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A la meva gent.

Al meu passat,

1 al meu present.

El tiempo es al amor
lo que la vela al viento.
Si sopla con suavidad lo hara llegar muy lejos.

Si sopla con brusquedad lo acabara rompiendo.

“Lebn Bocanegra”.

Alberto Vazquez-Figueroa
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Els sotasignants
FAN CONSTAR
que el present treball, que porta per titol

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES
ACTIVADOS PREPARADOS A PARTIR DE LIGNINA KRAFT

1 que presenta na Vanessa Torné Fernandez per a optar al grau de Doctor per
la Universitat Rovira 1 Virgili, ha estat realitzat en aquesta universitat sota les
seves direccions, 1 que tots els resultats presentats i I'analisi corresponent sén
fruit de la investigacio realitzada per l'esmentat candidat.

I per a que se'n prengui coneixement i als efectes que correspongui, sigha
aquest certificat,

| \““mu‘ <
b m‘“\\ - A

Dr. Vanessa Fierro Pastor Dr. Daniel Montané i Calaf
Groupe Matériaux Carbonés Grupo de Biopolimeros Vegetales
Université Henri Poincaré Departament d’Enginyeria
Faculté des Sciences et Techniques Quimica
Nancy (Franca) Universidad Rovira i Virgili

Tarragona (Catalunya)

Tarragona, 05 de juliol de 2006.
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1. RESUMEN GENERAL

La creciente demanda de productos altamente purificados requiere el
desarrollo tecnolégico de métodos de separacion cada vez mas selectivos y el
entendimiento de los procesos fisicos y quimicos que tienen lugar.
Actualmente, los materiales que se usan principalmente en los métodos de
separacion y purificacion son los adsorbentes porosos basados en zeolitas y
los de naturaleza carbonosa.

En ambos casos, su estructura microporosa permite la separacion basada en el
tamafio y/o forma de las moléculas de los componentes que se pretenden
separar. A pesar de ello, los materiales carbonosos tienen algunas ventajas
respecto a los tamices moleculares desarrollados a partir de zeolitas:
selectividad por la forma (moléculas planas), alta hidrofobicidad, alta
resistencia en medios alcalinos y acidos y estabilidad térmica a temperaturas
mas altas en atmosferas inertes.
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Figura 1.1. Ejemplos de estructuras de zeolitas (derecha) y materiales carbonosos
(derecha) con estructura porosa desarrollada.

Los materiales carbonosos se pueden obtener a partir de carbones minerales,
materiales biomasicos y sintéticos. El uso de productos secundarios en
diferentes procesos industriales es una opcién recomendada, no Gnicamente
desde el punto de vista medioambiental, sino también en el econémico. La
lignina Kraft es un subproducto muy abundante en la industria de fabricacion
de papel que puede ser utilizado como precursor en la producciéon de
carbones activos.

De esta manera, el uso de lignina Kraft como precursor de carbén activado
preparado por activaciéon fisica con didéxido de carbono (CO,) y por
activacién quimica con cloruro de zinc (ZnCl) y acido fostérico (H,PO,), ha
sido objeto de estudio en diversos trabajos anteriores' . Estos carbones
aunque tienen una alta microporosidad pueden presentar también una

mesoporosidad muy desarrollada a condiciones de operaciéon determinadas.

El objetivo de este estudio es la obtenciéon de carbones esencialmente
microporosos por activacion quimica con H;PO, e hidréxidos (NaOH y
KOH). Las variables de operacion que se han estudiado son la relacion agente
activante / lignina Kraft, la temperatura de carbonizacién, el tiempo de
activacion, el caudal de la atmoésfera durante el proceso de pirdlisis y la
velocidad de calentamiento. Estas condiciones de trabajo afectan a las
propiedades fisicas y quimicas del carbon obtenido. Los parametros que se
han tenido en cuenta en este estudio para caracterizar los carbones activados
preparados han sido diversos. Entre ellos estan el rendimiento a carbén,
analisis de superficie (area superficial y tamano y distribuciéon de poros), los
grupos funcionales de superficie, analisis Opticos (microscopia electronica de
barrido (SEM)), analisis termogravimétricos, el analisis elemental e inmediato
y adsorciéon de azul de metileno. Estos analisis se han realizado mediante
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diferentes técnicas como valoraciéon modificada de Boehm, anilisis de area
superficial por adsorcién de gas, espectroscopia por infrarrojo, etc.

Como consecuencia de este estudio, se han elaborado conclusiones
relacionadas con las reacciones que tienen lugar debido a la presencia de
diferentes tipos de agentes activantes, los productos de las reacciones
producidas y las condiciones de operaciéon del proceso. Esto ha permitido
entender la razén por la cual algunas variables tienen un efecto mas
importante en las caracteristicas finales del carbén, con el fin de poder
controlar el desarrollo de estas propiedades y, por tanto, la aplicacion final del
producto.

Los resultados obtenidos muestran la complementaciéon de los métodos de
analisis en la explicacion de las hipotesis que se presentan, que han permitido
explicar la relacion entre las condiciones de operacion y el desarrollo de las
propiedades fisico-quimicas del carbon activo.

En el caso de la activacién con acido fosfoérico, el aumento de la relacion
entre la cantidad de 4cido afiadido y la de lignina Kraft favorece el desarrollo
de la estructura interna del CA hasta valores de relaciéon masica de 1.0, a partir
del cual no se producen cambios en el proceso de pirdlisis que afecten a sus
propiedades mas importantes. A relaciones mayores de 1.4 comienza a
disminuir el area superficial BET y el volumen total de poros promovido por
el agresivo ataque del acido fosférico. El uso de acido fosférico en exceso
produce 6xidos de fosforo que protegen la estructura del carbon de la
oxidacién externa y cuando esta especie se evapora a temperaturas mayores
de 580°C, el carbon se oxida totalmente en aire mientras que en presencia de
nitrégeno, la produccion de carbon se mantiene constante. Por otro lado, el
aumento de la temperatura de activacion produce un decremento en el
volumen de ultramicroporos pero un aumento el la microporosidad total. Sin
embargo, a partir de 600°C, seguir aumentando la temperatura conlleva la
reduccion del volumen total de poros y de area superficial BET debido al
colapso y al exceso de oxidacion del material.

En el caso de la activacién con hidréxidos, tanto la relacién agente activante —
lignina Kraft como la temperatura de carbonizacion producen un descenso en
el rendimiento a carbén, debido principalmente a que se favorece la reaccion
de activacion, obteniendo productos de reaccion volatiles. El incremento de
caudal de nitrégeno produce un aumento del rendimiento debido a la
eliminacion de reactivo mientras que el tiempo de activacion y la velocidad de
calentamiento no afectan de forma significativa a este parametro. La mayor
influencia sobre el rendimiento se encuentra cuando el carbon se activa con
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grandes proporciones de agente activante, propiciando el colapso de la
estructura y con variaciones en el caudal de nitrégeno, que afectan de manera
diferente a las muestras activadas con diferentes hidréxidos. Los grupos
acidos y basicos de superficie experimentan un mayor desarrollo al aumentar
la relacion agente activante / lignina y temperatura de carbonizacion. Los
analisis de adsorcion de nitrégeno (N,) han confirmado la obtenciéon de
carbones esencialmente microporosos con superficies especificas de hasta
3000 m*/g que unidos a la fuerte acidez de la superficie los convierten en
materiales adsorbentes muy atractivos.
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2. INTRODUCCION

2.1. El carbon activado

Los materiales de origen vegetal forman carbones al ser calentados en una
atmésfera inerte. Estos pueden activarse para producir carbén activo (CA).
Las materias primas que se utilizan principalmente para producir CA son
carbones naturales, materiales sintéticos y diferentes tipos de biomasa como
turba, y cascaras de diferentes tipos de materiales biomasicos (coco, maiz,
arroz, corcho y huesos de fruta).

En la actualidad, se preparan de manera global cada afo, alrededor de 40000
toneladas de carbon activo que se producen principalmente en E.E.U.U. (ver
Figura 2.7), los cuales requieren aproximadamente un millén de toneladas de

materia prima'”.
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Figura 2.1. Distribucién de la capacidad de produccién mundial de carbon
activadol’l.

En el mundo, existen unas 150 compafiias que fabrican carbones activos y
entre las que producen mayor cantidad estan Calgon Carbon Corporation
(19%), American Noria (12%), MeadWestvaco (7%), Pica S.A. (7%) y Ceca
S.A. (6%).

2.1.1. Aplicaciones del carb6n activado

La importancia del CA estriba en sus numerosas aplicaciones™ '* "'l en
campos tan diversos como en la industria alimenticia, farmacéutica, quimica,
nuclear, petrolifera, tratamiento de aguas de consumo y depuracién de
efluentes industriales tanto liquidos como gaseosos, tratamiento de aire y
otros gases, entre otros.

El carbén activo tiene una gran capacidad de adsorciéon y se utilizan en la
purificacién y separaciéon de liquidos y gases. Existe una flexibilidad
considerable en el proceso de preparacion de carbones activos, favoreciendo
la variaciéon de sus propiedades y su capacidad de adsorcién, utilizandose
generalmente en forma granular o en polvo, aunque también se puede
preparar en forma de fibras de carbén activo (ACF).

Los casos mas generales de aplicacion de CA se encuentran en sistemas de
fluidos, por ejemplo, el tratamiento de aguas potables y de uso doméstico, la
purificacién de antibidticos, vitaminas y otros productos farmacéuticos, en la
industria alimenticia en la decoloracién de azucares y la mejora de las
propiedades de color, olor y sabor de bebidas y aceites comestibles. También
en la purificacion del aire en museos para evitar el didxido sulfurico
perjudicial para las pinturas, en la recirculacién de aire desde el exterior en
aeropuertos y en hospitales y en diversos filtros que se utilizan para los
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vapores de fundicidon, en campanas extractoras, respiradores industriales y
militares, etc. Comunmente, también se puede encontrar CA para
desodorizar neveras, paquetes que contengan productos farmacéuticos con
fuerte olor, en areas relacionadas con la higiene en articulos deportivos y en
los filtros de los cigarrillos de tabaco y pipas de fumar con el objetivo de
reducir el contenido de alquitran y nicotina en el humo.

A nivel industrial, el CA puede ser utilizado de manera muy eficiente para la
eliminaciéon de vapores organicos de gases incluso a presiones relativas bajas,
siendo muy util para la producciéon de gases muy puros y en la proteccion del
medio ambiente. Por ejemplo, pequefias cantidades de sulfuro de hidrégeno
se pueden convertir en sulfuro elemental en presencia de oxigeno mediante
un CA activado quimicamente con yoduro de potasio en un proceso
conocido como proceso Sulfosorbon!'!l. Al igual que éste, hay diferentes
procesos comerciales que se utilizan a nivel industrial con el propésito
expuesto, como es el caso del proceso Sulfren o el proceso Desorex!''l.

Otra aplicacion industrial muy extendida es el uso de CA como catalizador,
por ejemplo, en la sintesis de fosgeno a partir de mondxido de carbono y
clorina y en la produccién de cloruro de surfurilo a partir de didéxido de
sulfuro y clorina, entre muchos procesos conocidos.

Ademas el CA también se utiliza en plantas nucleares en la separacién de
xenon y criptén, en la produccidon de baterias de mercurio e incluso en la
proteccion de componentes electrénicos.

Particularmente, el CA se utiliza en algunos paises para evitar la
contaminacion atmosférica de vapores de gasolina en los vehiculos a motor,
donde se utilizan filtros de CA que adsorbe este vapor en el puerto de
ventilaciéon de los tanques de gasolina cuando el automévil se deja al sol y
provoca la evaporacion del combustible.

Son varias las tecnologias'” que se estin desarrollando para sustituir la
gasolina en motores de combustion interna debido a la disminucién de las
reservas de combustibles fosiles y la tendencia a utilizar combustibles cada
vez mas limpios y menos costosos.

En este campo, una aplicacion interesante de los CA es el desarrollo de una
tecnologia y un proceso para almacenar metano en carbén activado con gran
capacidad de adsorciéon. El metano es un combustible mucho mas limpio que
el carbéon o los derivados del petrdleo, sin embargo, su transporte es
problematico ya que es muy dificil de licuar. El gas natural adsorbido en los
carbones microporosos a 4 MPa y 298 K es una alternativa prometedora al
gas natural comprimido (20 MPa y 298 K) como combustible limpio para



UNIVERSITAT ROVIRA | VIRGILI
PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . s . . .
ISBN: 978-84-8EPag@Rs1I0N, caracterizacion y aplicaciones de carbones activados B

DL.T.1387-2007

vehiculos para transporte de mercancias a granel. Entre los adsorbentes
disponibles, los carbones activados tienen la mayor capacidad adsortiva.

Ademas del almacenamiento de metano, el CA puede ser utilizado para
almacenar hidrégeno. ILa problematica es fruto de la dificultad de
almacenarlo en el menor volumen posible: en estado liquido a bajas
temperaturas (21 K)"!, como gas comprimido, como hidruros metalicos'*""
o como gas adsorbido en sélidos porosos en sistemas criogénicos'”’ o
adecuando las propiedades del adsorbente!" '®*, Este tltimo caso es factible
a temperatura ambiente y permite almacenar cantidades de hidrégeno
mayores que como gas comprimido.

En la industria alimentarfa, quimica y farmacéutica se consume
aproximadamente el 40%"" de la produccién mundial de carbono activo en
forma granular, de regeneracion facil, y en polvo, generalmente desechable,
ya que la adsorcién/desorcién principalmente suele ser en fase liquida. En las
aplicaciones en fase gas se emplea principalmente carbon granular aunque su
uso en polvo esta aumentando debido al mejor contacto gas/solido que se
produce. En la catalisis se produce un consumo inferior al 5% en procesos
muy especificos, como soporte para catalizadores. Otro 40%"! de la
produccion de carbén activo, se consume en el tratamiento de aguas, tanto
en su potabilizacion como en el tratamiento de aguas residuales, en
combinacién con otros procesos fisico-quimicos o biolégicos, en polvo o
granular dependiendo de la reactivacion, el tipo de compuesto a adsorber, el
estado de la tecnologia disponible o la necesidad de mayor o menor area de
contacto.

2.1.2. Obtencion de materiales carbonosos

Los carbones activos se obtienen después de extraer los componentes
volatiles de los materiales carbonosos, mediante un calentamiento en
atmosfera inerte. Posteriormente se puede activar con diferentes gases
(dioxido de carbono o vapor) y a veces por la adicion de agentes quimicos
(cloruro de zinc, acido fosférico, hidroxidos, etc.) antes, durante o después
del proceso de carbonizaciéon con el fin de incrementar sus propiedades
adsorbentes. Los CA se pueden preparar a partir de cualquier precursor
organico de origen natural o sintético. El parametro que rige de manera mas
severa la eleccion de la materia prima es el econémico que se basa tanto en la
disposiciéon del material como en el bajo coste de suministro. Ejemplos de
suministros de estas materias primas son los materiales de origen botanico
(madera, cascara de coco y huesos de frutas) y material biomasico degradado
o carbonizado (turba, lignitos y todo tipo de carbones). En porcentajes, la
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distribucién de precursores'™ se estima en el 35% para madera, 28% de
carbon, 14% de lignitos, 10% de cascara de coco, 10% de turba y 3% de
otros. Los precursores obtenidos a partir de biomasa no degradada son la
fuente mas econémica ya que son fuentes renovables, abundantes y de bajo
coste donde los residuos obtenidos de la agricultura se utilizan extensamente.
Cabe resenar que el uso de cascara de coco esta retomando importancia, por
delante de las cascaras de almendra y los huesos de melocotén, albaricoque,
ciruela, cereza y nuez,

En la carbonizaciéon de cualquier precursor organico se genera una
determinada distribucién de tamafio de poro (PSD) debido principalmente a
que gran parte de los elementos unidos al carbono se gasifican por la
descomposicion  pirolitica. Simultaneamente, el carbén se agrupa en
formaciones microcristalinas que se organizan entre si de manera irregular
creando huecos intersticiales libres que se bloquean como consecuencia de la
descomposicién y deposicién de alquitranes™, tal y como se puede observar
en la Figura 2.1-c.

Figura 2.2. Estructuras tridimensionales para (a) el ordenamiento cristalografico del
carbon negro con capas hexagonales paralelas pero desordenadasl!’l; (b)
cristal hexagonal de grafitol!'!l y (c) estructura microcristalina del carbén
activado.
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La estructura quimica del carbéon activado suele ser estudiada por
comparacion de la estructura microcristalina del grafito (ver Figura 2.2-b) que
es una forma alotrépica del carbono que presenta un apilamiento de laminas
planas de atomos de carbono en sistemas de anillos hexagonales
condensados. Los enlaces quimicos que existen entre los atomos de cada
lamina son covalentes, mientras que los enlaces entre laminas son por fuerzas
débiles de van der Waals. Ello determina que la distancia entre atomos
contiguos de una misma lamina (0.14 nm) sea menor que la correspondiente
entre los atomos mas proximos de las laminas adyacentes (0.34 nm). En
realidad existen dos modificaciones del grafito que difieren en la ordenacién
de las capas: en la forma hexagonal la secuencia de apilamiento es del tipo
ABAB (Figura 2.1-a) mientras que en la forma rombohédrica el orden de
apilado es ABCABC.

