinyl
alcohol)/peat composite bead. J. Appl. Polym. Sci. 88, 3248-3355.

Cho, K., Hirai, M., Shoda, M., 1992. Enhanced removal efficiency of malodorous gases in a
pilot-scale peat biofilter inoculated with Thiobacillus thioparus DW44. J. Ferment.
Bioeng. 73, 46-50.

Dalouche, A., Gillet, M., Lemasle, M., Martin, G., Orain, L., 1981. Biodésodorisation des
effluents gazeux. Pol. Atmos. 23, 317-322.

Devinny, J.S., Hodge, D.S., 1995. Formation of acidic and toxic intermediates in overloaded
ethanol biofilters. J. Air Waste Manage. Assoc. 45, 125-131.

Devinny, J.S., Deshusses, M.A., Webster, T.S., 1999. Biofiltration for air pollution control,
first ed. Boca Raton, FL.: CRC Press, LLC.

Fagerburg, D.R., 1984. Kinetics of phthalic anhydride/ethylene carbonate reactions. J. Appl.
Polym. Sci. 29, 4287-4295.

Gottlieb, M., 1988. Swelling of polymer networks in biological and synthetic polymer
networks, first ed. Elsevier, New York.

44



Capitulo 4. Resultados y discusion

Gunatillake, P.A., Meijs, G.F., Mccarthy, S.J., Adhikari, R., 1998. Synthesis and
characterization of a series of poly(alkylene carbonate) macrodiols and the effect of their
structure on the properties of polyurethanes. J. Appl. Polym. Sci. 69, 1621-1633.

Harris, R.F., 1989. Molecular weight advancement of poly(ethylene ether carbonate) polyols.
J. Appl. Polym. Sci. 38, 463-476.

Harris, R.F., 1990. Effect of catalyst on the molecular weight advancement of poly(ethylene
ether carbonate) polyols. J. Appl. Polym. Sci. 40, 1265-1279.

Hirai, M., Ohtake, M., Shoda, M., 1990. Removal kinetics of hydrogen sulfide, methanethiol
and dimethyl sulfide by peat biofilters. J. Ferment. Bioeng. 70, 334-339.

Jang, J.H., Hirai, M., Shoda, M., 2004. Styrene degradation by Pseudomonas sp. SR-5 in
biofilters with organic and inorganic packing materials. Appl. Microbiol. Biotechnol.
65, 349-355.

Janni, K.A., Maier, W.J., Kuehn, T.H., 2001. Evaluation of biofiltration of air. An innovative
air pollution control technology. ASHRAE Transactions. 107, 198-214.

Kennes, C., Cox, HH.J.,, Doddema, H.J., Harder, W., 1996. Design and performance of
biofilters for the removal of alkylbenzene vapors. J. Chem. Technol. Biotechnol. 66,
300-304.

Kennes, C., Thalasso, F., 1998. Review: Waste Gas Biotreatment Technology. J. Chem.
Technol. Biotechnol. 72, 303-319.

Kibazohi, O., Yun, S., Anderson, W.A., 2004. Removal of hexane in biofilters packed with
perlite and a peat-perlite mixture. World J. Microb. Biot. 20, 337-343.

Lee, B.D., Apel, W.A., Walton, M.R., 1996. Treatment of methanol contamined air streams
using biofiltration. In: 89th Annual Meeting and Exhibition, Air and Waste Management
Association, Nashville, Tennessee, paper 96-RP87C.03.

Ottengraf, S.P.P., Meesters, J.J.P., Van Den Oever, 1986. Biological elimination of volatile
xenobiotic compounds in biofilters. Bioprocess Eng. 1, 61-69.

Shareefdeen, Z., Baltzis, B.C., Oh, Y.S., 1993. Biofiltration of methanol vapor. Biotechnol.
Bioeng. 41, 512-524.

Thiebaud, S., 1995. Valorisation chimique de composés lignocellulosiques: obtention de
nouveau matériaux. PhD thesis, Institut National Polytechnique de Toulouse, France.

Van Langenhove, H., Wuyts, E., Schamp, N., 1986. Elimination of hydrogen sulphide from
odorous air by a wood bark biofilter. Water Res. 20, 1471-1476.

Van Soest, P.J., Wine, R.H., 1968. Determination of lignin and cellulose in acid-detergent
fiber with permanganate. J. Assoc. Of. Anal. Chem. 51, 780-785.

Veir, J.K., Schroeder, E.D., Chang, D.P.Y., 1996. Interaction between toluene and
dichloromethane degrading populations in a compost biofilter. In: 89th Annual Meeting
and Exhibition, Air and Waste Management Association, Nashville, Tennessee, paper
96-WP87A.07.

Wang, 7., Govind, R., Bishop, D.F., 1996. Review of biofiltration-effect of support media on
biofilter performance. In: Proceedings of the 89th Annual Meeting and Exhibition, Air
and Waste Management Association, Nashville, Tennessee, paper A.05.

Zilli, M., Fabiano, B., Ferraiolo, A., 1996. Macro-kinetic investigation on phenol uptake from
air by biofiltration: influence of superficial gas flow rate and inlet pollutant
concentration. Biotechnol. Bioeng. 49, 391-398.