El carbén activado también presenta una estructura tridimensional de atomos
de carbonos en laminas planas de anillos hexagonales pero, a diferencia del
grafito, no existe ningin orden cristalografico en la tercera dimension,
pudiendo darse el entrecruzamiento de las laminas. Por otro lado, las
imperfecciones estructurales en las capas bidimensionales son mucho mas
frecuentes en los carbones activados que en el grafito, existiendo incluso
ciclos de cinco y siete atomos de carbono, asi como numerosos anillos
arométicos (ver Figura 2.1-). Esto da lugar a una estructura microcristalina
muy desordenada denominada estructura turboestatica que es la que confiere
a los carbones activados una mayor superficie accesible a las fases gaseosa y
liquida que el propio grafito. Ademas, las imperfecciones del carbén activado
favorecen la reactividad de los atomos de carbono situados en las partes
periféricas de los cristales.

También es usual encontrar el modelo de estructura presentado para
carbones activados tipicos en la Figura 2.3 desarrollada de acuerdo con las
observaciones realizadas mediante microscopia electrénica de transmision

(TEM) 0,

Figura 2.3. Representacién esquematica tipica de la microestructura del AC.
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Aunque este carbon puede utilizarse en determinadas aplicaciones, sus
propiedades fisicas pueden ser mejoradas mediante el uso de un agente
activante. El uso de determinados agentes quimicos sobre el precursor
utilizado en el proceso de carbonizacién, actia como agente deshidratante y
restringe la formacién de alquitranes modificando la quimica de pirdlisis en
una sola etapa. Como resultado, se pierde menos carbén con los volatiles y se
obtiene una PSD diferente dependiendo del activador utilizado.

Otras modificaciones de la PSD se pueden producir por la gasificacion del
material con vapor o diéxido de carbono eliminando selectivamente atomos
de carbono de las paredes de los poros originales. El oxigeno no es un agente
fisico activante adecuado ya que es una molécula muy reactiva que actia
principalmente en la superficie del carbén sin incrementar por tanto su PSD
y unicamente se utiliza en casos particulares. Por otro lado, se pueden utilizar
otras especies quimicas fuertemente oxidantes para variar la PSD, que se
depositan en la entrada de los poros y, al ser grupos de gran tamafio, reducen
las dimensiones de éstos.

En resumen, el carbén natural, la biomasa o los materiales sintéticos proveen
la materia prima para la preparaciéon de carbon activo el cual se trata para
desarrollar la estructura porosa interna, tanto para aumentar su volumen
como para incrementar el diametro de los poros creados, durante el proceso
de carbonizacién y crear nuevos'® mediante procesos de activacion tales
como los presentados a continuacion.

2.1.2.1. Activacion Fisica

La activacion fisica tiene lugar en dos etapas. En primer lugar el material se
carboniza en un producto intermedio, cuyos poros son demasiado pequefios
como para que sea un absorbente util. El desarrollo de la estructura porosa
para producir un area de superficie interna accesible, se logra favoreciendo la
reaccion del producto carbonizado con una atmosfera de vapor, CO,, aire o
una mezcla de estos gases (gasificacion parcial) a temperaturas entre los
800°C y los 1100°C. Dicha temperatura se consiguen mediante la
combustién de gas natural, cuando es posible, ya que es el mas econémico
pues el calor requerido y el agente de la activacion se proveen
simultaneamente. La reaccién ocurre en toda la estructura del carbon
aumentando el tamano del poro. El control de la temperatura es critico ya
que si esta fuera del rango mencionado, la velocidad de la reaccion es
demasiado lenta, produciendo la reduccién del tamafio de particula y dejando
el interior inactivo. Lo que se consigue en este tipo de activacion es que se
desprendan las partes mas reactivas de la matriz del carbén como 6xido y
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diéxido de carbono dependiendo de la naturaleza del gas empleado y de la

temperatura de activacion (reaccion [1] para la activacion con vapor de agua y
reaccion [3] en la activacion por CO,) mientras que paralelamente pueden
tener lugar reacciones de formacién de diéxido de carbono e hidrégeno
(reaccion [4]).

La activacién con vapor!'” se lleva a cabo a temperaturas entre 850-950°C en
ausencia de oxigeno ya que su presencia provoca una disminuciéon en el
rendimiento a carbon y en la porosidad. La reacciéon de vapor con el carbon
es catalizada por oxidos y carbonatos de metales alcalinos, hierro, cobre y
otros metales. La gasificacion del material carbonizado con vapor tiene lugar
mediante la reacciéon endotérmica [1] y paralelamente, el vapor se cataliza
exotérmicamente por la superficie del carbon mediante la reaccion [2].

C+H,0 - CO+H, AH = - 29.0 kcal/mol
CO+H,0 - CO,+H, AH = 10.0 kcal/mol

N —
—_—

El hidrégeno formado se adsorbe en los centros activos de la superficie del
carbon reduciendo la activacion del material producida, a la vez que
disminuye la velocidad de reaccion

La activaciéon con CO, " (reaccién [3]) implica una reaccién menos
energética en comparacion con la del vapor (reacciéon [1]) y requiere
temperaturas mayores (850-1100°C). Al ser el CO, una molécula de mayor
tamafio que la del agua, se produce una difusién mas lenta a través de la
estructura porosa del carbén, disminuyendo asi la cantidad de microporos.
En este caso, la reaccién de activacion es:

C+CO, - 2CO AH = -39.0 kcal/mol 3]

La formacién de CO puede aumentar la velocidad de su quimisorcion en los
centros activos, tal y como sucede con el hidrogeno en la activacion fisica por
vapor, aunque esta documentado que la presencia de CO favorece una
activacion més uniforme™ proporcionando mas homogeneidad al CA final.

Debido a que las reacciones entre el carbéon y el vapor o el didxido de
carbono son endotérmicas, el proceso de activacidon necesita un control
adecuado de la temperatura, donde un aporte externo es necesario en el
horno en el que se lleve a cabo la activaciéon. En los procesos industriales
utilizados en la actualidad, el agente activante usado es generalmente un gas al
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que se le afade una cierta cantidad de vapor obteniendo una activacion
combinada entre vapor y CO.,.

El uso de oxigeno!"” como agente de activaciéon es menor que en los casos
anteriores debido a la dificultad de mantener unas condiciones de operacion
estacionarias en el horno ya que la reaccion es extremadamente exotérmica
(reaccion [4]) y produce sobrecalentamientos locales que disminuyen la
homogeneidad del carbén activo final.

C+0, - CO, AH = 92.4 kcal/mol [4]
2C+0, - 2CO AH = 53.9 kcal/mol

—
U
—

Por otro lado, la accién del oxigeno no se limita a la oxidacién de los poros
sino que también produce una gran cantidad de 6xidos sobre la superficie y
una disminucion en el rendimiento a carbon. Por estas razones, este tipo de
activacion raramente es utilizada.

2.1.2.2. Activacion Quimica

La activaciéon quimica se realiza normalmente con precursores de base
organica, aunque tal y como se ha visto anteriormente, también se utiliza
carbon, coque, y derivados del petréleo, de los que se produce CA con altas
areas superficiales. El material precursor se somete a una impregnacion con
un agente quimico activante que degrada el material organico. En la
impregnacién, generalmente se utiliza una solucién concentrada que se
mezcla con el material inicial y se deja actuar durante un tiempo determinado
a una temperatura inferior a 100°C. En algunos casos, la mezcla se realiza
cuando el agente activante esta en estado solido, y por tanto, no es necesaria
la impregnacion. Transcurrido este periodo, se aplica un proceso pirolitico
donde la carbonizacién y la activacion se dan a la vez en ausencia de aire en
un rango de temperaturas entre 400°C y 900°C. En esta etapa, la
impregnacion quimica deshidrata la materia prima y aromatiza el carbon
creando una estructura porosa tridimensional rigida favorecida por el
entrecruzamiento de la matriz del AC. Posteriormente, el producto pirolizado
se enfria y se lava para eliminar el exceso de agente activante.

Los agentes quimicos activantes mas utilizados son el hidréxido de sodio y
potasio, acido fosférico, cloruro de zinc y acido sulfarico, aunque también se
utiliza el sulfuro de potasio, hidréxido de tiocianato de potasio, carbonatos
metalicos y cloruros de calcio, magnesio y hierro. Estos activantes tienen en
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comun que son agentes deshidratantes que influyen en la descomposicion

que tiene lugar durante el proceso de pirdlisis a la vez que inhiben la
formacién de alquitranes, acido acético y metanol, entre otras especies, y
aumentan la produccion de carbon.

De esta manera, se ha observado que la forma de los poros de los carbones
activados quimicamente es diferente a los obtenidos mediante activacion
fisica. En el primer caso, los poros tienen forma de cuello de botella mientras
que con la activacion fisica, los poros son cénicos!'”. Los poros de cuello de
botella se forman durante la activacién quimica a temperaturas alrededor de
500°C y se asocia a que el material carbonoso pirolizado esta en un estado
plastico. Asi pues, cuando los gases que se forman durante la
descomposicion térmica escapan de la estructura crean unos agujeros en el
material plastico por donde escapan a través de pequefios pasillos.

Por otro lado, durante la activacién fisica con vapor de agua a temperaturas
entre 850-950°C, se produce un gradiente de concentracion entre la entrada y
el centro de los poros. Por tanto, el proceso de oxidacién que tiene lugar, que
es la causa de la activacion, ocurre de manera mas importante alrededor de la
entrada del poro, donde se concentra la mayor cantidad de agente activante,
en comparacioén con el centro de éste y por tanto, es mas usual obtener poros
coénicos con amplias entradas.

En la activacién quimica llevada a cabo con cloruro de zinc (ZnCL)"™, la
temperatura Optima esta en 600-700°C, por debajo de las temperaturas
utilizadas en la activacion fisica, favoreciendo el desarrollo de la estructura
porosa. La distribucién de tamafio de poros en el CA final esta fuertemente
influenciada por el grado de impregnacion. Generalmente, al aumentar el
grado de impregnaciéon aumenta el diametro de poro del carbén. Sin
embargo, debido a los problemas medioambientales que genera el uso de
cloruro de zinc, este agente activante cada vez se utiliza menos, en pro de
otros como los acidos y los hidréxidos.

En el caso de la activacién con 4cido fosférico (H,PO)!"Y, la temperatura de
activacion desciende a 350-500°C produciendo carbones de caracteristicas
similares a los anteriores. Por ejemplo, este agente activante es el mas
utilizado cuando el precursor es serrin. En este caso, el serrin se seca y se
mezcla con una solucién concentrada de acido fosférico formando una pasta
que se piroliza dentro del rango de temperaturas mencionado produciendo
un carbén de granulometria muy pequefa. Este tipo de CA que tienen
aspecto de polvo, tienen una alta capacidad de adsorcion y se utilizan para
capturar grandes moléculas en procesos de decolorizacién.
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Cuando se utilizan hidréxido de potasio hidratado (KOH)'" como agente
activante, la preparacion del CA es similar a los anteriores. Una de las formas
de preparar este tipo de CA es mediante la impregnaciéon del material
previamente calcinado en un rango de temperaturas entre 300°C y 450°C
durante mas de 4 horas aunque la forma mas comuin de prepara este tipo de
CA es mediante un proceso de activaciéon y pirdlisis simultanea. La
temperatura de proceso en este caso aumenta hasta 700-750°C 'y
posteriormente el CA obtenido se enfria en una atmosfera inerte y se lava
con agua destilada para eliminar el agente activante presente en exceso. De

esta manera, se obtienen carbones altamente microporosos de area superficial
del orden de 1800-4000 m*/g.

Son autores diversos los que han estudiado desde hace tiempo la activacion
de diferentes tipos de precursores con diferentes sales de potasio como
hidréxido de potasio, o sulfatos, cloruros, carbonatos o bicarbonatos de
potasio. En estos casos, se obtienen de igual manera CA de areas
superficiales altas. Por ejemplo, la activacién de carbén con cloruro de
potasio® a 900°C en presencia de nitrégeno da como resultado CA de 1100-
1500 m*/g y cuando el precursor es carbén y se activa con compuestos
alcalinos como hidréxidos de sodio o potasio” se alcanzan areas de 1600
m’/g y volimenes de microporo de 0.63 cm’/g.

En las siguientes tablas, se puede ver una comparativa de estos datos para CA
preparados a partir de diferentes materias primas y agentes activantes en
activacion fisica (Tubla 2.7) y activacion quimica (Tabla 2.2)

Tabla 2.1. Condiciones de operacién del proceso de activacion fisica para la
obtencién de AC!',

. R ente Ta t 7 Sper V icroporo
Material Activz(ljr&ltge/MP)“ (°C)° (hI;6 Atm 20 (cmi/g)
1.4/1 900 -  Vapor 920 0.83
Lignito 1.4/1 900 - CO, 900 0.36
2/1 900 - 0, 750 0.27

4 R: relacién entre agente activante y matetia prima en peso.
5 Ta: temperatura de activacion.

¢ tp: tiempo de activacion.

7 Atm: atmosfera durante la pirdlisis.

8 Spet: area superficial efectiva.

? Vimicroporo: Volumen de microporos.
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Tabla 2.2. Condiciones de operacién del proceso de activacién quimica para la
obtencién de AC.

R (Agente Ta tp 13 SBET \Y

: microporo

Material )\ ivante/MP)® °O)" ()% ™ (mi/g)* (cm/g)”

H3PO4[1’ 3,22, 27]
Carbon ]

Comercial 1.87/1 700 - Argdn 1688 0.70
g‘ﬁi’; 2/3 500 3 Nitrégeno 850 0.40
Biomasa 1/1 700 2 - 945 0.35
Lignina 1/1 600 - Nitrégeno 1000 0.40

KOH [2, 28-33]
Carbon y

Comercial 3/1 700 2 Nitrégeno 3646 1.35
lizrtz‘;z 3/1 800 1  Nitrégeno 3900 1.17
Biomasa 4/1 750 2 Nitrogeno 3302 1.73
Lignina 0.25/1 700 1 Nitrégeno 514 0.21

NaOH 23+
Carbon y

Comercial 8/1 750 1 Nitrégeno 3033 1.02
lizrtz‘;z 3/1 750 1  Nitrégeno 2193 0.60
Biomasa 3/1 750 1.5 Nitrégeno 2952 >1.60
Lignina 1 300 - Nitrégeno 1400 0.55

Como se puede observar en las tablas anteriores, las condiciones de
activacion mas severas se utilizan en las activaciones fisicas en cuanto a
temperatura de carbonizacién. El uso de diferentes tipos de activacion
favorece ciertas propiedades del producto final adecuandolo a una
determinada aplicacion. La activaciéon que mas favorece el desarrollo del area
superficial es la activaciéon con hidroxidos, debido en parte, al desarrollo mas
acentuado de la microporosidad. La activaciéon fisica en un determinado
rango de temperaturas, favorece el desarrollo de la mesoporosidad y por

10 R: relacién entre agente activante y materia prima en peso.
11"Ta: temperatura de activacion.

12 tp: tiempo de activacion.

13 Atm: atmosfera durante la pirdlisis.

14 Spr: area superficial efectiva.

15 Viicroporo: volumen de microporos.
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tanto, la utilizaciéon de este tipo de carbones sera diferente a los obtenidos
por activacion quimica.

Dependiendo del agente activante utilizado y de las condiciones de pirdlisis
aplicadas, se obtendran diferentes tipos de carbones con propiedades fisicas y
quimicas diferentes. Asi, por ejemplo, los carbones mas mesoporosos se
utilizaran en tratamientos de efluentes liquidos contaminados con metales
pesados, colorantes, componentes organicos no ioénicos (NOC), etc. y los
carbones mas microporosos, en efluentes tanto liquidos como gaseosos, en la
eliminaciéon de contaminantes, almacenamiento de gases, etc. De igual
manera, la quimica de superficie del carbéon es importante determinando su
campo de aplicacion final.

2.1.3. Quimica de la activacion

A continuacion, se presentan en detalle los procesos de activaciéon quimica de
los CA que se han preparado para la realizaciéon de esta memoria y que
corresponden a la preparacion de CA procedentes de lignina Kraft activados
por un lado con acido fosférico y por el otro con hidréxidos de sodio y de
potasio.

2.1.3.1. Activacion con acido fosférico

En la bibliograffa se encuentran algunos modelos™* que intentan explicar la
cinética de la descomposicion térmica de la biomasa y sus fracciones cuando
se activan quimicamente con acido fosférico. La aproximaciéon mas comun es
en la que asume que los componentes que forman parte de la biomasa, tales
como celulosa, hemicelulosa y lignina, reaccionan simultinea e
independientemente de los otros componentes presentes mediante una serie
de reacciones paralelas.

El proceso de activaciéon de maderas “hardwood” " puede ayudar a entender
la activacion de la lignina. Este proceso se puede dividir en dos etapas.

La primera se desarrolla a temperaturas inferiores a 150°C y en ella se
observa, segun diferentes técnicas de analisis, los diferentes fenémenos
relacionados con la reaccién entre la materia prima con el acido fosférico. El
analisis elemental muestra una disminucién del contenido en hidrégeno y
oxigeno que continua hasta los 500°C que corresponde a la deshidratacion de
la muestra y conlleva una disminuciéon de la produccién de carbon. En los
estudios en esta etapa con resonancia magnética nuclear y espectroscopia por
infrarrojo, se observa la pérdida de carboxilos y grupos metilo de la
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hemicelulosa y cambios en la composicion de la lignina. A partir de 100°C la
celulosa reacciona para formar cetonas, aumenta la aromaticidad vy
disminuyen los grupos alifaticos, carbonilos y carboxilos comenzando asi el
entrecruzamiento de la materia.