45



Capitulo 4. Resultados y discusion

Hexane removal with a microbial consortium integrated by Fusarium solani in biofilters

packed with enhanced hydrophobic peat/sawdust organic carriers

. . . . . . b,
Oscar Hernandez-Meléndez?, Eduardo Barzana®, Sonia Arrlagab, Sergio Revah ™",

Martin Hernandez-Luna®

“Universidad Nacional Auténoma de Meéxico, Facultad de Quimica, Departamento de
Alimentos y Biotecnologia, Lab. E-314, Ciudad Universitaria, México D. F. 04510, México.
YUniversidad ~ Auténoma Metropolitana-Iztapalapa,  Laboratorio de  Bioprocesos,
Departamento de Ingenieria de Procesos e Hidrdaulica, México, Distrito Federal.
“Universidad Nacional Auténoma de Meéxico, Facultad de quimica, Departamento de

Ingenieria Quimica, Ciudad Universitaria, México D. F. 04510, México.
Abstract:

The removal of volatile organic compounds (VOC) in biofilters packed with organic
filter beds such as peat moss (PM) and scots pine sawdust (SPS) is often limited due to
collapse of its structures affecting the elimination capacity in the long-term biofiltration.
Poly(ethylene ether carbonate) (PEEC) groups grafted to these organic carriers in addition to
4,4’-methylenebis(phenylisocyanate) (MDI) promoted fibre aggregation into specific shapes,
while potential hexane sorption was present. Modified peat moss (IPM) and scots pine
sawdust (ISPS) showed optimal characteristics for rapid microbial consolidation since water-
holding capacity was also maintained. For a typical inlet hexane load of 120 g.m'3 b,
elimination capacity (EC) of 66 g.m™.h"' was obtained for pilot-scale IPM biofilter, whereas
the final pressure drop after 70 days of operation was 5.3 mmH,0.m™" reactor. This biofilter
presented a start-up period of 8—13 days. For the biofilter packed with ISPS, the inlet hexane
load of 140 g.m™.h™" was fed, thus 5 days were required to develop both a significant and
sustained EC of about 100 g.h"'.m™; under similar conditions, 12-17 days were required to
observe a significant start-up in the reference perlite biofilter to reach gradual progress of the
EC of about 100 g.h”'.m™ at day 32. Under typical biofiltration conditions, the physical-
chemical properties found within the modified supports promoted a minimum water activity

(aw) of 0.925; value required to develop fungal strains composed mainly by Fusarium solani
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therefore; limiting tolerant low-pH bacterial growth. Despite the water content within IPM
and ISPS supports to ensure minimum a,, the fractional hexane adsorption capacities
remained almost unchanged in the batch experiments, suggesting complex hexane partition
over the grafted strong hydrophobic sites present in the humid supports, enhancing available

sorbed hexane to microorganisms, promoting a reduced start-up period.

Keywords: hexane removal; Fusarium solani; lignocellulosic resources; ethylene carbonate;

sorption; water activity.

Introduction

Among biological gas treatment systems, biofilters are the most suitable to treat
hydrophobic pollutants, as they require reduced quantity of water to operate (van Groenestijn
and Kraakman, 2005). By combining the biological action of microorganisms with the
adsorption capacity of the filtering media, it has been recognized that the pollutant removal
performance of the biofilter can be improved (Devinny et al., 1999; Amanullah et al., 2000;
Janni et al., 2001; Delhoménie et al., 2002). PEEC was grafted to PM and SPS (Hernandez-
Meléndez et al., 2006) as an option to retain the lignocellulosic fibres into specific shapes,
while water-holding capacity is maintained. In addition, potential sorption capacity for hexane
should be present in the grafted groups. The last parameters should provide the most suitable
environment for rapid microbial growth and satisfactory air flow patterns inside the reactor.
By grafting ethylene carbonate (CE) (15%-35%) to PM and SPS, noticeably compression
strengths of 180 and 250 N were obtained over the tablets. IPM and ISPS should be
considered as an option to develop a mechanically strong media to be used in biofiltration
systems adapted to biomass removing systems by mechanical forces, retrieving the
permeability of the filtering media, as reported by Kibazohi et al., 2004 and van Groenestijn
and Kraakman, 2005.

Hexane is particularly difficult to treat biologically by aqueous bacterial biofilm
surfaces, since the process involves its transfer from the gas phase to the liquid phase where
biodegradation takes place (Morgenroth et al., 1996; Budwill and Coleman, 1999; Devinny et
al., 1999; Zhu et al., 2004). For this reason, the use of fungi (hydrophobic nature) could

increase elimination capacities twice greater than those reported with conventional bacterial
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biofilters (van Goenestijn et al., 2001; Pagella et al., 2001; van Groenestijn and Liu, 2002;
Spigno et al., 2003). Arriaga and Revah, 2005; reported hexane partition coefficients in
biomass (K) of 3.46 and 0.77 in a favoured low-pH fungal consortium and Fusarium solani
strain respectively; conversely to K of 30.4 found for hexane in water.

An additional point concerning to biological aspects of fungal development in
biofilters, is the long start-up period required to develop significant populations and hexane
removal as a consequence of poor adsorption capacity found in the inorganic supports
(expanded clay and perlite). We refer to the 15™ day reported by Spigno et al., 2003; the 12
day reported by Kibazohi et al., 2004 and the 16™ and 23™ start-up days reported by Arriaga
and Revah, 2005. Moreover, lower rates of growth are found for fungi compared to those of
the bacteria, which could be a limiting step in fungal biofilters (Quintero, 1981).

Under these conditions, and taking into account the previously mentioned advantages
of the fungi, the use of such microorganisms in the biofiltration of hexane accompanied of
enhanced hydrophobic/ hydrophilic organic supports on a PM and SPS basis, could promote
either a rapid substrate uptake and fungal consolidation as a result of the improved sorbed
hexane, reducing notably extended lag (operational dead time), as observed using those
strains.

The objective of this work is to evaluate the performance of IPM containing ~50%
grafted PEEC (IPM50) in the pilot-scale biofiltration of hexane by the microbial consortium
integrated by Fusarium solani. We analyzed the biofilter start-up period in the removal of
hexane by testing ISPS containing 35% grafted PEEC and perlite used as control in bench-
scale biofilters. The extent of the hexane adsorption and sorption over IPM and ISPS was
determined as a function of the grafted PEEC, in parallel to granular activated carbon (GAC)
and perlite references. Adsorption isotherm models were fitted to experimental points
according to the Langmuir and Freundlich approaches.