La segunda etapa de la activacién se da a temperaturas por encima de los
150°C. Principalmente, de los analisis microscopicos se desprende que se
produce una depolimerizacién parcial de los biopolimeros y se redistribuye el
material, especialmente en el caso de la lignina. En las pruebas de adsorcion
de gases se observa un aumento de la microporosidad a partir de 150°C y de
la mesoporosidad a partir de 250°C. A temperaturas elevadas, se produce una
disminucién de la porosidad provocada por una contracciéon estructural. A
partir  de 300°C incrementa la produccién de carbon debido al
entrecruzamiento de la estructura que se produce y la retenciéon de ciertos
volatiles. A partir de 450°C y mediante resonancia magnética nuclear y
espectroscopia de infrarrojo, se comprueba una disminucién acusada de la
aromaticidad de la muestra, cetonas y ésteres debido a la disminucién del
reordenamiento estructural.

Estas etapas se corresponden al modelo presentado a continuacién, aplicado
a la activaciéon de lignina, aunque tal y como se ha comentado con
anterioridad, es complicada la predicciéon exacta de un modelo para la
activacién de una macromolécula tan compleja.

Si se aplican estos modelos a la activacion de lignina con acido fosférico, éste
se reduce basicamente a dos reacciones paralelas e independientes. Mientras
que en la primera se produce la volatilizacioén del agua presente en la muestra
y en la solucién de activante utilizada, en la segunda se carboniza la mezcla
entre el acido fosforico y la lignina para dar el CA y volatiles.

Debido a la complejidad de la molécula de lignina es muy dificil detallar todas
las reacciones que tienen lugar, pero se puede presentar un modelo™ de la
activacion quimica usando acido fosférico como agente activante y describir
los pasos que tienen lugar como una serie de pasos simplificados que
describen los multiples procesos reactivos involucrados. Este modelo se
presenta en detalle en el apartado 5.1.

En primer lugar, la mezcla entre la lignina y el 4cido fosférico dan lugar a un
complejo generado por la reaccion entre el acido y los sitios reactivos de la
lignina, que puede durar aproximadamente una hora a temperatura ambiente,
y que se finaliza antes de comenzar el proceso térmico.

Posteriormente y una vez se comienza con la pirdlisis de la muestra, se
produce la conversiéon del exceso de acido en P,O; mediante la progresiva
pérdida de las moléculas de agua. Este proceso se lleva a cabo mediante
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diferentes transformaciones de los derivados de acido fosférico. Por una
parte, cuando el acido fosférico se calienta se deshidrata y forma acido
pirofostérico (H,P,0,) como resultado de la condensaciéon de dos moléculas
de acido fosférico. El calentamiento sucesivo conlleva la generacién de una
mezcla formada por acidos ortofosforico y polifosférico llamada acido
superfosforico. A altas temperaturas se forma acido metafosférico (HPO;)
que posteriormente se descompone para formar el P,O,. Este proceso
comporta que se produzca una pérdida de peso a 170°C hasta 580°C que se
puede atribuir a las reacciones sucesivas de la deshidratacion del P,O;. A
temperaturas mayores de 580°C, el 6xido de fésforo se sublima, lo que
conlleva que se produzcan pérdidas de peso menores. La formaciéon de este
compuesto ayuda al desarrollo de la estructura interna de la muestra actuando
como un protector y cuando seguidamente se evapora, constituye el primer
paso del desarrollo de su porosidad. Finalmente, la pirdlisis completa del
complejo generado en el primer paso, da lugar al CA definitivo y volatiles,
con lo que se acaba de desarrollar la estructura interna del producto final.

2.1.3.2. Activacion con hidroxidos

El efecto de los hidréxidos en la activacién de materiales carbonosos se rige
principalmente por la formacién de sodio o potasio metalico, dependiendo
del proceso, hidrégeno y carbonatos. Los mecanismos descritos en la
literatura en los que especifica la activaciéon quimica mediante hidréxidos son
equivalentes tanto para hidréxido de sodio (NaOH) como para hidréxido
potasico (KOH).

Por tanto, a continuacion se detalla el mecanismo para un tipo de hidroxido,
el de sodio, extendiendo esta cinética al uso de los dos activantes estudiados.

La reaccién principal de obtencidn de los productos mencionados se da entre
el hidroxido sédico y el material carbonoso estudiado (reaccién [6]), teniendo
lugar a partir de 730°CP" para las reacciones con NaOH y a partir de 630°CP"
para la activacién con KOH a presiones atmosféricas de nitrogeno.

6NaOH + 2 C - 2Na + 3 H, + 2 Na,CO, [6]

En casos determinados, en la activacion con NaOH, la reacciéon [6] puede
darse a temperaturas alrededor de 570°CP" debido a que el uso de la corriente
de nitrégeno produce que la presion de los volatiles que se gasifican sea
inferior a 1 bar.
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. . . 3
Aunque hay autores que presentan otras reacciones como principales™ > *I

en las que el hidréxido de sodio reacciona con diéxido de carbono para dar
carbonato de sodio y agua y, por otro lado, reacciona con el carbono de la
estructura para dar sodio metalico, didéxido de carbono y agua, desde el punto
de vista termodinamico” es mas factible que se de la reaccion [6].

. . - [28, 44, 46, 4

Por otro lado, se consideran las reacciones secundarias®™ ** ** *1 de la
descomposicion del hidroxido de sodio y la reduccion del carboén,
simultaneamente (reacciones [7] a [13]).

2NaOH - Na,0 + H,0 [7]
C+H,0 - H,+ CO (8]
CO + H,O - H, + CO, 9]
N2,0 + CO, - Na,CO, [10]
Na,0O + H, - 2Na + H,0 [11]
Na,0 +C - 2Na+ CO [12]
N2,CO,+2C - 2Na + 3 CO [13]

La formacién de carbonatos (reaccion [10]) es una reacciéon competitiva con
la activaciéon por NaOH o KOH (reaccién [6]), y no sélo se forman por el
proceso de activacién, sino también por la pirdlisis previa del material.
Cuando la temperatura supera los 750°C, se da la descomposicion del
Na,CO; formando oxidos de carbono (CO y CO,) que son también
activantes y restos de sodio metalico que, junto a las reacciones [11], [12] y
[13], explicaria la presencia de esta sustancia en la muestra carbonizada.

De esta manera, y operando con un calentamiento continuado hasta 750°C,
manteniendo una isoterma de 1 hora en atmésfera de nitrégeno y trabajando
con una telacién de agente activante / materia prima de 3 se pueden
conseguir valores de 3000 m®/g de area superficial y volimenes de
microporos mayores de 1.6 cm’/g, cuando se trabaja con ciscara y paja de

: o 28, 34, 36, 37, 48-51
arroz y carbones sintéticos y naturales®®® > 4531,

2.1.4. Caracterizacion de carbones activados

La caracterizacion de solidos que se conoce actualmente comprende tres
bloques de técnicas bien definidas con las que se puede estudiar la estructura,
la textura y la superficie de solidos.
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Por un lado, se haya el grupo de técnicas para el estudio de la composicion
quimica y la caracterizaciéon estructural, que son aquellas que determinan la
distribucién en el espacio de los atomos o iones de la parte material del
solido, segun la IUPAC. En particular, aplicado a un sélido poroso, la
distribucion en/o proxima a la supetficie.

Tabla 2.3. Relaciéon de técnicas empleadas en la caracterizacion estructural.

Tipo de analisis Técnicas

Quimicos 0 Absorcion atomica (AA)
o Fluorescencia de rayos X (XRF)

Contenido en agua y volatiles 0 Termogravimetria (TG y ATD)

Estudio de la estructura quimica o Difracciéon de rayos X (DRX)
0 Espectroscopia de infrarrojos (IR)

Perfiles de materiales no o Raman

homogéneos, monocapas y o Espectroscopia XPS

superficies

Coordinacién de cationes 0 Resonancia magnética nuclear
(RMN)

El segundo bloque de técnicas es el que estudia la morfologia y la
caracterizacion textural de sélidos, es decir, la geometria detallada del espacio
de huecos y poros, segun la IUPAC.

La textura es una propiedad de las sustancias que poseen una matriz de
material sélido que rodea a un sistema de poros que tienen dimensiones
coloidales (de unos amstrongs a un micrémetro). La textura se caracteriza
por una gran superficie interna, y en la mayoria de los casos, por una
irregularidad marcada del sistema de poros, de tal modo que muchas partes
de la red de poros pueden alcanzarse solamente a través de constricciones
estrechas. Las técnicas incluidas en este segundo bloque realizan:
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Tabla 2.4. Relacion de técnicas empleadas en la caracterizacion textural.

Tipo de analisis Técnicas

o

Opticos Microscopia electrénica (SEM y TEM)

Estudio de la Sedimentacion
distribucién de tamafios 0 Scattering
o Coulter

o

o

Diferentes métodos, el mas conocido el de la
teorfa de Brunauer-Emmett-Teller (BET)

Area superficial

Determinacién de 0 Densidad real y aparente (volumen total)
volumen y distribucién o Intrusién de mercurio (macroporosidad)
de tamafios de poros 0 Adsorcion fisica de nitrégeno, didxido de

catbono y/o argbén (meso y microporosidad)
o Calorimetria de inmersiéon (meso y
microporosidad)

Por dltimo, el tercer bloque de técnicas estudia la quimica de superficie, tal y
como se observa en la siguiente tabla.

Tabla 2.5. Relacion de técnicas empleadas en el estudio de la quimica de superficie.

Tipo de analisis Técnicas
Hidroxilos o TG
o IR
o RMN
o Raman
Centros acidos 0 adicion de aminas
o IR

0 desorcion de amoniaco
0 técnicas de desorcion a temperatura
controlada (TPD)

Dispersion metalica y no metalica o TEM
0 quimisorcién selectiva

Cationes de cambio y centros o Valoracién
redox

Valencias superficiales o XPS
Especies adsorbidas o TPD

22



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-690-7600-2 2 A Introduccién

DL.T.1387-2007

Por lo general, la caracterizacion de un sélido conlleva la medida de varios
parametros o magnitudes fisicoquimicas, recogiendo informacién a través de
varias técnicas experimentales por lo que hay que diagnosticar qué es lo que
se busca para decidir qué técnicas y en qué orden se van a aplicar.

En el caso de la caracterizacion de los CA preparados para la realizacion de
esta memoria, se han utilizado diversas técnicas de las mencionadas
anteriormente y que se detallan en el apartado de “Materiales y Métodos”.
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2.2. Lalignina

En esta memoria se realizan CA a partir de lignina Kraft, por eso es
importante conocer las caracteristicas de esta materia prima con el fin de
poder entender mejor las modificaciones que se producen debidas a su
activacion quimica y las propiedades finales del carbén obtenido.

La lignina es el segundo componente mayoritario en la madera, en una
proporciéon que oscila entre el 7.2%, en el caso de la alfalfa, y el 24.1%, en
madera de abeto, presente en la pared celular de diversas materias primas
(Tabla 2.6)%. 1a lignina estd localizada en las paredes celulares y en los
espacios intracelulares, donde funciona como un agente adhesivo que
entrelaza las matrices de las fibras de celulosa formando una estructura rigida.

La lignina realiza multiples funciones que son esenciales para la vida de las
plantas, como en el transporte interno de agua, nutrientes y metabolitos,
proporciona rigidez a la pared celular actuando como puente de unién entre
las células de la madera, creando un material que es notablemente resistente a
los impactos, compresiones y flexiones y proporciona resistencia al ataque de
los microorganismos, impidiendo la penetraciéon de las enzimas destructivas
en la pared celular™,

Tabla 2.6. Contenido de la pared celular de diversas materias vegetales (expresado
como materia seca).

Contenido (%)

Tipo de biomasa vegetal - —
Hemicelulosa Celulosa Lignina Otros

Alfalfa (maduracién media) 0.0 25.0 7.2 61.8
Dictilo apelotonado'’ 40.0 32.0 4.7 23.3
Paja de centeno 27.2 34.0 14.2 24.6
Madera de abedul 25.7 40.0 15.7 18.6
Madera de abeto 20.9 46.0 24.1 9.0

La fuente mas importante de obtenciéon de materias lignicas esta en la
fabricacion de pastas quimicas de celulosa” "' donde se generan como
producto secundario en los procesos hidroliticos que se llevan a cabo en la
separacion de la fibra celulésica del resto de constituyentes de la madera. El
tratamiento de la madera en diferentes etapas de coccioén o lejiado dan como
resultado una pasta de celulosa y una disolucién residual llamada licor negro
que contiene una elevada concentracion de solutos entre los que predominan

16 Dactilo apelotonado: Dactylis glomerata, de la familia de las gramineas.
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los de naturaleza lignica en una proporcién entre 38-45%!". Dependiendo

del tratamiento que se realiza al licor negro se obtienen diferentes tipos de
lignina entre los que destacan el proceso al bisulfito y el proceso al sulfato,
este ultimo, el mas utilizado ya que se obtiene la llamada pasta kraft, que es la
mas importante a nivel comercial.

Por otro lado, la obtencién de lignina también esta presente en los procesos
de conversiéon de madera en hidrocarburos'"” . Estos procesos se estan
desarrollando debido a que hoy en dia se dependen en gran medida de
productos petroquimicos derivados de hidrocarburos fésiles, liquidos y
gaseosos como materias primas para la produccién de fibras, plasticos,
cauchos, adhesivos, etc. Tanto el petréleo como el gas natural son fuentes no
renovables que aumentan su precio a medida que van escaseando y por tanto
el uso de otras fuentes de carbono, tales como el carbon de lefia o la madera,
pueden utilizarse como materias primas alternativas, tal y como se lleva a
cabo en una planta piloto de estas caracteristicas en Oregon desde 1978.

2.2.1. Estructura quimica

En su forma natural, la lignina es un polimero tridimensional constituido
principalmente por unidades fenilpropano polimerizadas al azar (C,). Esta
naturaleza polimérica ha favorecido el desarrollo de aplicaciones en las cuales
se ha explotado sus caracteristicas estructurales, como por ejemplo, su uso
como materia prima en la obtencién de carbones activos, en resinas, etc.

La molécula de lignina es una macromolécula, con un elevado peso molecular
(840-880 g/mol)™, que resulta de la unién de varios acidos y alcoholes
fenilpropilicos (cumarilico, coniferilico y sinapilico). La lignina puede estar
unida fisica y/o quimicamente a las hemicelulosas y a la propia O-celulosa
conociéndose, en este caso, como protoligninas.

El acoplamiento aleatorio de los radicales''” > " presentados en la Figura 2.4
da origen a una estructura tridimensional, un polimero amorfo caracteristico
de la lignina. La lignina es el polimero natural mas complejo con relacién a su
estructura y heterogeneidad. Por esta razén no es posible describir una
estructura definida de la lignina como una combinacién simple de uno o mas
unidades monoméricas o unos pocos tipos de enlaces, como en el caso de la
celulosa o las hemicelulosas (poliosas), sino como una serie de modelos que
la “aproximan”. La dificultad de determinar una Gnica estructura de la lignina
reside en el proceso de extraccion de la madera ya que, aun empleando el
mismo procedimiento de sintesis, se producen variaciones en la molécula,
incluso llegando a afectar el tratamiento inicial que se le da a la madera.
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Figura 2.4. Monémeros propios de la lignina con sus posibles puntos de enlace

entre unidades (—). Unidad guayacilo abundante en coniferas
(izquierda) y unidad siringilo tipica en frondosas (derecha).

El primer modelo de la lignina fue descrito por Freudenberg en el afio 1964 y
se bas6é en el concepto de polimerizacion deshidrogenativa. Este modelo
representa 18 unidades fenilpropano como una secciéon de toda la molécula
que se asumia mayor de 100 unidades. En 1977, Adler propuso un modelo
diferente basado en la presencia de 16 unidades formadas por cadenas de C9,
principalmente derivadas de los experimentos de degradacion oxidativa.
Posteriormente, en 1980, Sakakibara describié un modelo para las ligninas
“softwood” basada en la evaluacion de la degradaciéon de productos
derivados de hidrolisis poco agresivas y de hidrogenolisis. De esta manera,
presentaba una estructura de 28 unidades C9 con diversos elementos
estructurales alternativos que coincidia con los datos analiticos existentes.
Finalmente, la mayor estructura modelada para una lignina “softwood”
obtenida por ordenador a partit de la combinacién aleatoria de varias
subestructuras, grupos funcionales y de enlaces conocidos y presentada por
primera vez por Glasser y Glasser en 1974 (ver Figura 2.5).

Esta estructura se obtuvo al modelizar las reacciones radicalarias del alcohol
p-hidroxicinamilo y estaba compuesta por 80 unidades fenilpropano.
Posteriormente, este modelo fue optimizado a partir de numerosos datos
experimentales obtenidos sertin de Pinus Taeda, en el que 94 unidades
formaban la estructura proporcionando un peso molecular mayor a 170.000.

La estructura de la lignina también varfa entre las maderas duras
(“hardwoods” o “grass”) y las maderas blandas (“softwoods”). En general,
los grupos fenilo en las ligninas procedentes de “hardwoods”, estan mas
substituidos por grupos metoxilos que los de procedencia “softwood”. La
consecuencia principal de esta caracteristica es que las ligninas de origen
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“hardwood” estan menos entrelazadas or tanto se disuelven mejor en el
Yy
proceso de pulpacion.
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Figura 2.5. Estructura aleatoria de la lignina procedente de madera blanda
(“hardwood lignin”) propuesta por W. G. Glasser>®! en 1981.