Reported results in biofiltration concerning to organic carriers, demonstrated that the
most important equilibrium to be considered is the analogous to the water desorption isotherm
due to possible drying process (Kennes and Thalasso, 1998; Auria et al., 2000; Hernandez,
2001). For this reason, the water desorption isotherms were constructed by measuring a, to
humid IPM containing 50% grafted PEEC (IPM50), 150% grafted PEEC (IPM150), in
addition to ISPS containing 35% grafted PEEC (ISPS35). PM, SPS and perlite were used as

reference materials.
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MATERIALS AND METHODS

Supports

We synthesised ISPS tablets containing 35, 40, 60, 70, 75 and 170% grafted PEEC
crosslinked with MDI, (ISPS35, ISPS40, ISPS60, ISPS75, ISPS170), as well as IPM tablets
containing 15, 50 and 150% grafted PEEC crosslinked with MDI, (IPM15, IPM50, IPM150),

as described in a previous work (Hernandez-Meléndez et al., 2006).

Inoculum and Culture Medium

The microbial consortium E2 composed mainly by the fungus Fusarium solani CBS
117476, previously reported as Fusarium sp. by Arriaga and Revah (2005) was used to
degrade hexane vapors after 30 days in contact with air-hexane vapors from a saturator in a 5-

L fermentator at pH 4. This consortium was used as inoculum.

Mineral Medium

Mineral medium was periodically added to biofilters. The pH of the medium was
adjusted to 4.0 with HCI or NaOH 1.0 N. The mineral medium was composed (g.L'): NaNOs,
18; KH,POy4, 1.3; MgS04.7H,0, 0.38; CaSO4.2H,0, 0.25; CaCl,, 0.055; FeSO47H,0, 0.015;
MnSO4eH,0, 0.012; ZnSO47H,0, 0.013; CuSOs7H,O, 0.0023; CoCl6H,0, 0.0015;
H3;BO;, 0.0015.

Reactors

The first experiment (EB1) was carried out in a glass column (7 cm diameter x 100 cm
length) packed with IPM50 to a height of 40.3 ¢m (1.55 L). A schematic diagram of the
biofilter system is shown in Figure 1. The physical and chemical properties of IPM50, in
addition to raw PM and SPS samples, are shown in Table 1. Enough IPM50 tablets were
moulded to achieve a pellet shape, thus autoclaved at 120°C for 30 min. The filter-bed was

inoculated with a mineral medium solution containing 210 mg.L™ of cellular protein, thus
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mixed with 307 g (dry weight) of sterilized pellets. The experiment was performed at 25 +
2°C. Hexane-saturated air was mixed with moistened air and introduced at the top of the
reactor with a flow rate of 0.35 L.min™! (Mass-flow controller 60061; Cole Parmer, Vernon
Hills, IL), corresponding to a superficial gas velocity (SGV) of 5.46 m.h™". The initial hexane
concentration of 4.7 g.m™ was selected to reach an inlet hexane load of 63.7 g.m'3 h'. The
inlet hexane concentration was modified in the course of EB1 experiment from 1-22 g.m™ to
emulate adverse conditions or sudden hexane industrial interruption. PH 4 mineral medium
(0.15 L) was sprayed periodically to supply nutrients and to control both moisture and pH.
Chloramphenicol (20 g.m™) and amikacin sulphate (50 g.m™) were added on selected days to

the mineral medium to limit bacterial growth.

12

air inlet

D

Figure 1. Schematic diagram for biofiltration of hexane: 1, compressor; 2, mass flow meter; 3,
humidification columns; 4, valve; 5, hexane evaporation unit; 6, packed column; 7, gas
sampling points; 8, outlet; 9, manometer; 10, mineral medium; 11, peristaltic pump; 12,
spraying system; 13, leachate purge.

Tablel. Physical and chemical properties of the supports employed in this work.

Characteristics PM SPS TPM50 ISPS35 Perlite
Main chemical
Composition * (%)

Organic matter 80 91 83 90 -
Mineral matter 1.3 0.7 4.0 1.6 99.9
Specific surface 5.02 4.62 4.54 3.68 26,5
area ® (m”>.g™)

Packing density, 97 168 198 183 129
dry basis (kg.m™)

Bed void fraction - - 0.93 0.91 0.93
Geometry sawdust sawdust pellets pellets granules
Dimensions (cm) 0.05-0.125  0.05-0.125 1.15x1.5 1.15x1.5 0.7

? Determined according to the ADF-NDF method (Van Soest and Wine, 1968).
® Measured by nitrogen adsorption.
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The second set of experiments was carried out in two 0.25-L glass columns. EB2
biofilter was packed with 0.17 L. of ISPS35. EB3 biofilter was packed with a similar volume
but containing perlite. The physical-chemical properties of ISPS35 and perlite are shown in
Table 1. Both biofilters were operated at an airflow rate of 0.04 L.min”. The inlet hexane
concentration was 10 + 1 g.m™ to reach an inlet hexane load of ~140 g.m™.h"". The biofilters
were inoculated with a mineral medium solution containing 210 mg.L™ of cellular protein.

The results in biofiltration experiments were expressed as inlet hexane load (L),
biofilter elimination capacity (EC), percent of removal efficiency (%RE) and carbon dioxide

production (CO,) according to:

- COZ in )

20ut

o, = Vg(co

Where: L is the inlet load (g.m'3 .h'l), Q is the air flow (m3 .h'l), Vr is the reactor volume (m3),
Sin and S,y are the inlet and outlet hexane concentrations respectively (g.m'3 ), COsiy and
COsou are the inlet and outlet carbon dioxide concentrations respectively (g.m'3), EC is the
elimination.capacity (g.m>.h"), %RE is the percent of removal efficiency and CO; is the

carbon dioxide production (g.m>.h™).
Analytical Methods

Hexane concentration was measured with a FID-GC (Gow-Mac, Series 580;
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Bridgewater, NJ), equipped with a 1/8 in x 6 ft stainless steel column (2% Silar 10C,
Graphpac GC 80/100; Alltech, Deerfield, IL). Nitrogen was used as a carrier gas at a flow rate
of 20 mL.min"". The FID was supplied with hydrogen (30 mL.min™) and air (0.30 L.min™).
The injector, oven, and detector temperatures were maintained at 190, 180, and 210°C
respectively. Carbon dioxide and oxygen concentrations were simultaneously measured in a
TCD-GC (Gow-Mac Instrument Co., Madison, NJ) equipped with a concentric column (CTR-
1, Alltech, USA). Helium was used as the carrier gas at 60 mL.min"". The injector, oven, and
detector temperatures were maintained at 50, 30 and 50°C respectively.