2.2.2. Ligninas técnicas y comerciales

Las ligninas industriales son subproductos generados en la industria de la
madera y la celulosa. Los lignosulfonatos y la lignina Kraft son los principales
tipos de ligninas comerciales disponibles en grandes cantidades. En el caso de
los primeros, la produccién anual en el mundo occidental se sitta en 500 10
Tm, de las cuales, el 46.3% se produce en Europa y el 25.1% en Estados
Unidos. En el caso de la lignina Kraft, la capacidad anual es menor que para
los lignosulfonatos, siendo de 100 10’ Tm repartidas entre Europa (52.6%) y
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10, 59, 60]

Estados Unidos (47.4%) principalmente!
disponibles en cantidades limitadas.

. Las ligninas Organosolv son

0 Ligninas Kraft (ligninas al sulfato o alcalinas): obtenidas de la
precipitacion del licor negro generado durante el proceso de pulpacion
con hidréxido de sodio y sulfuro de sodio en digestores batch aunque
éstos estan siendo reemplazados por digestores continuos. Las
condiciones de temperatura, agitacion y acidez del medio influyen
significativamente en las propiedades finales de la lignina. Este proceso se
aplica en una gran variedad de tipos de maderas ya que se obtiene una
pulpa mas blanca en comparacién a la resultante en el proceso del sulfito.
En contraposicion, presenta como desventajas el olor que se genera
debido a tioles y sulfuros y el contenido de 6xidos de azufre en las aguas
del proceso con un pH que oscila entre 8 y 9. éste polimero tiene un peso
molecular de 1100 g/mol®" aproximadamente.

a Lignosulfonatos (ligninas sulfonadas o ligninas al sulfito): se generan

durante el proceso Howard al anadir hidréxido de calcio al licor negro en
tres etapas batch en las que se generan y se recirculan en cada una: sulfito
de calcio, lignosulfonato calcico y lignosulfonato con exceso de cal.
Posteriormente, los lignosulfonatos se someten a un proceso de
calentamiento en presencia de calcio o hidréxido de sodio mediante el
cual se produce la desulfonacion. Principalmente, la lignina se recupera
mediante la hidrélisis y la oxidacion del precipitado obtenido debido al
medio basico, aunque otro tipo de separaciones se basan en la
ultrafiltracion y la osmosis inversa.

Este proceso es menos contaminante que el anterior ya que no se
producen ni tioles ni sulfuro y admite mas variaciones en las condiciones
de operacion. Sin embargo, el proceso es sensible al estado de la materia
prima (ramas, cortezas y resina) que no se disuelve de igual manera que la
madera. El polimero de lignosulfonato tiene un peso molecular de 1300
g/mol®,

0 Lignina Organosolv: procede de tratamientos con solventes organicos en
el proceso de deslignificacion como el metanol, etanol, acido acético, y
acido férmico. Las ligninas derivadas de pulpaciéon con alcoholes son
comercialmente disponibles en cantidades limitadas. Este polimero puede
alcanzar pesos moleculares de 2800 g/mol!! aproximadamente.
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Q “Furafil”: Los restos de cereales son ricos en pentosanos y son fuentes
comerciales de furfurales. Los pentosanos son hidrolizados con
catalizadores 4cidos a pentosas de la cual se obtiene el furfural’” que se
separa por destilacion. El residuo de la hidrolisis de la cascara de mazorca
de maiz, arroz y avena contiene entre el 30-40% de lignina y se
comercializa bajo el nombre de “furafil”. Se han desarrollado varios usos
del “furafil” tales como abonos y fertilizantes, adsorbentes, ingredientes
en las arenas para moldear en las fundiciones y como suplementos para
varias resinas.

0 Productos de la corteza: Ia corteza de los arboles contienen ademas de
fibras de celulosa y otros componentes propios, una cantidad
considerable de materiales lighicos que se denominan acidos fendlicos de
corteza. Durante muchos afios, se producian preparados que contenfan
este material y se vendian como aditivos en las perforaciones petroliferas,
pegamento, aditivos de las resinas, dispersantes, etc. La tecnologia de
manufactura de estos productos es escasa y cara y se basa en la
produccién de derivados del petréleo para resinas y adhesivos aunque
actualmente estan siendo mas utilizados en la agricultura o como agente
energético para ser quemado.

0 Lignina hidrolizada: La hidrdlisis de la madera para producir glucosa ha
sido estudiada durante muchos afios y se han desarrollado varios
procesos, en especial para la produccion de azicares y sus productos de
fermentacion. Estas ligninas son conocidas como ligninas Scholler y
pueden ser modificadas por cloracién, nitracion, etc., de forma similar a
las ligninas alcalinas, formando nitroligninas y cloroligninas que se
utilizan en la fabricaciéon y tratamiento de componentes para mantener su
resistencia. Este tipo de ligninas se utiliza como abono para el suelo,
como aditivo en resinas y gomas y como agente adhesivo en paneles de
conglomerado.

2.2.3. Aplicaciones de la lignina

Los productos derivados de la lignina son utilizados principalmente como
combustible interno para la recuperacién de la energia y reactivos inorganicos
restantes en la produccién de papel. La problematica viene dada por la
creciente produccion de papel que aumenta la produccion de lignina que a su

17 Furfural: compuesto utilizado en la produccién de pesticidas, en resinas fenolfurfural y en
la produccion de tetrahidrofurano, el cual se utiliza como un disolvente comercial y como
materia prima en la produccién de nylon.
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vez incrementa los costes de los hornos de recuperacién, lo cual no es una

inversion rentable en el caso de la pequefia y mediana empresa papelera. La
separacion de la lignina y su uso en diferentes campos podrian ser una
alternativa a la incineracién. Algunas de éstas aplicaciones alternativas!'" > "
6062631 3 la valorizacién energética de la lignina son:

o

estabilizante en emulsiones de liquidos inmiscibles

0 secuestrante de iones metalicos para evitar que reaccionen con otros
compuestos y permanezcan disueltos en la soluciéon, manteniéndolos
disponibles en plantas de tratamiento de agua y previniendo
depositos en sistemas acuosos

o dispersante, ya que el lignosulfonato es util en mezclas de cemento,
arcilla y ceramica, tintes y pigmentos, tableros de yeso, fangos de
perforacion petrolifera, pesticidas e insecticidas, etc.

o adhesivo. Muy eficaz y econémico (resinas fenolicas), actia como
agente astringente en pellets, lo que es util en briquetas del carbon,
tableros de chapado y de particula, cerimicas, granos de pienso,
aislamiento de fibra de vidrio, fertilizantes y herbicidas, goma del
linéleo, estabilizadores del suelo, etc.

o produccién de tableros de aglomerado llamados presdwood!"! a partir
de la alteracién con vapor a altas temperaturas de la lignina de la
madera

0 materia prima para la producciéon de carbéon activo”” como
adsorbente en el campo de la electronica, la catalisis, el
almacenamiento de gases”™ > ***>“l y principalmente en procesos de
separacion, purificacion de afluentes liquidos y gaseosos y en
procesos de recuperacion debido a la textura porosa y gran capacidad
de adsorcion del carbon activo.

1571

El uso de materiales de bajo coste y de base carbonosa o lignocelulésica para
su utilizacién como precursores en la producciéon de carbones activos es la
tendencia actual en el campo de investigacion de materiales carbonosos. La
utilizacién de la lignina como precursor para la producciéon de carboén activo
ha sido estudiado anteriormente mediante la activacion fisica por gasificacion
parcial de CO,™ " en lignina Kraft procedente de eucalipto y en activaciones
quimicas mediante el uso de ZnCl,"”, H;PO,">* e hidréxidos como el KOH
o el NaOH™?,
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2.2.4. Lignina, precursor para carbones activados

Tal y como se ha mencionado, los subproductos lignocelulésicos obtenidos
de la agricultura y de otras fuentes, son de gran interés para la produccion de
carbones activos. De hecho, la madera es un material ampliamente utilizado
como materia prima y entre sus componentes basicos esta la celulosa,
hemicelulosa y lignina, asi que el uso de cualquiera de estos componentes
como precursor para CA es mas interesante que su utilizacién como
combustible.

Los agentes activantes mas utilizados en los procesos de activaciéon de la
lignina son principalmente el acido fosforico y, en menor escala, el cloruro de
zinc.

Desde la perspectiva econémica y medioambiental y comparando los
procesos de activaciéon quimica y fisica, el acido fosférico es mejor método
de activacién ya que la temperatura de proceso es ligeramente menor, del
orden de 400-500°C, comparado con la temperatura minima de 850°C que se
necesita en los procesos fisicos, con la ventaja afiadida que el acido fosférico
es recuperable.

La activacion fisica de la lignina con diéxido de carbono!” permite obtener
CA con una microporosidad bien desarrollada y una alta mesoporosidad a
temperaturas moderadas (a 550°C el 4rea supeficial es de 496 m®/g con una
microporosidad de 0.224 cm’/g). A medida que aumenta la temperatura de
carbonizacion, se crean macroporos que permite obtener CA aplicables en
diferentes usos dependiendo de las condiciones de preparacion (a 800°C se
obtiene un 4rea superficial de 1360 m”/g con una microporosidad de 0.528
cm’/g, una mesoporosidad de 0.992 cm’/g y una macroporosidad de 0.510
cm’/g). En este caso, la influencia del contenido en ceniza de la materia
prima es importante ya que evita la aparicion de la fase plastica en la lignina y
por tanto, aumenta la activacion fisica.

Desde el punto de vista de la aplicacion, el uso de 4cido fosférico”! aumenta
el rendimiento a carbén y favorece el desarrollo de la acidez superficial lo
cual es de gran utilidad en usos como la adsorciéon de metales pesados que se
encuentran en bajas concentraciones en efluentes liquidos ademas de ser
carbones muy estables quimica y térmicamente.

En los carbones desarrollados a partir de la lignina y activada con acido
fosforico, las condiciones de preparacion, especialmente la relacién de
impregnacién y la temperatura de activacion tienen gran incidencia en el
desarrollo de la porosidad, principalmente, de la mesoporosidad (volumen de
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microporos de 0.20 cm’/g y de mesoporos de 0.59 cm’/g) pudiendo
obtener CA de 1459 m*/g a 500°C! ",

El desarrollo de la acidez superficial se rige por la presencia de grupos
sensibles y los insensibles a la temperatura. El primer grupo consiste en
grupos carbonilos de acidez variable mientras que el segundo grupo esta
compuesto principalmente por grupos fosforosos y en mucho menor grado,
otro tipo de grupos carbonilo de menor acidez”.

Relaciones de impregnaciéon bajas favorecen la formaciéon de los grupos
superficiales acidos, especialmente carbonilos y el aumento de la relacion
agente activante — ligninal®” los grupos fosforosos.

La activacién con cloruro de zinc® permite alcanzar CA de 4reas superficiales
de hasta 1800 m*/g, a 500°C y una relacién cloruro de zinc — lignina de 2.3,
esencialmente microporosos (volumen de microporos de 1.039 cm’/g,
mesoporos de 0.586 cm’/g y macroporos de 0.143 cm’/g). La estructura
porosa se desarrolla incluso con relaciones altas entre el cloruro de zinc y la
lignina, lo que indica que la distribucién del agente activante sobre la lignina
es muy homogénea. Incluso cuando la lignina entra en la fase plastica debido
al incremento de temperatura, la activacion del cloruro de zinc ayuda al
desarrollo de la porosidad. Esta etapa plastica puede ser omitida cuando se
utiliza lignina con alto contenido en cenizas, de tal manera que el desarrollo
de la porosidad que se produzca sera diferente aunque sin generar grandes
cambios. Los CA obtenidos de esta manera tienen buenas propiedades
mecanicas aun cuando la microporosidad es elevada y por tanto se esperase
lo contrario.

La activaciéon de lignina con hidréxidos de potasio o de sodio ha sido
desarrollada recientemente y con ella se consiguen materiales con areas
superficiales mas altas y de mayor microporosidad, comparado con las
logradas mediante activaciéon con acidos. En la activacion con KOH se
alcanzan 4reas superficiales de 2930 m®/g con volimenes toal de poros de
1.656 c¢m’/g y de microporos de 1.197 cm’/g, a 750°C temperatura de
carbonizacion. Si el agente activante es NaOH, los valores son ligeramente
inferiores a las mismas condiciones de carbonizaciéon: areas superficiales de
2340 m*/g con volimenes toal de poros de 1.338 cm’/g y de microporos de
0.954 cm’/g™. De igual manera, el desarrollo de la acidez y la basicidad
superficial se lleva a cabo de manera mas marcada que en los casos anteriores
debido a las condiciones de operacion utilizadas donde generalmente se usa
una atmostera de nitréogeno en lugar de una atmosfera oxidante.
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3. OBJETIVOS

El estudio presentado en esta memoria pretende conducir a conclusiones
relacionadas con las reacciones que tienen lugar debido a la presencia de
diferentes tipos de agentes activantes, los productos de las reacciones
producidas y las condiciones de operaciéon de los diferentes procesos de
activaciéon quimica investigados. Esto, a la vez, permitira determinar las
variables que tienen un efecto mas importante en las caracteristicas finales del
CA obtenido con el fin de poder controlar el desarrollo de estas propiedades
y, por tanto, la aplicacion final del producto.

Por tanto, el objetivo principal de este trabajo es controlar perfectamente el
desarrollo de la estructura porosa de los carbones preparados a partir de
lignina Kraft. Para llevar a cabo este objetivo general, se deben tener en
cuenta una serie de objetivos secundarios tales como:
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0 En primer lugar, desarrollar CA microporosos, a partit de un

subproducto de la produccién de papel, la lignina Kraft, por
activacion quimica con acidos e hidréxidos. Para ello, se realizaran
una serie de CA partiendo de unas condiciones de carbonizacion
determinadas y realizando variaciones de una sola de ellas.

Posteriormente, entender los procesos reactivos que tienen lugar
durante la activaciéon quimica de la lignina Kraft con tres agentes
activantes diferentes (acido fosférico, hidréxido de sodio e hidroxido
de potasio), para poder controlar el proceso de carbonizaciéon que
tiene lugar y asi, entender el desarrollo de las propiedades finales del
producto.

También se realizara la caracterizaciéon estructural, textural y de
superficie de la materia prima y de los CA y se establecera una
relacién entre las propiedades finales de los carbones activos con las
diferentes condiciones de operacién, con el fin de adecuarlas para
desarrollar un producto final que se ajuste a las necesidades de su uso
en efluentes liquidos.

Finalmente, se emplearan los mejores CA obtenidos en los tres tipos
de activacion quimica estudiada, en la adsorcién de diferentes tipos
de contaminantes.

Por un lado, se estudiara la eliminaciéon de cobre (II) en sistemas
liquidos por parte de los CA obtenidos por activacion con acido
fosforico.

Por el otro lado, se probaran los tres tipos de CA obtenidos en la
adsorciéon de fenol y benceno, contaminantes tipico en aguas
procedentes de industrias.

Por ultimo, como aplicacién especifica, se participara en el estudio de
la incorporacién de los CA obtenidos a partir de acido fosférico
como aditivo en membranas para la obtencién de reactores
enzimaticos de membrana (EMR), a partir de una matriz polimérica
(polisulfona), el cual se usa para adsorber una enzima especifica
directamente o a partir de un metal con el propésito de purificar
oligbmeros.

Paralelamente a estos estudios, también se participara en estudios que
estriban los pasos previos a aplicaciones de los carbones producidos
para esta tesis. En este caso, se utilizaran carbones comerciales para la
purificaciéon de xilo-oligosacaridos que contiene como impurezas
principales productos derivados de la lignina.
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4. MATERIALES Y METODOS

Para la consecuciéon de los objetivos de este trabajo, se han seguido tres
etapas bien definidas basadas en:
1) Preparacion de CA a partir de la lignina Kraft como materia prima y
su activacion con diferentes agentes quimicos (apartado 4.2).
2) Caracterizacion de los CA preparados en 1) (apartado 4.3).
3) Aplicaciones previas de los CA a partir de los datos obtenidos en su
caracterizacion (apartado 4.4).

4.1. Materia primas

La materia prima de la que se parte en la primera etapa, la lignina Kraft, ha
sido utilizada de dos formas diferentes: tal y como llegé del proveedor
Lignotech Ibérica S.A. (LK) y después de someterla a un tratamiento acido
para la reduccién de cenizas (LK).
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A partir de estas dos materias primas, se ha realizado su activaciéon quimica a
partir de diferentes tipos de agentes activantes (AgA).

Lignina Kraft
LKy LKy
_[ Adicién AgA ]
| |
H,PO, KOH NaOH

. ACP || ACK | ACNa

Figura 4.1. Esquema de la etapa de preparacién de CA (etapa 1).

Para el caso de la LK, se ha procedido a la activacién quimica con acido
fosférico e hidréxido de potasio. En el caso de la LK, se ha utilizado como
agentes activantes acido fostérico, hidréxido de potasio e hidréoxido de sodio.
El usar las dos materias primas con el mismo agente activante tiene como
objetivo el estudio del contenido en cenizas de la materia prima en los CA
obtenidos. En principio, para los carbones obtenidos con acido fosférico
(AC-P) se ha utilizado LK y tan solo algin CA se ha preparado a partir de
LK. En el caso de la activaciéon con hidréxidos (AC-K y AC-Na), la materia
prima era fundamentalmente LK y tan solo algun experimento comparativo
se ha realizado a partir de LK.