The final biomass on the pellets was extracted with a fixed volume of water and
placed in an ultrasonic cleaner (Branson Co., Danbury, CT). The resulting solution was
lyophilized. The residual biomass was determined with an analytic balance. Measurements
were done by duplicate. The final biomass content was expressed in milligrams of biomass
per gram of dry IPM50. The final protein was determined by extracting the biomass from the
support with 0.2 M NaOH as described elsewhere. The resulting solution was boiled in a bath
for 7 min and centrifuged (5000 rpm for 15 min). The protein content was determined by the
Lowry method using bovine serum albumin as standard. Measurements were done by

duplicate.
Scanning Electron Microscopy

EBI1 biofilter samples were observed in a digital scanning electron microscope (JSM-
5900 LV, Jeol, Japan) using 20 kV accelerating voltage. The samples were extracted under

vacuum without further treatment.
Microcosm Experiments

Microbial activity was evaluated by the rate of hexane degradation in microcosms.
Experiments were performed by introducing pellets from EB1 media in sterilized 160-mL
glass bottles stoppered with Mininert valves. Successive additions of 1 to 8 pL of liquid
hexane were injected to obtain initial gas headspace concentrations of ~4 to 33 g.m>
respectively. Hexane consumption was followed until exhaustion. The integrated Gompertz

model was used to obtain a and K parameters from consumption kinetic data in order to
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compute V,,,,=0.368 aK as reported by Acufia et al., 1999. The maximum theoretical
consumption rate (EC,,q,) was obtained from V. (g.h7'.m), the packing density (p) (kg.m™),

the volume of microcosm (V) (m'3 ) and the mass of dry support (m,;) (kg) as

V V..
Ecmax:ﬂ. '"‘._p
mds‘

Hexane adsorption experiments

Batch adsorption experiments were carried out in sterilized bottles as described
elsewhere. The synthesised tablets and controls of raw PM, SPS, GAC and perlite were both
crushed and sized to 500-1250 pm mesh. 0.5 g of the previously sterilized samples (120°C, 30
min in autoclave) were evacuated over night at 100°C and subsequently cooled at room
temperature in a desiccator for at least 1 h. Successive additions (1-5 pL) of liquid hexane was
injected into the bottles to obtain initial gas headspace concentrations of 4-24.8 g.m™ and
maintained at 25 + 1°C. The hexane in the gas headspace was sampled by gas
chromatography until equilibrium was attained (usually 72 h). The effect of the water content
(W) [retained water (g)/dry support (g)] or the percent relative humidity (%RH) (on a wet-
basis) within the samples [retained water (g) x100% /moistened support (g)] was evaluated
over the hexane adsorption. %RH was adjusted to 18%-72% by addition of de-ionized water.
The amount of adsorbed and sorbed hexane was calculated by difference of the hexane in the

gas headspace before and after 72 h.
Water activity measurement

IPM50, IPM150, ISPS35, PM, SPS and perlite samples were hydrated in de-ionized
water. To complete the water desorption process, a,, of humid materials as a function of %RH
was measured in an AwVC ventilated probe equipped with a Rotronic Hygrometer C94
humidity sensor (accuracy +0.01 a,) coupled to an AwQuick Indicator (Rotronic instrument
corp., Huntington, NY). Lower humidity content within the samples was obtained by flowing
dry air (%RH~20) (0.35 L.min™) into a glass column (2 cm diameter x 20 cm length). Before
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a, measurement, each sample was placed into 40 ml stopped up containers by 10 min to

achieve equilibrium.
RESULTS AND DISCUSSION
Pilot-scale experiment

EB1 experiment was performed for 70 days. Figure 2 shows the evolution of the EC
and the %RE as a function of the S;,. The leached mineral medium containing the inoculum
was recirculated every 2 days during the 10 first days. Fresh mineral medium was added
every 3 days from days 13-19. Mineral medium containing antibiotics was added every 2 days
from days 21-50. From days 52-70, the identical dissolution was added every 3 days.

At first day the reactor showed high hexane sorption to reach saturation up to day 3
(Delhoménie et al., 2002; Devinny and Ramesh, 2005). Notably hexane consumption was
observed from days 8-13 with CO, evolving, as appreciated in Figure 3. From days 13-16, it
is observed that the EC depended notably on the S;,, suggesting that consolidation of the
microbial consortium was highly dependent on the available sorbed hexane on the supports
however, 2 collapses were observed at days 16 and 21, indicative that other essential nutrients
should be critical in sustaining the microbial growth, as reported by Auria et al., 2000 and
Chan and Lu, 2003. Therefore, mineral medium was conducted every 2 days up to day 50.
The addition of antibiotics between days 21-70 did not have any appreciable effect on the
removal performance and the EC. In Figure 3, the CO; production was remarkably from day
10, achieving ~90 g.m>.h™. The CO, production remained stable from days 10-30 achieving
~50% mineralization in accordance to reaction stoichiometry: CcHyq + 19/2 O; - 6 CO, +7
H>0. From days 34-50, Si, was increased promoting both enhanced CO, production of about
140 g.m'3 ' and biomass generation; therefore, covering of remaining surface on the pellets
was observed over day 50. At this point ~90% mineralization was attained, suggesting surface
saturation and steady-state process. Integration of the data from the 70 days of operation
showed hexane consumption of about 120 g and the CO; production was 205 g. The pH was
maintained at 4 = 1. The final pressure drop in EB1 was 5.3 mmHzO.m'l reactor. Although
this value is small, this was due to the low flow used (SGV of 5.5 m.h"). Kibazohi et al.,
2004; studied the hexane biofiltration with a mixture of PM/perlite and perlite as the packing
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materials, and reported pressure drops of 285 and 9 mmH,0.m™ reactor respectively (SGV of
20 m.h™).
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o010  Mineral medium 21-50
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Figure 2. Evolution of the elimination capacity (@), % removal efficiency (O), and the inlet
hexane concentration (A) over time in the pilot-scale biofiltration using IPM50 as filter-bed.