Figura 4.2. Materias primas utilizadas en la preparacién de CA: 2) NaOH, b) KOH,
¢) acido fosférico, d) LK, e) LKq y f) CA obtenido.
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4.2. Preparacion de carbones activados

La preparacion de los CA se ha realizado de la siguiente manera. En los
carbones activados con acido fosférico, en primer lugar se realiza una etapa
de impregnacién donde se mezcla una cantidad determinada de lignina con
una solucién de acido fosférico al 85% acorde con la relacién P/L que se
desea obtener. Estd mezcla se deja a temperatura ambiente en atmosfera de
aire durante un tiempo determinado, llamado tiempo de activacion, antes de
pasar a la segunda etapa. Transcurrido este periodo, se procede a iniciar la
etapa de pirdlisis, bajo atmésfera de aire, en la cual se introduce la muestra en
un horno DUM modelo 10CAF (ver Figura 4.3). El horno se calienta a
10°C/min hasta 150°C, temperatura a la que se mantiene constante durante
una hora permitiendo asi una evolucién libre del agua. Posteriormente, el
horno se calienta de nuevo a la misma velocidad de calentamiento hasta una
temperatura de carbonizacion entre 400°C y 650°C manteniéndola durante
dos horas.

Figura 4.3. Detalle del horno empleado en la activacién con acido fosférico.

Para eliminar el exceso de acido fosférico después de la carbonizacién, el
AC-P se lava repetidamente con agua destilada hasta pH neutro, medido con
un pH-imetro CyberScan PC 510 con un electrodo Hamilton “Flushtrode”.
Finalmente, las muestras se dejan secar durante 12 horas en una estufa a
110°C.

Para la preparacion de AC-K o AC-Na se dispone de hidréxido de potasio o
hidréxido de sodio en lentejas suministradas por Scharlau. Estas lentejas se
muelen y se mezclan con la LK, de acuerdo con la relacién R que se desee.
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En este caso, no existe una etapa de impregnacion y la mezcla se introduce

directamente en un reactor horizontal de acero inoxidable y de didmetro
interno de 5 cm situado en un horno eléctrico que posee tres zonas de
calentamiento independientes controladas por termopares (ver Figura 4.4).
También se dispone de un termopar situado en el interior del reactor en la
zona de reaccidon, que controla el calentamiento del horno. Mediante un
programador automatico, se introducen los valores de temperatura de
carbonizacion, tiempo de activacién y velocidad de calentamiento. El caudal
de nitrégeno en el interior del reactor se controla con un rotametro. Una vez
alcanzada la temperatura de carbonizacién, esta se mantiene constante
durante un tiempo de activacion determinado.

F_

e

J 4

ERYP | Somm— Y,

A

Figura 4.4. Detalle del reactor horizontal empleado, horno eléctrico y panel de
control de las condiciones de operacién.

Pasado el proceso de carbonizacion, el CA se expone durante 24 horas a una
atmosfera de aire para que se lleve a cabo la oxidacién de los restos de sodio
o potasio metalico que permanecen en la muestra. Pasado este tiempo, el
carbon activo obtenido se lava con 150 ml de HCI 1N para eliminar el exceso
de agente activante que pueda quedar y posteriormente se realizan lavados
con agua MilliQ hasta neutralizar el pH, medido con un pH-imetro
CyberScan PC 510 con un electrodo Hamilton “Flushtrode”. Finalmente, se
seca la muestra durante 12 horas en una estufa a 110°C y se almacena en un

bote de tapa roscada de cristal. Estas etapas se detallan basicamente en la
Figura 4.5.
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Figura 4.5. Tratamiento realizado al CA obtenido: oxidacién, lavado y secado.

La preparacion de los carbones se ha realizado a partir de un carbén base que
se ha establecido segtin datos bibliograficos con la premisa de maximizar el
area superficial. Estas condiciones de operacion se han determinado en base
a cinco parametros centrales de estudio para el caso de la activacién con
hidréxidos, tal y como se muestra en la siguiente tabla.

Tabla 4.1. Condiciones de operacion para el AC-K, AC-Na y AC-P base.

CA TﬂlS tp19 RZO P /LZI QN222 . r23 '

0O (M (%) (X))  (mIN:/min) (°C/min)
AC-NayAC-K 700 1 3/1 - 200 5
AC-P 450 1 - 1.4/1 - -

18 T,: temperatura de pirdlisis

19 ¢, tiempo de activacién

20 R: relacién agente activante — LKy

21 P/L: relacion agente activante — LK

22 Qnz: caudal de la atmésfera de nitrogeno durante los experimentos
23 12 velocidad de calentamiento
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En el caso de la activacién con acido fosférico (AC-P), los parametros a
estudiar han sido tres ya que los experimentos se han realizado en atmosfera
estatica de aire.

A partir de este carbon base, se han realizado variaciones de un parametro
manteniendo el resto de variables constantes. Los rangos estudiados en los
AC-P y AC-K y AC-Na han sido:

Condiciones de Operacioén

ACP AC-Nay AC-K
T, 0 (400, 650) °C | - T, 0(400,900)

t, 0 (1, 48) horas — ¢, 0 (05, 4) horas |
P/L0(0.7,1.75) - RO@05 |

{ Qu, 0 (50, 800) ‘

= 0610

Figura 4.6. Resumen de las condiciones de operacion para la produccion de CA.
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4.3. Caracterizacion de carbones activados

Una vez obtenido el carbén, se realiza la caracterizacion del material al objeto
de conocer la mayor cantidad de sus propiedades fisicoquimicas.

Caracterizacion

4.3.3.
De superficie

43.1.
Estructural

4.3.2.
Morfolégica

{ Analisis Elemental —[ Analisis de superﬁcie] Funcionalidad

superficial

1
{ Analisis Inmediato } —[ Analisis C)ptico SEM}
1

{ Espectroscopia IR

Adsorcién de azul ‘
de metileno

Analisis
termogravimétrico {

Adsorcion de
yodina

Figura 4.7. Esquema de la etapa de caracterizacion de CA (etapa 2).

A parte de los analisis que se detallan en la figura anterior, se han realizado
estudios termogravimétricos en los AC-P con el objetivo de determinar los
mecanismos de activaciéon que tienen lugar y de esta manera adquirir una
mayor comprension sobre la transformacion del material y el desarrollo de su
porosidad, asi como la influencia de ciertas condiciones de operacién en el
CA final.

4.3.1. Composicion quimica y caracterizacion estructural

Estos tipos de analisis son complementarios a los resultados de los analisis de
los otros dos bloques explicados anteriormente.
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4.3.1.1. Analisis Elemental

Fundamento

El analisis elemental es una técnica que proporciona el contenido total de
carbono, hidrégeno, nitrégeno y azufre presente en un amplio rango de
muestras de naturaleza organica e inorganica tanto sélidas como liquidas, con
cantidades relativamente pequefias de muestra (2-3 mg). La técnica esta
basada en la completa e instantanea oxidaciéon de la muestra mediante una
combustién con oxigeno puro a una temperatura aproximada de 1000°C. Los
diferentes productos de combustion CO,, H,O y N,, son transportados
mediante el gas portador (He) a través de un tubo de reduccién para una
posterior separacion selectiva en columnas especificas y luego desorbidos
térmicamente. Finalmente, los gases pasan de forma separada por un detector
de conductividad térmica que proporciona una sefial proporcional a la
concentracién de cada uno de los componentes individuales de la mezcla.

Los campos de aplicacién de esta técnica son diversos, desde el analisis de
combustibles fosiles (carbén, coque, gasolina, aceite minerales, gasoil, etc.)
hasta la industria farmacéutica y la quimica fina, pasando por el analisis de
suelos, industrial alimenticia, ceramicas, etc.

Equipamiento

El equipo empleado en este tipo de analisis es un analizador Carlo Erba
Elemental Analyser modelo CHNS-O EA1108.

!

EJM!-L:_—_—-_-—;.L —

— .

Figura 4.8. Analizador elemental Carlo Erba modelo CHNS-O EA1108, provisto
de automuestrador.
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El analisis elemental de los CA preparados ha sido util para poder identificar
qué compuestos se forman en las condiciones de operacién establecidas. De

esta manera, se puede observar el desarrollo de propiedades como por
ejemplo, la aromaticidad de los AC.

4.3.1.2. Analisis Inmediato

Fundamento

El analisis inmediato es una técnica desarrollada de acuerdo con los
estandares ISO™ para la determinacién de la humedad (110°C en nitrégeno),
el contenido en volatiles (900°C en nitrégeno) y carbén fijo y cenizas
(incineracion a 900°C en aire) en termobalanza. Esta técnica se basa en la
medida de la variacién de la masa de una muestra cuando es sometida a un
programa de temperatura en una atmosfera controlada.

O2
1000
2
A r 800
Volatiles 2
<& Temperatura %)
60 - 4 Peso - 600 =
& =
40 - 400 g
o
Carbén
20 - Fijo - 200
Cenizas
O T T T T T 0

0 5 10 15 20 25 30
Tiempo (min)

Figura 4.9. Proceso térmico para analisis inmediato (<) y termograma ejemplo ().

Todos estos parametros son importantes para caracterizar el CA obtenido. El
contenido en carbon fijo influye en la clasificacion de los diferentes tipos de
carbon. La turba, la primera etapa en la formacién de carbon, tiene un bajo
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contenido de carbono fijo y un alto indice de humedad. El lignito, el carbon
de peor calidad, tiene un contenido de carbono mayor. El carbén bituminoso
tiene un contenido aun mayor, por lo que su poder calorifico también es
superior. La antracita o hulla seca, es el carbon con el mayor contenido en
carbono y el maximo poder calorifico. La presion y el calor adicionales
pueden transformar el carbon en grafito, que es practicamente carbono puro.

Equipamiento

Este analisis termogravimétrico se ha realizado en una termobalanza Perkin
Elmer TGA — 7 con un tiempo de duracién aproximado de 30 minutos.

Figura 4.10. Termobalanza Perkin Elmer TGA — 7.

Los analisis inmediatos de las materias primas y los CA preparados han sido
utiles para poder determinar las propiedades mencionadas anteriormente ya
que es importante para poder explicar datos obtenidos con el uso de otras
técnicas de caracterizacion de los AC.

4.3.1.3. Espectroscopia IR
Fundaments™""

La espectroscopia infrarroja es una de las técnicas mas versatiles para la
caracterizacion cualitativa de materiales solidos. Sin embargo, la informacion
que aporta en materiales heterogéneos y de naturaleza polimérica es limitada
ya que las bandas que aparecen en sus espectros son resultantes de la
contribucién de diversas especies moleculares con diferentes grupos
funcionales y enlaces quimicos.
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El campo de aplicaciéon de esta técnica es muy amplio ya que se pueden
analizar todo tipo de soélidos y liquidos. El estudio de muestras sélidas que
presentan dificultades para la preparaciéon de soluciones o pulverizacién, y
solidos opacos en general se puede realizar utilizando una serie de accesorios
comerciales e intercambiables como la reflexion total atenuada (ATR),
reflectancia difusa (RRIFT) y detector fotoacustico (PAS). Los espectros de
absorcion obtenidos son similares y proporcionan la misma informacién que
cuando se trabaja en transmision. La utilizaciéon de este tipo de accesorios
comerciales es muy ventajosa ya que permite que la técnica no sea
destructiva, acepta formas irregulares de los sélidos, no altera la muestra y no
requiere preparacion de la muestra o bien ésta es minima.

Equipamiento
Este analisis se ha llevado a cabo en un JASCO FT/IR-680 Plus que dispone

de un ATR de diamante. Para ello, no ha sido preciso ningun tipo de
pretratamiento de la muestra. El analisis se ha realizado en un rango de
longitudes de onda comprendido entre 600 y 3700 cm, con una resolucién
de 4 cm™ realizando 400 escaneos por anlisis y con una velocidad del espejo

de 2 mm/s.
- . ”,¢
| .
-

1
t

L—
"

Figura 4.11. Equipo de infrarrojo Jasco FT/IR-680 Plus y detalle del accesorio
ATR.

El analisis IR realizado a la materia prima y a los CA preparados, es un
analisis complementario a las valoraciones de Boehm para la determinacion
de grupos superficiales. La realizaciéon de estos analisis a la materia prima
proporciona espectros con gran cantidad de informacién debido a la
complejidad de la estructura de la lignina®. Sin embargo, el uso de esta
técnica en CAP> > ™% tiene complicada interpretacion debido al severo
tratamiento térmico realizado a las muestras aunque la informacién obtenida
complementa a los datos obtenidos por otras técnicas.
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En el caso de los espectros presentados en la siguiente figura, se observa
como evolucionan los grupos superficiales del AC-Na a medida que varfa la
temperatura del proceso de pirdlisis, mediante las bandas o picos presentes
entre 2000 y 1000 cm’. La ventaja de este analisis radica en la sencilla
apreciacion de este tipo de efectos y su rapida obtencién ya que la
adquisicion del espectro no es mayor a 15 minutos.

Transmitania

T T T T

4000 3000 2000 1000
Longitud de onda (cm-1)

Figura 4.12. Ejemplo de espectro obtenido por IR para AC-Na preparados a
temperaturas entre 400°C y 800°C.

4.3.2. Morfologia y caracterizacion textural

4.3.2.1. Adsorcion de nitrégeno

Fundamentos™*"

El método de analisis de superficie BET es una técnica que permite evaluar la
porosidad total de la muestra y la distribucién del tamafio de poro (ver Figura
4.13), basandose en la adsorcion de un gas inerte a baja temperatura sobre
una superficie solida. En el caso de muestras con una superficie especifica
expuesta igual o superior a 1.0 m?/g, el gas analitico utilizado es nitrégeno o
diéxido de carbono, en cambio, para materiales con superficies especificas
inferiores, el gas utilizado es cripton.
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Figura 4.13. Diferentes tipos de porosidad presente en el carbén activado.

Esta técnica es de aplicacion importante en productos desarrollados para la
industria farmacéutica, ceramicas, materiales catalizadores, refractarios,
porosos o microporosos y carbones activos dado que gran parte de la
aplicacion final dependera de esta propiedad.

Equipamiento
El equipo empleado es un Micromeritics ASAP 2020 con el que se obtiene la

isoterma de adsorciéon y desorciéon de nitrégeno a 77K. En una primera
etapa, las muestras se desgasifican a 523K durante varias horas para
posteriormente estudiar la adsorcién de nitrégeno en dos rangos de
presiones. En el primer rango, P/P, es inferior a 107 y se aplica el modelo de
Horvath-Kawazoe para obtener la distribuciéon de tamafo de microporo.
Posteriormente, el rango de presiones estudiado esta entre 107 y 0.99, donde
los datos obtenidos se analizan por

el método BET™ para calcular el 4rea superficial especifica,

0 la ecuacién de Dubinin- Radushkevich®™ para calcular el volumen de
microporo, la energfa caracteristica del nitrégeno respecto al carbon,
y el tamafio promedio de los microporos,

0 el método alfa-s"™ * para calcular el volumen de ultramicroporo y el
de microporo,

0 el volumen total de poro calculado a una presion relativa de 0.99,

0 el volumen de mesoporo calculado a partir de las diferencias entre el

volumen total de poros y el volumen de microporo calculado por

Dubinin- Radushkevich

o
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En 1940, Brunauer, Deming, Deming y Teller, realizaron una sistematizacion
de las isotermas de adsorcion de gases basada en datos empiricos obtenidos
con diferentes tipos de solidos porosos y no porosos. La clasificacion
propuesta por estos autores se conoce como la clasificacion BDDT y consta
inicialmente de cinco tipos de isotermas aunque posteriormente se afiadid
una sexta, tal y como se muestran en la Figura 4.14.

Bajo estos seis tipos de isotermas es posible clasificar la mayorfa de los
solidos de acuerdo con sus propiedades de adsorcion. Los CA se ajustan
mayoritariamente a la isoterma de tipo I* por se representativas de sélidos
microporosos. Este tipo de isoterma se llama también de Langmuir y es
caracteristica de sélidos microporosos donde se observa que el proceso de
adsorcion tiene lugar fundamentalmente a bajas presiones relativas, cuando
se produce el llenado de los microporos con el adsorbato. A presiones
relativas mas altas, la cantidad adsorbida se mantiene constante o aumenta
ligeramente si existen suficientes mesoporos. Este tipo de isoterma puede ser
debida a la existencia de quimisorcioén, adsorcidon en microporos, adsorcion
en disolucién o adsorciéon fisica en superficies muy homogéneas. En este
ultimo caso se obtiene la isoterma de tipo IV al aumentar la presiéon. En estos
casos, la capacidad de la monocapa puede obtenerse directamente de los
datos experimentales o aplicando el modelo de Langmuir.

Al { n I
o
=
£
S
=
o
=
= v % Vi
=
=
&)

Ny
Presién relativa P/P° 4

Figura 4.14. Isotermas de adsorcién de nitrégeno a 77K segun la clasificacion
BDDTIs4.
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La isoterma de tipo II corresponde a adsorcién en mono-multicapas, en
sélidos no porosos o macroporos, que presentan heterogeneidad superficial.
A este tipo de datos experimentales se aplica la teorfa de BET.

La isoterma de tipo III aparece cuando la interaccion adsorbato/adsorbente
es débil, menor que la existente entre las moléculas de adsorbato. En este
caso, es preferible cambiar de adsorbato.

La isoterma de tipo IV es similar a la de tipo II en la zona de presiones bajas
e intermedias, por lo que también se le aplica el modelo BET. La diferencia
entre ambas esta en que la presencia de mesoporosidad no aparece hasta
presiones relativas superiores a 0.4. En este tipo de isotermas existe un ciclo
de histéresis debido a que los procesos de condensaciéon y evaporacion
capilar transcurren por caminos diferentes.

Las isotermas de tipo V indican una adsorciéon débil al principio seguida de
condensacion capilar y lo indicado, al igual que en las isotermas de tipo 111, es
cambiar el adsorbato.