340 -
320
300
280 1
260 -
240 -
220
200 4 }
180 -

160
140
120

100

80

60

40

20

0 P .
10 20 30 40 50 60 70

Time, days

3,1
CO,, g.m".h

Figure 3. Carbon dioxide production (M) and expected ([d) over time for EB1 experiment.
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The average final biomass in EB1 biofilter was 108 mg.g'ldry ipmso and the protein content 140
mg.g'lbiomass; values found between E1 (84 mg.g'ldry perlite and 80 mg.g'lbiomass) and E2 (187
mg.g'ldry perlite and 250 mg.g'lbiomass) biofilters reported by Arriaga and Revah, 2005. If 50% of
the biomass obtained in EBI is assumed to be organic carbon, 13% of the consumed hexane
carbon was incorporated to biomass and 72% was mineralized to CO,, this value is similar to
E1 (59%) and E2 (76%) biofilters reported by Arriaga and Revah, 2005. The remaining 15%
was assumed to be retained as carbonates, intermediates, extra cellular polymerié substances
(EPS), or leached during mineral medium addition (Cox et al., 1997; Morales et al., 1998;
Aizpuru et al., 2005). For a typical load of 120 g.m>.h™, the %RE for EB1 was 55%, whereas
~50% was found under similar conditions by Morgenroth et al., 1996; 57% by Spigno et al.,
2003; and 40% (E1) and 45% (E2) by Arriaga and Revah, 2005. The specific removal rate of
hexane for EB1 biofilter at EC of 60 g.h™\.m™ was: 2.8 Mghexane-8  biomass-n" and 20 Mghexane-g”
! rotein-n'; analogous to 4.4 Mghexane-8  biomass.h™ and 17.5 Mghexane-& protein-h” for E2 biofilter
(with >60% fungal population) reported by Arriaga and Revah, 2005; and lower than ~6
MEhexanc-  biomass.N estimated from the biofilter reported by Spigno et al., 2003. The final
biomass produced in EB1 experiment showed protein content of 14%; thus Fusarium solani
could be predominant accordingly to protein composition of microorganisms as reported by
Quintero, 1981; and confirmed by SEM microphotographs from 15" day, showing diverse

microbial morphologies including spores and mycelia (Figure 4).

; L3
-

FO-USAT |

Figure 4. SEM microphotograph obtained from supports of EB1 biofilter on the 15™ day.
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Microcosm Experiments

EB1 biofilter samples were taken to evaluate preliminary intrareactor transport
limitations on performance in batch experiments. V,,,, calculated by the Gompertz model as a
function of the initial hexane headspace concentration allowed the construction of Figure 5.
According to Figure 5, the value of V,,, equivalent to S;, of 15 g.m'3 (Sin operated in the
continuous EB1 biofilter on the 60™ day) was 0.98 ghexane.n .07, p (198 kg.m™ractor), Vime
(150x10™° m™), and mupmso (0.74x107 kg), let us to estimate ECpg of 39.3 g.m™.h™'. This
EC 4 can be compared with the EC of 50 g.m'3 .h”" observed in EB1 biofilter on the 60" day,
which suggested satisfactory air flow pattern inside the reactor, in addition to nutrient-limited

microorganisms in the batch experiments as a result of their lower EC,,, (Acuiia et al., 1999).

max’ ghexzane
ool
N
1

\Y

0,0

Hexane gas phase, g.m'3

Figure 5. Hexane consumption rates for EB1 biofilter samples on the 60" day of operation
and determined in batch experiments. Microcosms were performed at 22°C. Full line: fitted
Monod model.

The impact of the inlet hexane load on the EC was examined between days 26-34 as
observed in Figure 6. EB1 biofilter performance was diffusion-controlled below inlet hexane
loads of 50 g.m>.h'; conversely, EB1 biofilter was reaction-controlled increasing the inlet

hexane load and a clear sign that hexane was available to microorganisms (Bibeau et al.,

2000).
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Figure 6 let us to estimate high biomass content in EB1 biofilter on day 60 with EC of 50 g.m"
*ht (corresponding to L of 200 g.m> h™"), against 75 gm>h' estimated under similar
conditions from Figure 6. Therefore, biomass removing should be recommended without

further re-inoculation of biofilter as reported by Janni et al., 2001.
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Figure 6. Effect of the inlet hexane load on the EC in EB1 biofilter.

Bench-scale biofilters

Biomass extracted from EB1 biofilter samples identified mainly as Fusarium solani,

was placed in malt extract and allowed to grow for two days at 30 £ 1°C. The resulting
biomass was centrifuged, placed in fresh mineral medium and contacted with air-hexane
vapors from a saturator at pH 4 for 14 days, later inoculated in biofilters EB2 and EB3. In
Figure 7, reduced start-up period was observed for EB2 biofilter since ~5 days were required
to develop either a significant and sustained EC of about 100 ghlm?.
Similar EC pattern was observed for pilot-scale EB1 biofilter within the first days; that is, a
sharp increase in the EC, followed by a steep drop. Therefore, mineral medium was supplied
to EB2 in order to equilibrate the needed of other essential nutrients (Auria et al., 2000; Chan
and Lu, 2003). Conversely, 12-17 days were required to observe significant start-up in EB3
biofilter. Gradual progress of the EC (~100 g.h"'.m™) was achieved of about day 32.
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Since different EC patterns were observed for EB2 and EB3 biofilters; such behavior should
be attributed to different physical-chemistry properties found by the microorganisms in both
filter-beds, given that similar operation conditions were performed (Ortiz et al., 2003).

The fact that an inert organic support as ISPS35 was selected for the operation of EB2
biofilter, suggested the elimination of complex recalcitrant matter and natural mineral salts
present as in the case of PM, interfering a better understanding of the sorption phenomena
enhanced by the PEEC grafted to the organic carriers. In spite of the biomass coverage of the
available surface of ISPS35 pellets, the permeability of the filtering media could be
acceptable over the 30™ day, since elemental analysis made to lyophilized pellets showed
noticeably presence of N, O, Na, P, S, Cl and K elements; suggesting satisfactory intra-pellet
nutrient transport needed to sustain the external microbial activity as reported by Devinny and

Ramesh, 2005.
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Figure 7. Evolution of the hexane elimination capacity over time for EB2 and EB3 biofilters
packed with ISPS35 (@) and perlite (O) respectively.

Hexane adsorption experiments

Batch adsorption tests were performed to evaluate hydrophobic character in ISPS and
IPM samples. The equilibrium adsorbed hexane g, [mg/g dry support] has been determined

under the interval of initial hexane concentrations (4.2-24.8 g.m™) used in continuous EB1
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biofilter. In Figures 8 and 9 is shown ¢, for IPM and ISPS samples as a function of the grafted
PEEC. Internal controls of raw PM, SPS, GAC and perlite are also presented. The control of
GAC showed hexane adsorption until extinction. In both figures can be appreciated noticeable
differences among the grafted materials. Considering the hexane dew pressure at 25°C as 0.2
atm, and the hexane partial pressures corresponding to the interval of hexane headspace
concentrations (4.2-24.8 g.m> ) as 1.2x107 to 7.1x10° atm, estimated by using basic equations
of Treybal, 1981; thus P/P, ratios were limited to 0.002 to 0.035 respectively. The percent of
hexane relative saturation (%RS) into the bottles was restricted to 0.32-1.59%. In Figure 8 is
appreciated that ISPS showed a general tendency to increase g, in proportion to the grafted
PEEC achieving a maximum of about 60%. Conversely, increased the grafted PEEC to SPS
over this value (ISPS70, ISPS75 and ISPS170), decreased g, combined to possible hexane
condensation could be attained. These results suggested possibly coverage of a number of
available pores (micropores) in the raw SPS as a result of the high PEEC content, in addition
to MDI used to favour aggregation of the tablets.
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Figure 8. Adsorption isotherms of gaseous hexane at 22°C for ISPS with diverse PEEC

grafted. Symbols: (@) SPS; (X) perlite; (+) GAC; (H) ISPS35; (<) ISPS40; (A) ISPS60;
(O) ISPS70; (<) ISPS75; (V) ISPS170. Full lines: fitted Freundlich model.

The specific surface area of ISPS35 seems to validate this assertion, since such parameter
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decreased ~20% compared to control of raw SPS.

In Figure 9 is shown g, for IPM samples. The fact that increased PEEC was grafted to
PM increased notably q,, suggesting formation of stronger hydrophobic groups than those
present in the PM reference, compensating MDI coverage of available pores in PM to achieve
strong fibre aggregation. The specific surface area for IPM50 (Table 2) decreased ~10%

compared to raw PM. This parameter seems to validate this affirmation.
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Figure 9. Adsorption isotherms of gaseous hexane at 22°C for IPM with diverse PEEC
grafted. Symbols: (&) PM; (A) IPMI5; (O) IPM50; ((0) IPM150; (X) perlite; (+) GAC. Full
lines: fitted Freundlich model.

Experimental data of g, on GAC was fitted to the Langmuir isotherm model according to
Allen et al., 2004. The hexane adsorption coefficient (K;) was 0.122 mg/g dry GAC and the
correlation coefficient (R?) was grater than 0.99. In Figures 8 and 9, experimental data of g,
for IPM and ISPS could be adequately fitted by the Freundlich isotherm model (Allen et al.,
2004). The hexane adsorption coefficients (Kr) are reported in Table 2.

For ISPS60, Kr was 2.2-times higher than Ky obtained for SPS reference. In the case of
IPM150, Kr was 1.75-times higher than Ky obtained for PM reference. ISPS60 and IPM150
showed Kr 3.7 and 7.9-times greater than K obtained for perlite reference. However, ISPS60
and IPM150 showed K 0.46 and 0.98-times lower than K obtained for GAC reference.
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Table 2. Freundlich isotherm parameters for ISPS and IPM samples (dry-basis).

Support Kr n R Support Kr n R
[mg hexane/dry [mg hexane/dry
support (g)] support (g)]

SPS 0.0255 1.006 0.99 PM 0.0682 0.927 0.99
ISPS35 0.0377 0.906 0.99 IPMI5 0.0576 0.896 0.99
ISPS40 0.0551 1.189 0.99 IPMS50 0.0934 0.979 0.99
ISPS60 0.0564 0.968 0.99 IPM150 0.1196 1.034 0.99
ISPS70 0.0479 0.906 0.99
ISPS75 0.0425 0.868 0.99 Perlite 0.0152 0.906 0.99

ISPS170 0.0022 0.505 0.99

Once hexane adsorption experiments were completed, the remarkable supports from
the economic perspective of monomer consumption, compression strength and adsorbed
hexane was ISPS containing 40-60% grafted PEEC, since low monomer consumption with
high compression strength (250 N) was attained, in addition to a larger amount of g, (3-times)
than popular inorganic matrices. The remarkable supports of IPM contained 15% of grafted
PEEC, with high compression strength (180 N) in addition to an enhanced amount of g, (3.8-
times) than the perlite reference. However, the most significant IPM supports, based on the
amount of g, were IPM50 (Kr = 0.0934) and IPM150 (Kr = 0.1196). However, IPM150 is not
attractive from economic perspective of monomer consumption, in addition to its inferior

compression strength (40 N) (Hernandez-Meléndez et al., to appear).