La isoterma de tipo VI aparece cuando se trata de adsorcion en superficies
muy homogéneas donde cada capa empieza a formarse cuando la anterior
esta ya practicamente completa. En este caso, se puede obtener de manera
directa el valor de la monocapa aunque no es un ejemplo habitual en la
naturaleza.

Condensation:
pore size, volume
and distribution
Multila yer
filling.

Monolayer:
Surface

Adsorption
at isolated
sites

\‘ Increasing

gas pressure

Figura 4.15. Llenado de poros de moléculas de adsorbato en funcién de la presion
parciall®l.
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De estas isotermas puede obtenerse de manera directa o indirecta el valor de
monocapa (ver Figura 4.15) que es atil para determinar el nimero de especies
adsorbidas que la completan sobre la superficie pudiéndose ser relacionado
con el area superficial del sélido mediante el area que ocupa la molécula. Lo
mas sencillo es determinar la monocapa de moléculas directamente pero
debido a que la adsorcién en la segunda capa se da sin haberse completado la
primera, es necesario el empleo de modelos, siendo el mas utilizado el de
BET.

La diferencia entre el didmetro de los mesoporos™ y el tamafio de las
moléculas de adsorbato asegura un cubrimiento completo de la superficie.
Este comportamiento no se corresponde en el caso de los microporos™
debido a la existencia de impedimentos estéricos para cubrir la pared de
poros de tamafo entre 0.6 y 1 nm. A partir de 1 nm si se recubre los poros
pero el mecanismo que sigue la adsorcion es el de llenado de microporos
debido al aumento del potencial de adsorcién lo cual no permite la formacion
de la monocapa.

A continuacién, en la Figura 4.716 se muestra una isoterma experimental de
adsorciéon y desorciéon que se corresponde al tipo I, la cual se ajusta de
manera bastante precisa al modelo, presentando escasa histéresis en la etapa
de desorcion.

1200

1000 +

800

600 A

400 4

200

0,0 02 04 0,6 038 1,0
Presion Relativa (P/Po)

Cantidad adsorbida (cm3/g STP)

0

Figura 4.16. Ejemplo de isoterma experimental de adsorcién (®) y desorcion ()
para muestras microporosas obtenidas a partir de un carbén de lignina
Kraft activado con hidréxido de potasio a 750°C.

2 Poros de diametro entre 2 y 50 nm.
2> Poros de diametro inferior a 2 nm.
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Este tipo de analisis es una parte muy importante de la caracterizaciéon de CA
ya que se puede deducir diversas propiedades texturales. El equipo empleado
para la realizacién de este estudio es un Micromeritics ASAP 2020 (ver Figura

4.17).

Figura 4.17. Equipo de medida de superficie ASAP 2020.

4.3.2.2. Analisis Optico: SEM

Fundamentos

Cuando un haz de electrones incide sobre la superficie de un solido, tienen
lugar varios fenémenos: reemision de una parte de la radiacién incidente,
emisiéon de luz, electrones secundarios y Auger, rayos X, etc. Todas estas
sefiales se pueden emplear para obtener informacién sobre la naturaleza de la
muestra  (morfologifa, composicién, estructura cristalina, estructura
electronica, etc.). Las imagenes que se obtienen en el microscopio electrénico
de Dbarrido corresponden a electrones secundarios o electrones
retrodispersados emitidos tras la interaccion con la muestra de un haz
incidente de entre 5y 30 KeV.

Las aplicaciones de la técnica son muy numerosas tanto en Ciencia de
Materiales, como en Ciencia Biomédica. Dentro de la Ciencia de Materiales
destacan las aplicaciones en metalurgia, petrologia y mineralogfa, materiales
de construccion, materiales ceramicos tradicionales y avanzados, electronica,
fractografia y estudio de superficies y composiciéon elemental de sélidos en
general. LLa microscopia electronica de barrido también se aplica en botanica,
en el estudio de cultivos celulares, en dermatologifa, en odontoestomatologia
y biomateriales, en hematologfa, inmunologia y en el estudio de la morfologfa
de preparaciones biomédicas en general y de sélidos porosos.
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Equipanmiento
El microscopio utilizado es un JEOL JSM-6400 (ver Figura 4.18), el cual

consta de un detector de electrones retrodispersados con resolucion de 3.5,
donde la fotografia puede tomarse con 360° de rotacién e inclinando la
muestra hasta 90° y de un microanalizador de energfa dispersiva de rayos X.

v nn

aTaAI

— e S ey
Figura 4.18. Equipo de microscopia electronica de barrido (SEM).

4.3.3. Quimica de superficie

Fundamentos™™

Casi todos los grupos funcionales organicos estan presentes en la superficie
del carbén activo. Los mas frecuentes son los carboxilicos, hidroxifendlicos y
carbonilos tipo quinona. Los presentes de menor medida son los éter,
peroxido, éster en forma de lactonas normales o tipo ciclicos, anhidridos de
acidos carboxilicos, perdxidos ciclicos, entre otros.

Los grupos funcionales presentes en la superficie de carbones estan sujetos a
una gran variedad de interacciones inter e intramoleculares incluyendo
efectos inductivos, mesoméricos, tautoméricos, estéricos y de puentes de
hidrégeno. Estas interacciones pueden alterar severamente las caracteristicas
de un dcido/base de Bronsted de tal manera que puede no patecerse a
compuestos quimicos semejantes. La heterogeneidad en la superficie quimica
hace dificil especificar la relacién entre las funcionalidades superficiales del
carbon con sus propiedades acido-base ya que una distribuciéon continua de
las propiedades quimicas superficiales (acidez, basicidad) se espera para cada
tipo de grupo superficial (acidos carboxilicos, fenoles, etc.) y en muchos
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casos el pK dominante se puede solapar con varios grupos quimicos
diferentes.

Otro factor que afecta a la quimica de superficie de carbones es que sus
propiedades son sensibles al oxigeno, la humedad y la luz y por tanto, pueden
variar durante su almacenamiento.

De todas maneras, las propiedades acidas o basicas de los carbones se puede
modificar aplicando tratamientos superficiales apropiados que son la base de
muchas aplicaciones industriales. Por tanto, conocer la quimica de superficie
es importante para gran cantidad de procesos tecnolégicos, no sélo para la
catalisis heterogénea sino también en lubricantes, en la aplicacion de gomas y
elastémeros, en flotacion, en tintas para imprimir, en aditivos textiles, etc.

Existen dos tipos de carbones clasificados segin su comportamiento acido-
base, H y L, que se diferencian principalmente en que el pH del carbén H es
de naturaleza mas basica y los del tipo L. mas acida.

En los carbones de tipo H no suele examinarse sus propiedades acidas,
fundamentalmente debido a la dificultad de mantener la superficie limpia una
vez se expone al aire. En principio, su superficie esta cargada positivamente y
la adsorcién de acido que presenta en solucion es el resultado de la adsorcion
especifica de aniones en la superficie y subsiguiente adsorcioén secundaria de
protones y cationes en la porcion difusa de la doble capa eléctrica una vez en
suspension. Consecuentemente es muy dificil estudiar los grupos funcionales
superficiales mediante interacciones acido-base.

Por otro lado, los carbones de tipo L muestran un amplio rango de
interacciones 4acido-base que aparentemente proceden de fuerzas
relativamente acidas de los oxidos superficiales. H. P. Boehm emple6 un
numero de bases de amplia gama de fuerzas para medir cuantitativamente e
identificar cualitativamente los tipos de 6xidos acidos que estan presentes en
la superficie de los carbones L. Como bases tituladoras emple6 bicarbonato
de sodio (NaHCO;), carbonato de sodio (Na,CO,), hidroxido de sodio
(NaOH) y etoxido de sodio etandlico (NaOC,H;) de concentraciéon 0.1N.
Los pKa de los 4cidos conjugados de estas bases son 6.37, 10.25, 15.74 y
20.58 respectivamente (ver Figura 4.19).
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Figura 4.19. Curva obtenida en la valoracién de: a) carbonatos, b) bicarbonatos, c)
hidréxido de sodio y d) etéxido sodico.

En teorfa, deberfa ser posible titular grupos acidos con cada una de estas
bases con valores de pKa al menos 2-3 unidades menores que el acido
conjugado de la correspondiente base. Sin embargo, la presencia de un
solvente necesario para la titulaciéon puede afectar a la determinacion de la
acidez. En consecuencia deberia ser posible titular 6xidos superficiales acidos
de pKa menores de 4.4, 8.2 y 10 en solucién acuosa usando bicarbonato,
carbonatos e hidréxido de sodio respectivamente, mientras que con etoxido
etandlico sera posible valorar estequiométricamente grupos acidos
superficiales con pKa de 19.
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Figura 4.20. Estructuras propuestas para los grupos oxigenados 4acidos mids
representativas de la superficie del CAIL.

Esta generalmente aceptado que NaHCO; neutraliza sélo grupos carboxilos,
Na,COj valora grupos carboxilos y lactonas y NaOH neutraliza carboxilos,
lactonas y grupos fendlicos (ver Figura 4.20). Para la determinaciéon de la
basicidad superficial dada por los grupos funcionales presentados en la Figura
4.21 se utilizara HCI 0.05 N.
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Figura 4.21. Posibles estructuras de los grupos oxigenados basicos mads
representativas de la superficie del CAI3I,

Equipamiento

El equipo utilizado para llevar a cabo esta serie de valoraciones ha sido un
valorador automatico CRISON Compact Titrator Version D con electrodo
para soluciones acuosas CRISON (ver Figura 4.22).

La solucién valorante empleada para determinar la cantidad de grupos acidos
superficiales (ver Figura 4.20) fue HCl 0.05 N mientras que la cuantificacion
de la basicidad total superficial (ver Figura 4.27) se realizé con NaOH 0.1 N.




UNIVERSITAT ROVIRA | VIRGILI
PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . )
ISBN: 978-84-690-7600-2 4 O Materiales y Métodos

DL.T.1387-2007

Figura 4.22. Valorador automatico CRISON Compact Titrator Versién D.

Por otro lado, diferentes autores trecomiendan el uso de técnicas
complementarias a la valoraciéon quimica de Boehm ya que establecen la
dificultad de usarla cuando la granulometria de la muestras es muy pequefia y
proponen el uso complementario de diferentes técnicas. Por ejemplo, XPS
darfa un valor aproximado de la composicion quimica de las capas mas
superficiales del material. Otra técnica adicional serfa la espectroscopia IR
aunque solo puede ser aplicada a carbones altamente oxidados, es decir, de
gran funcionalidad dado que las bandas de absorcién no serfan de suficiente
intensidad.

Figura 4.23. Equipo para analisis de TPD Termo Finnigan modelo TPDR 1100
(izquierda) conectado a un analizador de masas Pfeiffer Vacuum
Omnistar modelo GSD 301 O (derecha).
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Aunque de todas las técnicas propuestas, Figueiredo” *” recomienda el uso

de métodos de temperatura programada con la que los grupos oxigenados
que se encuentran en la superficie se descomponen al calentar en forma de
CO y CO,. Asi que se puede relacionar los picos obtenidos por TPD con los
grupos superficiales especificos, si bien éstos pueden verse afectados por la
textura del material, la velocidad de calentamiento establecida en el
experimento y la geometria del sistema experimental utilizado, mediante un
TPD conectado en serie con un analizador de masas (ver Figura 4.23).

4.3.4. Analisis de adsorcion

A la hora de comprobar el comportamiento de los CA preparados, las
pruebas realizadas se han basado en la adsorciéon de contaminantes en
efluentes liquidos.

4.3.4.1. Adsorcion de azul de metileno

Fundamentos

El método de adsorcion de azul de metileno se basa en la isoterma de
adsorcién de un solo punto para azul de metileno en un medio de acido
acético diluido™. El resultado se expresa en gramos de azul de metileno
adsorbidos por 100 gramos de carbon.

El azul de metileno es el compuesto de mayor uso en la evaluacion del poder
decolorante del carbén activado y su adsorcion es indiciaria de la presencia de
macro y mesoporos debido al gran tamafio de esta molécula, la cual es
aproximadamente 1.5 nm.

Equipamiento

El equipo utilizado para el analisis de muestras por colorimetria es un
espectrofotémetro UV-VIS 8500 de Dinko Instruments que dispone de una
lampara de tungsteno que se utiliza para el analisis de muestras a una longitud
de onda de 664.8 nm (ver Figura 4.24).

El anilisis se ha realizado introduciendo 33.7 mg de CA en base seca con una
precision de 0.1 mg en un bote de plastico con tapa roscada de 50 ml
Posteriormente se ha afiadido 50 ml de solucién de azul de metileno 3.2 mM,
se tapa el bote y se deja agitando la suspensioén durante al menos 24 horas.
Pasado este tiempo, se filtra la mezcla por gravedad con un papel de poro
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medio en un vaso de precipitado limpio y seco, descartando los primeros 5
ml, y del filtrado posterior obtenido, se realizan las diluciones necesarias para
que la concentracion esté en el rango de medida del aparato utilizado.

La medida de la concentraciéon de organico se realiza mediante el
espectrofotémetro de la figura anterior, donde también se miden los blancos
y los patrones. La cantidad adsorbida se calcula por diferencia entre el valor
inicial y el final.

Figura 4.24. Espectrofotémetro Dinko Instruments UV-VIS 8500 y detalle de su
interior.

4.3.4.2. Adsorcion de yodina

Fundamentos
El nimero de yodo (%) es un indicador relativo de la porosidad en el

carbén activo aunque no da necesariamente una medida de la habilidad del
carbon para absorber otras especies, como en el caso de la adsorciéon de azul
de metileno. La adsorcion de yodo se realiza con el propésito de establecer la
capacidad de los carbones activados preparados por activacion quimica, de
adsorber moléculas no polares de diametro pequefio. El nimero de yodo se
puede utilizar como una aproximacion del area superficial, en especial con el
volumen de microporos™, para algunos tipos de carbones activados aunque
su relacién no puede generalizarse. Fsta varia con el cambio de materia prima
del CA, las condiciones de trabajo y la distribucién de volumen de poro.

Este método se basa en la obtencion de una isoterma de adsorcion de tres
100, 101 : - :1: sz : 7
puntos™ "'l que se obtiene a partir de la utilizacién de una solucién de yodo
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de concentracién conocida que se pone en contacto con tres cantidades de

CA bajo condiciones de trabajo especificas. Esta suspension se filtra y se
mide la concentracién de iodina en la solucién restante mediante
espectrofotometria.

Equipamiento

El equipo utilizado para el analisis de muestras por colorimetria es un
espectrofotéometro UV-VIS 8500 de Dinko Instruments (ver Figura 4.24) que
dispone de una lampara de tungsteno que se utiliza para el analisis de
muestras a una longitud de onda de 458.4 nm.

El analisis se ha realizado pesando diferentes cantidades de CA (por ejemplo,
0.1, 0.2, 0.3, 0.4 y 0.5 g) en base seca con una precisién de 0.1 mg en un
erlenmeyer de cristal limpio y seco. Posteriormente se ha afiadido 50 ml de
solucién de yodina 0.1 N (0.05 M), se tapa el erlenmeyer con parafilm y se
deja agitando la suspension durante al menos 24 horas a oscuras. Pasado este
tiempo, se filtra la mezcla por gravedad con un papel de poro medio en un
vaso de precipitado limpio y seco y del filtrado obtenido, se realizan las
diluciones necesarias para que la concentracion esté en el rango de medida
del aparato utilizado.
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Figura 4.25. Ejemplo de isoterma de adsorcion de yodo en CAl02,
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LLa medida de la cantidad de organico por gramo de CA se realiza mediante el
espectrofotéometro de la Figura 4.24, utilizando como blanco agua MilliQQ y
donde también se miden los patrones de diferentes concentraciones dentro
del rango de linealidad. De las muestras preparadas no solo se mide el
nimero de yodo, sino también un parametro llamado normalidad del filtrado

residual (C). A partir de los datos de % y C se realiza una regresion lineal

102]

bl

y el valor final para el nimero de yodo se obtiene cuando C es de 0.02N!
tal y como se muestra en la Figura 4.25.

4.3.4.3. Determinacion de metales

Fundamentos

En el caso de la adsorcion de metales, la técnica utilizada ha sido la absorcion
atbmica ya que permite la determinacién cuantitativa de la mayorfa de los
elementos de la tabla peridédica en una gran variedad de muestras. La
cuantificacién se basa en la absorcién de la luz por los atomos del metal en
estado fundamental. Esta técnica estd especialmente indicada para determinar
elementos alcalinos, alcalinotérreos y metales pesados presentes en cualquier
tipo de muestra previamente disuelta. El rango de analisis esta entre tantos
por cientos y partes por billén (1 mg/tonelada).

Equipamiento

El equipo utilizado para determinar la cantidad adsorbida de cobre es un
sistema de Absorciéon Atémica Perkin Elmer 3110 (ver Figura 4.25) a una
longitud de onda de 216.5nm.

Figura 4.26. Equipo de Absorcién Atémica para la determinacién de cobre (II) y
lampara especifica.
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Los experimentos se han realizado en sistemas batch mediante la utilizacién
de 18 erlenmeyers. Cada uno de ellos contiene 150 mg de CA en suspension
con 150 ml de agua desionizada y diferentes cantidades de cloruro de cobre
(II), suministrado por Aldrich, se afladen a cada frasco. El pH inicial de cada
frasco se ajusta a 5 mediante la adiciéon de NaOH 0.1N y se deja en agitacion
durante 24 horas a 25°C, tal y como se muestra en la figura siguiente.

Figura 4.27. Sistema de andlisis empleado para la adsorcién de metales.