Water activity measurement

Contrary to the water content, a,, represents the amount of water actually available to
microorganisms. The water requirement of each type of microorganisms is defined in terms of
its minimum ay, within they can grow. The optimal a,, for growth of most filamentous fungi, is
found between 0.93 and 0.98, although some species grow better at higher values. For most
bacteria, the growth is optimal at ay above 0.99, while their minimum a,, falls within the
range of 0.9-0.99 (Pitt and Christian, 1968). As observed in Figure 10, ay of humid supports
as a function of %RH let us to complete the water desorption isotherms. It is appreciated a
typical behavior of materials having high water contents (Gottlieb, 1988).

Ay includes both a combined part (e.g. water of hydration or bound water) and an

active part. The active part is the amount of moisture which, under normal circumstances, that
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can be exchanged between the product and its environment. The point that differs to these two

zones is also known as the equilibrium point. The synthetic polymer grafted to those fibres
enlarged the bound water zone in view of PM, SPS and perlite references. Similar desorption
isotherm patterns were observed for PM, IPM50 and IPM150. The maximum a,, of IPM
samples dropped below 1; this behavior should be attributed to eminent mineral matter

content (Karel, 1976).

1,14
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Figure 10. Ay, for (@) SPS; (&) PM; (X) perlite; (ll) ISPS35; (O) IPM50; ((J) IPM150 as a
function of W and %HR. Full lines: fitted Langmuir model.

Ay, was determined to EB1 and EB2 biofilter samples including biomass from day 30,
and is reported as 0.925 + 0.015. This ay, is lower than a,, measurements reported by Aizpuru
et al., 2005 over ceramic rings (ay near to 1 at %RH close to 8, and in accordance to the
perlite reference) in biofiltration of toluene by the fungus Paecilomyces variotii CBS 115145;
however, is located near the threshold value considered as optimal ay, thus limiting bacterial
growth (Pitt and Christian, 1968). Brown (1976) reported minimum a, for growth of

Fusarium sp. as 0.9, which is consistent with the actual determination. Accordingly to Figure
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10, the %RH values needed to ensure minimum a,, were: perlite: 5; SPS: 23; ISPS35: 23.1;
PM: 34.6; IPM50: 38.6 and IPM150: 29.6.

Subsequently, the amount of sorbed hexane is presented as a function of %RH for
SPS, ISPS35, PM, IPM50, IPM150 and perlite, and is shown in Figure 11. The sorbed hexane
decreased by increasing %RH up to 45% mostly over ISPS35 and IPM50 samples. According
to the Langmuir isotherm models fitted to a,, data, in addition to Freundlich isotherm models
fitted to hexane adsorption, a model for fractional adsorption capacities as a function of RH

(comprised between 0-1) could be fitted as reported by Chou and Chiou, 1997:

qhexane — 1_ k RHl/n
q,

Where Ghexane 1s the equilibrium sorbed hexane as a function of RH. The hexane sorption data
and the fitted model are shown in Figure 11. The fractional adsorption capacities
corresponding to minimum a, within the supports were: perlite: 0.99; SPS: 0.98; ISPS35:
0.97; PM 0.97; IPM50: 0.90 and IPM150: 0.99. It is noticeable that the hexane sorption
capacities remained near to 1 at the interval of RH needed for typical hexane biofiltration
conditions, that is, as if hexane adsorption was performed over dry supports, promoting

enhanced hydrophobic/humid interfaces.

qhexane/qe

0:0 T ¥ T T T T T T T
00 01 02 03 04 05 06 07 08 09 10

Relative Humidity

Figure 11. Variations of fractional adsorption capacities with RH in microcosms experiments
at constant hexane concentration 16.7 g.m™ for (@) SPS; (O) PM; (X) perlite; (M) ISPS35;
(O) IPM50; (L) IPM150. Full lines: calculated from equation reported by Chou and Chiou,
1997.
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Considering the solubility of hexane in water as 0.013 mg/g water (Zhu et al., 2004); the
soluble hexane in the moistened samples considering W corresponding to ay, = 0.925 and a
hexane headspace concentration of 16.7g.m'3, should be [mghexane/moistened support (g)]:
SPS: 0.003; PM: 0.005; perlite: 0.001; ISPS35 0.003; IPM50: 0.005 and IPM150: 0.004. Such
values are noticeably inferior compared to sorbed hexane in the supports [mgnexane/ Moistened
support (g)], that is: SPS: 0.4; PM: 1.23; perlite: 0.25; ISPS35 0.71; IPM50: 1.6 and IPM150:
1.9.

Similar hydrophobic/hydrophilic behavior was obtained in toluene sorption over moistened
PM, as reported by Acufia et al., 1999. A more realistic explanation to this observation and
considering moistened heterogeneous materials such as PM, suggested a number of
hydrophobic substrate partition into the humic acid and humin fractions itself (now enhanced
by the grafted polymer), rather than over the mineral matter occupied at this time by the water
phase, as reported by Peppas and Lustig, 1986. Chiou et al., 2000; postuled potentially
nonlinear sorption over humid PM-based materials by partition of hydrophobic solutes over
high surface area carbonaceous material (HSACM) and soil/sediment organic matter (SOM),
whereas the water molecules are adsorbed over the mineral matter (competitive adsorption
with hexane). Finally, at the beginning of the process of biofiltration of highly hydrophobic
VOCs, this phenomenon should promote enhanced available hexane to microorganisms

enhancing reduced start-up periods.