La concentracién final de cobre se analiza mediante el equipo mencionado y
la cantidad adsorbida se calcula por diferencia entre el valor inicial y el final.

4.3.4.4. Determinacion de componentes organicos

Fundamentos

Por otro lado, también se ha analizado la adsorcién" de componentes
organicos como el fenol™ * '™y el benceno!™” "' mediante
cromatograffa de liquidos. Estos compuestos se han escogido como
representantes de los contaminantes organicos mas comunes en los efluentes
industriales. En la actualidad, esta técnica de separacion es la mas extendida
utilizada debido a su versatilidad y amplio campo de aplicacién. Los
componentes de la muestra, previamente disueltos en un disolvente adecuado
(fase movil), son forzados a atravesar la columna cromatografica gracias a la
aplicaciéon de altas presiones. El material interno de la columna, fase
estacionaria, esta constituido por un relleno capaz de retener de forma
selectiva los componentes de la mezcla. La resolucién de esta separacion
depende de la interaccion entre la fase estacionaria y la fase mévil, pudiendo

[103]
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ser manipulada a través de la eleccion de diferentes mezclas disolventes y
distintos tipo de relleno. Como resultado final los componentes de la mezcla
salen de la columna separados en funcién de sus tiempos de retenciéon en lo
que constituye el cromatograma. A través del cromatograma se puede realizar
la identificacion cualitativa y cuantitativa de las especies separadas.

El campo de aplicaciéon de esta técnica es muy extenso, pudiendo tratar
productos farmacéuticos (antibioticos, sedantes, esteroides, analgésicos),
bioquimicos (aminoacidos, proteinas, carbohidratos, lipidos), alimentarios
(edulcorantes artificiales, antioxidantes, aditivos), contaminantes (plaguicidas,
herbicidas, fenoles, PCBs), en quimica forense (drogas, venenos, alcohol en
sangre, narcoticos) y en medicina clinica (acidos biliares, metabolitos de
drogas, extractos de orina, estrégenos).

Equipamiento

En este caso, el analisis se ha llevado a cabo en un cromatégrafo de liquidos
de alta precision Agilent 1100 Series dotado de una columna Hypersil ODS
250 mm vy utilizando como fase moévil acetonitrilo/agua en una proporcién
65/35. A estas condiciones, los tiempos de residencia de los compuestos
organicos estudiados son 1.5 minutos para el fenol y 2.5 minutos para el
benceno.

Figura 4.28. HPLC: Cromatégrafo de liquidos Agilent 1100 Series.

Adsorcién de componentes organicos

Para realizar este analisis se ha anadido 10 mg de CA a un bote de cristal con
tapon roscado que contenfa 10 ml de una disoluciéon de 100 ppm de benceno
o fenol preparada con agua ultrapura procedente de un equipo de Milli-Q
Millipore alimentado con agua destilada. Cada muestra se preparara por
triplicado asi como también se preparard por triplicado un blanco sin CA.
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Cada frasco se tapa bien y se deja agitando durante 48 horas, tiempo
suficiente para alcanzar el equilibrio, a una temperatura constante de 25°C en
un bafio térmico. Las muestras se colocan perpendicularmente sobre un eje
de rotor que gira a una velocidad de 2 rpm. La temperatura se controla
mediante un regulador electronico digital de temperatura P-Selecta modelo
Digiterm 100.

Posteriormente, se coge muestra suficiente con ayuda de una jeringuilla y una
aguja y se pasa a través de un filtro de celulosa regenerada a un vial de 0.45
Mm de tamafio de poro, el cual se tapa y se etiqueta. La medida de la
concentraciéon de organico se realiza mediante HPLC, donde también se
miden los blancos y los patrones. La cantidad adsorbida se calcula por
diferencia entre el valor inicial y el final.

Cinéticas de adsorcion

Previamente al andlisis de adsorcién de fenol y benceno, se han realizado
estudios cinéticos para determinar el tiempo de adsorcién minimo necesario
para alcanzar el equilibrio. La preparacién de las muestras se ha llevado a
cabo de manera similar a los analisis de adsorcion. En este caso, se preparan
diferentes botes de cristal que contienen 10 mg de CA y 10 ml de la solucién
de organico recién preparada, tal y como se ha descrito anteriormente.

Todas las muestras se dejan en agitaciéon durante un tiempo determinado
hasta un maximo de 7 dfas y posteriormente la muestra se trata para el
analisis, tal y como se ha descrito anteriormente. El equilibrio para el fenol se
alcanzo en 8 horas mientras que para el benceno, el equilibrio se alcanza a las
2 horas.

Isotermas de adsorcién

De igual manera a los analisis de cinética de adsorcion, se realizan las
isotermas de los dos compuestos organicos estudiados. Para ello, diferentes
cantidades de adsorbato (1-20 mg) se mezclan con 10 ml de solucion
contaminante recién preparada de fenol o benceno, a una concentraciéon 100
ppm. Los tubos se tapan y se ponen en agitacion durante 8 horas, asegurando
asi alcanzar el equilibrio establecido mediante los analisis cinéticos, a una
velocidad rotatoria de 2 rpm. Una vez transcurrido el tiempo establecido, se
toma muestra de cada uno de los botes de cristal y se analiza tal y como se ha
realizado anteriormente, en los analisis de adsorcion de componentes
organicos, mediante HPLC.
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4.4. Aplicaciones de los carbones activados

Una vez caracterizados, se pueden emplear en el campo de aplicacién mas
adecuado. En este caso, ya que los CA obtenidos son microporosos, se
usaran con el objetivo de adsorber metales pesados como el cobre y NOC de
efluentes liquidos. Los NOC escogidos han sido fenol y benceno ya que en
las dltimas décadas la calidad de muchas aguas se ha visto afectadas por la
creciente produccion de productos quimicos tales como pinturas, adhesivos,
plasticos, etc. de los que se generan residuos que contaminan, no solo las
aguas superficiales, sino también las subterraneas y estos dos componentes
son representativos de esta familia de contaminantes.

Por otro lado, el CA también se ha utilizado para obtener membranas
poliméricas compuestas, etapa previa a la obtencién de reactores de
membranas enzimaticos, utilizando el carbén inmovilizado en la matriz
polimérica para adsorber enzimas directamente, o a través de un metal (cobre
en este caso), considerando como base la técnica de cromatografia de
afinidad con i6n metilico inmovilizado (IMAC)"'"™. A pesar que existen
muchos ambitos de aplicacion para este tipo de membranas, en este trabajo
se han utilizado para obtener y separar aztcares de muy bajo peso molecular
(cercanos al del mondémero) a partir de aztcares de tamafio superior.
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5. DISCUSION DE RESULTADOS

Una vez preparados y caracterizado los CA (Etapa 1 y 2) se han preparado
una serie de articulos que han sido enviados a diferentes publicaciones.
Posteriormente, y a partir de la caracterizacion realizada, los CA preparados
en estas dos etapas se emplean en campos determinados, como la adsorcion
de componentes organicos en sistemas liquidos, y en casos mas especificos,
como por ejemplo, para la obtencién de membranas poliméricas donde se
retiene un enzima especifica.
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(Etapa 1y 2)

Aplicaciones

(Etapa 3)

Apartado 5.1 Apartado 5.2

Figura 5.1. Resumen de los reports realizados a partir de la obtenciéon de datos en
las etapas 1, 2y 3.

La lignina Kraft es un material poco utilizado en la preparaciéon de CA, ya
que normalmente se utilizan materiales que contienen este polimero pero no
por separado. Por esta razon, el estudio de la activacion quimica de la lignina
es novedoso y se hace necesario el conocimiento, no tan solo las
caracteristicas del producto obtenido, sino también por qué tienen lugar y de
esta manera prever las caracteristicas finales del producto con las condiciones
de operacion necesarias para obtenetlo.

En el caso de la activacidén quimica de la lignina Kraft con acido fosforico, en
b
primer lugar es necesario conocer los fendmenos que tienen lugar durante la
pirolisis y saber qué tipo de porosidad se desarrolla en la obtenciéon de AC-P.
En este caso, los estudios en termobalanza son muy utiles racias a los
> y y

datos experimentales obtenidos se ha podido proponer un modelo cinético™
que se ajusta a los escasos datos que se encuentran en la literatura.

Paralelamente al estudio cinético, es necesario conocer como afectan las
condiciones de preparacion de los AC-P en sus propiedades fisico-quimicas
finales””. Este punto es bésico para el desarrollo de los objetivos que
presenta esta memoria ya que poder prever las condiciones de operacion en

26 Montané, D.; Torné-Fernandez, V.; Fierro, V.; Activated carbons from lignin: kinetic
modelling of the pyrolysis of Kraft lignin activated with phosphoric acid. Chemical
Enginnering Journal, 2005. 106:p.1-12. (Ver Apartado 5.1.7).

27 Fierro, V.; Torné-Fernandez, V.; Montané, D.; Celzard, A.; Study of the decomposition of
Kraft lignin impregnated with orthophosphoric acid. Thermochimica acta, 2005. 433:p.142-
148. (Consultar Apartade 5.1.2).

28 Fierro, V.; Torné, V.; Montané, D.; Salvado, J.; Activated carbons prepared from Kraft
lignin by phosphoric acid impregnation. Péster. Carbon. Oviedo (Espafia). 2003. (Ver Anexo
B).
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el proceso de descomposicion térmica de la lignina Kraft activada con acido
fosforico a partir de las propiedades finales deseadas, conlleva un ahorro de
tiempo y recursos muy importante. En concreto, parametros tan importantes
como el rendimiento a carbon, el area superficial y la distribuciéon de tamafo
de poros™ son aspectos determinantes a la hora de escoger un sélido poroso
para una aplicaciéon determinada.

Por otro lado, las caracteristicas de la materia prima que se utilizan también
pueden afectar a las propiedades finales del AC-P*. En concreto, el efecto de
las cenizas’ que contiene la lignina Kraft, tal y como se suministra, en
comparacion con el uso de lignina Kraft desmineralizada, es decir, después
de proceder a un pretratamiento acido con el fin de disminuir el contenido en
cenizas formadas por sales, afecta a su polimerizaciéon y puede reducir la
interaccion con el agente activante.

En el desarrollo de carbones activados con hidréxido de potasio®™” y sodio™
se ha desarrollado un incremento de interés, por esta razén estudiar la
posibilidad de preparar CA microporosos a partir de lignina Kraft
desmineralizada e hidréxidos estudiando, como en el caso anterior, el efecto
de las condiciones de operacion, es importante desde el punto de vista de
desarrollar otra via de produccion de CA sin utilizar acidos.

2 Fierro, V.; Torné-Fernandez, V.; Celzard, A.; Kraft lignin as a precursor for microporous
activated carbons prepared by impregnation with ortho-phosphoric acid: synthesis and
textural characterisation. Microporous and mesoporous materials, 2006. 92(1-3):p.243-250.
(Consultar Apartado 5.1.3).

30 Fierro, V.; Torné-Ferniandez, V.; Celzard, A.; Montané, D.; Influence of the

demineralisation on the chemical activation of Kraft lignin with orthophosphoric acid.
Enviado a Journal of Hazardous Materials (Mayo 2000). (Consultar Apartado 5.1.4).

31 Fietro, V.; Totné, V.; Celzard, A.; Influence of the ash content on the microporosity of
activated carbons derived from Kraft lignin. Péster. Carbon. Corea. 2005. (Ver Anexo G).

3 Fierro, V.; Torné-Fernandez, V.; Celzard, A.; Highly microporous carbons prepared by
activation of Kraft lignin with KOH. Studies in Surface Science and Catalysis, 2005. 607-614.
(Consultar Apartado 5.1.5).

3 Fietro, V.; Torné-Fernandez, V.; Celzard, A.; Highly microprous carbons prepared by
activation of Kraft lignin with KOH. Péster. 7% International Symposium on the
characterization of porous solids. Aix-en-Provence (Francia). 2005. (Ver Anexo E).

3 Fierro, V.; Torné-Fernandez, V.; Celzard, A.; Methodical study of the chemical activation
of Kraft lignin with KOH and NaOH. Enviado a Microporous and Mesoporous Materials,
2006. (Consultar Apartado 5.1.6).
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Finalmente, una vez se tienen caracterizados los CA preparados por
diferentes métodos, estos se pueden aplicar en el campo mas adecuado. La
principal aplicacion de estos carbones esta en la adsorcion de diferentes tipos
de compuestos contaminantes (componentes metalicos*”, componentes
organicos de diferente polaridad®™”, etc.) en sistemas liquidos ya que los
carbones preparados son basicamente microporosos de areas superficiales
altas.

Sin embargo, estos carbones pueden tener otro campo de aplicacion como es
el de aditivo en membranas*’ para la obtencién de reactores enzimaticos de
membrana (EMR), a partir de una matriz polimérica (polisulfona) y la
incorporacion de carbon activado, el cual se usa para adsorber la enzima
directamente o a partir de un metal, considerando las bases de la técnica
IMAC!"®!,

Por dltimo, la experiencia ganada en el desarrollo de esta tesis ha permitido
trabajar en otros trabajos que han consistido en la caracterizacion de
carbones para la purificacién de xilo-oligosacaridos*'. Este producto tiene

% Fierro, V.; Torné, V.; Montané, D.; Garcfa-Valls, R.; Removal of Cu (II) from aqueous
solutions by adsorption on activated carbons prepared from Kraft lignin. Péster. Carbon
2003. 6-10 Julio, Oviedo (Espafia). (Consultar Apartado 5.2.1, ver Anexo C).

3 Novellon, E.; Fierro, V.; Torné, V.; Garcia-Valls, R.; Montané, D.; Use of Kraft lignin for
Cu (II) removal in industrial water. Poster. 9 Mediterranean Congress. Barcelona
(Catalunya). 2002. (Ver Anexo A)

37 Nastrunisku, G.; Fierro, V.; Torné, V.; Garcia-Valls, R.; Montané, D.; Uptake of Cu (II)
and Zn from aqueous solutions by Kraft lignin. Péster. 4" European Congtess in Chemical
Engineering. Granada (Espafia). 2003. (Ver Anexo D).

3 Torné-Fernandez, V., Mateo, J. M., Montané, D., Fietro, V.; Optimization of the synthesis
of highly microporous carbons by chemical activation of Kraft lignin with NaOH. Enviado a
Chemical Engineering Journal, 2006. (Consultar Apartado 5.2.2).

¥ Torné-Fernandez, V., Fierro, V.; Sotption study of organic compounds on highly
microporous carbons prepared from Kraft lignin. Enviado al journal Adsorption Science and
Technology, 2006. (Consultar Apartade 5.2.3).

40 Totras, C.; Torné, V.; Fierro, V.; Montané, D.; Garcia-Valls, R.; Polymeric composite
membranes based on carbon/PSf. Journal of membrane science, 2006. 273:p. 38-46.
(Consultar Apartado 5.2.4, ver Anexo F).

4 Montané, D.; Nabarlatz, D.; Martorell, A.; Torné-Fernandez, V.; Fierro, V.; Removal of
lignin and associated impurities from xylo-oligosaccharides by activated carbon adsorption.
Industrial Engineering Chemistry Research, 2006. 45:p. 2294-2302. (Consultar Apartado
5.2.5).
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gran importancia ya que deriva de hemicelulosas ricas en xilano que son
carbohidratos con un alto potencial en aplicaciones en productos de
alimentacion y farmacéuticos. Esta metodologia pretende ser aplicada en los
CA preparados para esta tesis una vez se optimice, debido a la poca cantidad
de CA que se obtiene en cada pirdlisis.
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5.1. Preparacion y caracterizacion de carbones activados

A continuacién se presentan seis articulos publicados y enviados a diferentes
revistas que tratan de la preparaciéon y caracterizacion de carbones
procedentes de lignina Kraft y activados quimicamente con acido fosférico,
hidréxido de sodio e hidréxido de potasio a diferentes condiciones de
operacion.

5.1.1. Activated carbons from lignin: kinetic modeling of the pyrolysis
of Kraft lignin activated with phosphoric acid

Este articulo se ha publicado en el Chemical Engineering Journal en 2005 en
el volumen 106, paginas 1 a 12.
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Activated carbons from lignin: kinetic modeling of the pyrolysis of Kraft
lignin activated with phosphoric acid
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Department of Chemical Engineering-ETSEQ, Rovira i Virgili University, Av. Paisos Catalans 26, E-43007 Tarragona, Catalunya, Spain
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Abstract

A phenomenological kinetic model has been developed for the pyrolysis at low heating rates of lignin activated with phosphoric acid. The
model is based on thermogravimetry (TG) and differential thermogravimetry (DTG) data from pyrolysis experiments and assumes that lignin
carbonization proceeds through a set of pseudo-first-order reactions. These reactions are a simplified description of the multiple reactions
involved in the process. TG experiments were performed in nitrogen atmosphere for lignin (L) impregnated with 85% phosphoric acid (PA)
at mass ratios (PA:L) from 1.0:1.0 to 1.75:1.0, a typical heating rate of 10°C/min and a maximum carbonization temperature of 650 °C,
including isothermal stages at 150 and 300 °C in the temperature programs for some of the experiments. Analysis of the TG and DTG curves
led to a kinetic model that includes an initial reaction step between lignin and phosphoric acid, water formation from the dehydration of the
excess of phosphoric acid to P2Os, pyrolysis of lignin to carbon and volatiles, evaporation of water and P2Os and finally, partial volatilization
of the carbon to light gases. Activation energies and the other parameters of the model were adjusted from experimental data. Activation
energies were 26.0 kl/mol for water desorption, 72.0 kl/mol for the dehydration of phosphoric acid to phosphoric pentoxide, 95.0 kJ/mol for
the volatilization of P;0s, 47.7 kJ/mol for the carbonization of the activated lignin and 106.3 kJ/mol for the pyrolytic release of light gases
from activated carbon. The model provides a good representation of the thermograms regardless of the phosphoric acid to lignin ratio and the
temperature profile along the reaction.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Lignin; Activated carbon; Phosphoric acid; Pyrolysis: Kinetics; Thermogravimetric analysis

1. Introduction

Activated carbons are adsorbents that are used industrially
in multiple processes for product separation and purification,
and for the treatment of liquid and gaseous effluents. Their
versatility allows a wide range of uses if their pore size distri-
bution and surface properties are properly tailored, and new
applications are being developed in areas such as pollution
prevention, supported catalysts and the storage of gaseous
fuels such as natural gas and hydrogen. Activated carbons
are produced from a wide variety of carbonaceous materi-
als, including wood and agriculture by-products [1], but the
expanding market for activated carbons has prompted inter-

* Comesponding author. Tel.: +34 977 559 652; fax: +34 977 558 544,
E-mail address: d tetseq.urv.es (D. M é).