CONCLUSIONS

The development of improved PM and SPS supports with synthetic polymer addition,
enhanced the hexane adsorption capacity of raw PM and SPS in addition to compression
strength. IPM50 and ISPS35 promoted satisfactory biological elimination of the highly
hydrophobic hexane due to the enhanced hydrophobic/hydrophilic duality obtained in the
supports. The predominance of fungus into the biofilters was induced by controlling the pH,
by antibacterial additions and by physical-chemical properties found in the supports.
Minimum ay, of 0.925 was required to develop fungal strains composed mainly by Fusarium
solani, limiting tolerant low-pH bacterial growth. Despite the high bound water content in

IPM and ISPS, the adsorption capacities remained almost unchanged, promoting a reduced
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start-up period either in EB1 and EB2 biofilters. Complex partition of hexane over strong
hydrophobic sites should be present in the humid supports, enhancing available sorbed hexane

to microorganisms and consequently its biodegradation.
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CONCLUSIONES.

= La reaccién de polimerizacion por injerto del CE sobre el SPS o el PM puede llevarse a
cabo con carbonato de sodio en lugar de catalizadores organometélicos con impacto
ecolégico. Se puede asumir que el injerto del CE sobre la materia lignocelulésica ocurre bajo

un patrén similar a la polimerizacion del CE solo.

= El injerto del CE sobre el SPS o el PM se establecié mediante la espectroscopia infrarroja
(FTIR) al monitorear los valores de las absorbancias correspondientes a las bandas CH; (2895
cm™), carbonato (1748 cm™) y éter (1120 em™); éstas fueron normalizadas a la banda R-OH
(3382 cm™).

= El injerto de cadenas de PEEC al SPS y al PM fue considerable; prueba de ello fue el
rendimiento de 230% obtenido en el reactor SSR para el SPS, aunque se produjo una cantidad
apreciable de homopolimeros. Para aumentar el rendimiento de la reacciéon hacia los

polimeros injertados ISPS e IPM, se suministré CE en fase vapor.

= Las tabletas de ISPS-MDI e IPM-MDI sintetizadas mostraron una tendencia general a
incrementar la retencion de agua en proporcion al PEEC injertado. Este comportamiento se
atribuye posiblemente a la formacién de una SIPN.

Aunque las tabletas de ISPS-MDI presentaron una fuerza de compresion similar a las tabletas
SPS-MDI agregadas fisicamente (250 N), estas presentaron una capacidad de adsorcion de
hexano considerable debido a la presencia de grupos PEEC injertados fuertemente
hidrof6bicos; es decir, ISPS60 (60% de PEEC injertado) mostré una Kr 2.2 veces mayor que
el SPS.

Las tabletas de IPM-MDI mostraron una fuerza de compresion menor en comparacion a las
tabletas PM-MDI agregadas fisicamente. Este comportamiento fue debido al debilitamiento
térmico de las fibras de PM; sin embargo, presentaron una capacidad de adsorcién de hexano
considerable, es decir, IPM150 (150% de PEEC injertado) present6 una Kr 1.75 veces mayor
que la obtenida en el PM. Las tabletas ISPS60 ¢ IPM150 mostraron una Kr 3.7 y 7.9 veces

mayor que soportes normalmente empleados del tipo ceramico como la perlita.
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= En particular las tabletas de IPM15 (15% de PEEC injertado) (es decir, un consumo de
mondémero bajo) mostraron una fuerza de compresion considerable (180 N) y una humedad
relativa (base hiimeda) superior a 60%. Las tabletas de ISPS35 (35% de PEEC injertado)
(consumo de monoémero bajo) mostraron una fuerza de compresion considerable (250 N) y
una humedad relativa (base humeda) de 56.5%. En ambos sistemas se obtuvieron parametros
satisfactorios para mantener una actividad microbiana optima en las condiciones de operacién

tipicas de biofiltracion de los COV.

= La predominancia de los hongos en los biofiltros empacados con IPM50 E ISPS35 fue
inducida mediante el control del pH y por medio de las propiedades fisicoquimicas intrinsecas
de los soportes. Para desarrollar la actividad microbiana del hongo Fusarium solani
principalmente, es necesario mantener una a,, de 0.925, limitando de esta forma la actividad
microbiana. Aunque la cantidad de agua retenida en los soportes ISPS35, IPM50 e IPM150
fue elevada, la capacidad de sorcion del hexano fue muy similar a la capacidad de adsorcion
del mismo sobre los soportes secos. La combinacién de una estructura sélida, con una
capacidad de retencion de agua elevada y disponibilidad de hexano sorbido en los soportes

organicos modificados, promovieron un periodo de arranque corto en los biofiltros.
= El hexano sorbido en los soportes humedos de ISPS-MDI e IPM-MDI es mucho mayor
que el hexano soluble en el agua disponible en los mismos. Es posible que se lleve a cabo una

particion del hexano compleja en los sitios fuertemente hidrofébicos.

= Los materiales lignocelul6sicos injertados con polimero pueden ser facilmente moldeados

y presentan propiedades mejoradas para su uso potencial en biofiltros nivel industrial.
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A-1 Espectros FTIR para las muestras de SPS carbonatadas en experimentos BSR.
1) SPS; ii) E11; iii) E14; iv) E16; v) E18; vi) poli(etilen éter carbonato) poliol.
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A-2 Espectros FTIR para las muestras de SPS carbonatadas en experimentos SSR.
1) SPS; ii) E22; iii) E23; iv) E24; v) E25; vi) poli(etilen éter carbonato) poliol.
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A-3 Espectros FTIR para las muestras de SPS carbonatadas en experimentos CVTR.
i) SPS; ii) E33; iii) E34; iv) E35; v) E36; vi) poli(etilen éter carbonato) poliol.
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A-4 Espectros FTIR para las muestras de PM carbonatadas en experimentos CVTR.
i) PM; ii) E41; iii) E42; iv) E43; v) E44; vi) poli(etilen éter carbonato) poliol.
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A-5 Aspecto de las muestras de PM y SPS sin tratamiento (SEM).

89



	Portada

	Índice

	Resumen

	Introducción

	Hipótesis   Objetivo General

	Capítulo 1. Antecedentes

	Capítulo 2. Estructura Química de la Madera y de la Turba

	Capítulo 3. Desarrollo Experimental

	Capítulo 4. Resultados y Discusión

	Conclusiones

	Bibliografía General

	Anexos