1385-8947/S — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.c¢j.2004.11.001

est in finding complementary sources of carbonaceous pre-
cursors for their manufacture. Using carbonaceous residues
and by-products from existing industrial processes as feed-
stock for producing activated carbons is an attractive strat-
egy that may help reduce costs through process integration.
Among several possibilities, lignin, produced as a residual
material in the manufacture of cellulose pulps, offers strong
potential because it is available in high amounts at low cost.
Lignin is the most abundant natural polymer after cellu-
lose. Typically, it represents around 20-30% of the mass of
dry wood and is nowadays produced in huge amounts as a
by-product in the production of high-quality cellulose pulps,
mainly in the Kraft pulping process. In this process, lignin
is used as fuel to provide steam for the plant, which also
allows the recovery of the pulping chemicals (NaOH and
NazS). The trend towards larger plant capacities and the op-
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Table |
Lignin analysis {wt.%)

Proximate analysis
{wt, %6, wet basis)

Ultimate analysis
(wit. %, ash and moishe free)

Molsture 14.45 Carbon 59.46
Lsh 9.50 Hydrogen 3.07
“olatile matter 4493 Nirogen 0.03
Fixed carbon? 1112 Sulfur 2.15

Osyoer? 33.27

* Eatim ated by difference.

timization of the pulping process to improve cost effective-
ness have led to the plants producing more by-product lignin
than the amownt that is needed to cover their energy con-
sumption. Using Kraft lignin as raw material for chemicals
has therefore attracted considerable attention. Several appli-
cations for the lignin obtained from pulping processes have
been considered. One of its main uses so far has been as a
phenol substitute in the formulation of phenol-formaldehyde
resing and adhesives, but one of the main areas for pos-
sible applications for by-product lignin is in the prepara-
tion of activated carbons. The physical activation with CO;
of pyrolyzed lignins [2,3], as well as chemical activation
of lignin with ZnCl; [4], have been studied, bt the use
of ZnCl is declining due to its environmental impact [5],
and phosphoric acid is the preferred activating agent. How-
ever, the activation of lignin with phosphoric acid has not
been widely investigated, though maximum swface areas of
above 1300 m*/g have been reperted [6]. We recently stud-
ied the characteristics of the carbons obtained from Kraft
lignin activated with phosphoric acid at several process con-
ditions and showed that carbons with high surface areas
and good properties can be obtained [7]. In this paper, we
study the rates of carbonization of Kraft lignin activated
with phosphoric acid in a thermobalance and propose and
test a phenomenological kinetic model with the experimen-
tal data.

2. Experimental

A sample of Kraft lignin was obtained from Lignotech
Ihérica S.A. (Spain) and used to prepare activated carbons
as received (see Table 1 for composition). Elemental anal-
vsis wag performed in a EA1108 Carlo Erba analyzer and
the proximate analvsis was developed according to ISO stan-
dards for moistare (100 °C in ar), volatile matter (900°C in
nitrogen atmosphere) and ash (incineration at 815 °C in air).

Phosphoric acid (85% solution, Panreac, Spain) was used
as activating agent. Lignin and phosphoric acid were mixed
at the desired ratio and the mixture was left for 1h to allow
a complete impregnation of the lignin [8]. A small sample
(around 30-50 mg) of the mixture was then transferred to the
thermobalance (Perkin-Elmer TGA-T), where pyrolysis was
carried out in nitrogen at a constant flow rate of 50 mL/s.
Table 2 lists all the other specific conditions for the exper-
iments, which were performed randomly except for a first
series, which was performed to establish the reproducibility
of the TG results.

3. Results and discussion

Our first set of experiments tested the reproducibility of
our experimental procedure. Fig. 1 shows the thermograms (f
versus £) and the differential thermograms (dff dt versus £) for
replicated experiments on the carbonization of a sample of
lignin impregnated with a phosphoric acid to lignin massratio
(PA/L) of 1.4, a heating rate of 10°/min and a final temper-
ature of 650 °C for 120min (experiments #10/3, #10/4 and
#10/5 in Table 2). Since our experiments included isother-
mal periods, either at the end of the heating ramp or inter-
calated in it, we preferred time instead of temperature as the
independent variable for our caleulations. The average value
for the final mass fraction was 0.384 4 0.014 (95% probabil-
ity level), which shows the good reproducibility of the ex-

Table 2
Estperimental conditions used for the TGA experiments
Euon 1D H3POy (33%) to Initial Heafing rate First stage Becond stage Third stage
lignin mass ratio  temperanwe (=) (e Cimn i - - - - - -
TG Time (min) T Time (min) TG Time (min)
Exp #1073 1.4 23 10 650 120 - - - -
Esp #1074 1.4 25 10 630 120 - - - -
Exp #1075 1.4 25 10 650 120 - - - -
Exp #2 1.4 25 10 150 15 &30 0 - -
Exp #3 1.4 23 10 150 30 &30 30 - -
Esp #5 1.4 25 10 150 60 630 120 - -
Esxp #13 1.4 25 10 150 60 630 120 - -
Exp #18 1.4 25 10 300 60 &30 120 - -
Exp #20 1.4 23 10 150 60 300 60 &30 120
Exp#21 1.4 25 10 300 60 500 60 750 0
Esp #24 1.4 150 150 630 120 - - - -
Exp #10 (L/P 1:1.0) 1.0 23 10 650 30 - - - -
Exp #14 (L/P 1:1.4) 1.4 25 10 600 120 - - - -
Exp #18 (L/F 1:1.75)  L73 25 10 630 120 - - - -
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Fig. 1. Effect of the addition of intermediate isothermal stages on the final solid yield and the TG and DTG curves for experiments #5, #10/4 and #20

{experimental conditions listed in Table 2.

periments. The differential thermograms also show excellent
agreement among the three experiments throughout the reac-
tion time, since the values of the maximum rates of mass loss
and the time at which they are observed are almost identical
for the three runs. The differential thermogram shows two
peaks for the rate of mass loss, The first starts at low temper-
ature, reaches the maximum rate at around 175-180°C and
extends to 450°C. The second peak starts at around 500°C
and reaches the maxinuumn rate of mass loss when the isother-
mal segment at 650 °C starts.

Yoon et al. [9] reported an increase in carbon yield when
the sample was maintained at constant temperature for a cer-

tain time once the volatilization of the sample had started.
Other studies, however, reported that the carbon yield did
not change when intermediate isothermal periods were in-
cluded during the pyrolysis of viscose ravon cloth [10] and
apple pulp [11]. We performed experiments #5 and #13, un-
der the same conditions as #10/3, #10/4 and #10/5 but with
an isothermal segment at 150°C for 60 min. Again, repro-
ducibility was excellent for the TG and DTG curves (Fig. 1).
The mass fractionremaining at the end ofthe experiments was
00.386 + 0.002, which is equivalent to that of the experiments
without intermediate isothermal period. We may therefore
conclude that including isothermal periods does not signif-
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icantly changes the final yield of solid. However, including
intermediate isothermal stages proved valuable becanse it re-
vealed that the peaks of the rate of mass loss in the DTG
were the result of the superposition of several reactions. For
example, if we compare the DT Gplots for experiments #10/4
and #5 we can see that the broad peak observed during the
heating period in experiment #10/4 splits into two different
peaks when an ntermediate isothermal period at 150°C is
added. The new peak shows the maximum rate of mass loss
at 350—400 °C, but it appears also to be the result of the super-
position of two reactions. This is confirmed by experiment
#20, which adds two isothermal periods — one at 150 °C for
60 min and another at 300 °C for 60 min — and shows the
existence of four maximums in the rate of mass loss along
the thermogram. This experiment also had a vield of residual
solid of 0.381, which confiimed that including ntermedi-
ate isothermal stages has no significant effect on the final
mass fraction if the same final temperature of carbonization
is achieved.

4. Modeling of lignin pyrolysis

Several models are available in the bibliography for the
kinetics of the thermal decomposition of biomass and its
fractions. The most usual approach starts with the assump-
tion that the components of biomass (cellulose, hemicellu-
lose and lignin) react simultaneously and independently of
the others through a set of parallel reactions [12-15]. When
applied to lignin activated with phosphoric acid, the model is
reduced to two parallel and independent reaction processes:
the volatilization of the water present in the sample and the
carbonization of the phosphoric acid-activated lignin (PL)
inte activated carbon and volatiles. Water comes from the
phosphoric acid solution and the moisture of lignin. This
system is described mathematically by Eqs. (1)-(5), where
Mg e and mo,, are the initial masses of PL mixture and water,
mrp and my, the actual masses of PL and water at a point
along the experiment, mq, the residual mass of solid at the
end of the thermogram, f the fraction of the initial mass re-
maining as solid, /7 p and £ the fractions of the initial mass
of phosphoric-activated lignin and water, fLp, and fw, the
same at the beginning of the experiment, app and oy the
degrees of transformation for activated lignin and water, and
kr.p and &y Arrheiuns rate constants for the volatilization of
activated lignin and water.

Water volatilization was assumed to be first-order. Some
therm ogravimetry studies on lignin pyrolysis propose a first-
order reaction process [15-17], but most studies conclude
that reaction orders are higher [13,14,18,19]. We therefore
assumed that the devolatilization of activated lignin may not
be first-order and included the reaction order for activated
lignin {1 p) as one of the parameters to be optim ized from ex-
perimental data, together with the activation energies and the
frequency factors. A convenient least-squares objective func-
tion to calculate the optimal values of these parameters when

using several therm ograms, which may combine isothermal
and non-isothermal stages, is presented in Eq. (6) for p ther-
mograms with r(i) data points each. f;xp are the measured

values of f, and f;al are those calculated with Egs. (3)-(5)
and numerical integration of Eqs. (1) and (2):

% =kpp(l —opp)™®  with wpp = Zop — PLE ay

I3 Mopp — Moo

e, Tl — ) with aw = Mow — MW @

dz gy

Jup = fup, —orp{fIp, — foo) 3

Fw = fw(l —ow) “

f=fe+ fw 3)
» z?’f(i) (il g &

Fe j=1ME i 73
; BT — )

Fig. 2 compares the thermograms and the differential ther-
mograms recorded for experiments #10/4, #5 and #20 with
those caleulated with the best-fit values of the model param-
eters. The model describes the general trends of the thermo-
grams qualitatively but shows large discrepancies with the ex-
perimental results, especially when two intermediate isother-
mal stages are included in the thermogram (experiment #20).
We may therefore conclude that a better description of the
interactions between lignin and phosphoric acid has to be
incorporated into the model.

Analysis of the TG and DTG plots in Fig. 1 reveals some
characteristic trends of the pyrolysis of lignin in the pres-
ence of phosphoric acid. Since water will evaporate at the
lower temperature, the broad peak observed in the DTG be-
tween 100 and 450°C in experiments #10/3, #4, #5 is not
only caused by water evaporation but also by the decompo-
sition of lignin and phosphoric acid. Water comes from the
phosphoric acid solution, the moisture in lignin and from
reactions of lignin and phosphoric acid at low temperature.
In the presence of PA, lignin reacts through cleavage of the
aryl-ether bonds, the formation of ketone groups, condensa-
tion and dehydration [20]. Pyrolysis of lignin in the presence
of phosphoric acid shows that CO and CO; beginto evolve as
volatile products at a temperature as low as 100 °C [21]. The
inclusion of an isothermal stage at 150 °C for 60 min (exper-
iments #5 and #20) shows that only 20% of the initial mass
volatilizes at this temperature. This is atiributed to the release
of water and light compounds from lignin degradation by the
action of phosphoric acid. When a second isothermal stage
is included at 350 °C for 60min (experiment #20), the total
mass loss reaches 34%. The peak at 240-320°C in the DTG
curve for experiments #5 and #13 is attributed to the release of
organic volatiles formed during the carbonization of the acti-
vated lignin. This peak is overlapped with the peak of water
when no intermediate isothermal stage is used (experiments
#10/3, #4, #5). When the sample is heated at 650 °C for 2 h,
the final mass loss is around 62% for all experiments. The
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Fig. 2. Comparison between the experimental TG and DTG curves (1) and those calenlated with the two parallel reactions kinetic model (), Eqs. ( 11-(5), for
experiments #5, #10/4 and #20, {Experimental conditions listed in Table 2. For better visualization, only 1 data point out of 20 is plotted in the experimental

TG and DTG curves.)

high degree of mass loss between 350 and 650 °C cannot be
attributed to volatile matter from lignin alone since the rate
of lignin pyrolysis reaches a maximum in the temperature
interval from 300 to 370°C [14,15]. The behavior of phos-
phoric acid at elevated temperature also has to be accounted
for. The experiments presented in Fig. | were performed at
a phosphoric acid-to-lignin mass ratio of 1.4:1, which ex-
ceeds the minimum ratio of 1.0: 1.0 required to activate lignin
completely [8]. As the temperature of the sample increases,
the excess phosphoric acid is converted to pyrophosphoric
acid (H4P207) by condensation and dehydration. Extended
heating forms polyphosphoric acid (Hy4 2Py 03,4 1), which

finally decomposes to form P20s, which sublimates above
300°C and melts and vaporizes at 580-585 °C [22]. Thistem-
perature is very close to the peak observed at 650°C in the
DTG curves, which istherefore attributed to the volatilization
of the P Os.

4.1. Development of a new kinetic model for the
pyrolvsis of lignin activated with phosphoric acid

Qualitative interpretation of the thermograms leads us to
the development of a kinetic model that accounts for the ob-
served phenomena during the pyrolysis of lignin in the pres-

7



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ‘. . . .
ISBN: 978-84-4dEP&ggSIon, caracterizacion y aplicaciones de carbones activados O
DL.T.1387-2007

& D, Montané et al. / Chemical Engineering Jowrnal 100 (2005 1-12

78

ence of phosphoric acid. The process was modeled with the
reaction scheme described by Eqgs. (T(12). Eq. (T) is the
formation of a complex (LP) between lignin (L) and phos-
phoric acid (PA) through linkage of the phosphoric group to
a reactive site in lignin. Based on experimental evidence we
determined that this process finishes in 1h at room temper-
ature [8]. Therefore, this reaction was complete before the
thermal treatment was started. Eq. (8) is the drying of the
sample through water (WS) evaporation. Eq. (%) accounts for
the conversion of the excess phosphoric acid to P;Os (POS)
when water is completely removed, and Eq. (10) describes
the evaporation of POS. Finally, pyrolysis of the lignin—PA
complex vields activated carbon (AC) and volatiles (VO), as
described by Eq. (11). The parameter ¢ indicates the mass
fraction converted to activated carbon, and (1 — ) indicates
the mass fraction converted to volatiles during carbonization.
Eq. (12) describes the partial volatilization of the activated
carbon through slow pyrolysis to vield light gases (GA). All
reactionrates were assumed to be first-order for each reactant.

L+ PA - LP+ WS, r = fastatroom temperature (7)

WS =W, rm=klws (&)
PA — $(POS+3WS), r3=FksCps ®
POS — PO,  ry = FkaCpog {am
LP - 0ACH (1 —o)VO, rs =ksCrp (11)
AC = GA, rg=keCac (12)

Assum ing that the reacting solid has homogeneous prop-
erties, individual mass balances are developed for each com-
ponent of the solid:

dj;‘fs = —ka fws + %ks MM\:/‘;f Fea (13)

dng = —k3 fea 14

df;% = —kafro + %ka mzﬁ Tea (15)

dfgp = —ks fip {16)

% = ofks frp — ke fac an
MW

o = oeMw—‘zs (18

where f; denotes the mass fraction of species j refemred to
the initial mass of the sample (My), MW, is the molar mass
of species j, and the rate of decrease of the fraction of the
initial mass that remains in the solid (d#d# is obtained from
Eq. (20). All the rate constants were assumed to follow the
Arrhenius relationship Eq. (21).

M;

=% (19

5
dr 1 dM;
e —L 0
di MO;:] ds 2

£,
ki = ko exp (‘R_{) en

The initial mass-fraction composition of the sample was cal-
culated from the amounts of phosphoric acid and lignin, the
moisture content of the latter, and accounting for the water
originated through reaction (1) (Eqs. (22)-(24))

(mass of anhvdrous H; POy
- o | AR
P mass of dry lignin ( T )) o5)
’ total mass
(mass of dry lignin (MEAM))
fzo= i @3)
: total mass
s (MW
P (mass of water + mass of dry lignin (—EAMWL ))

total mass

249

The optimal values for the 12 unknown parameters in the
model (koj, E;, o and MWL) were estimated from the mini-
mization of the least squares objective function F, Eq. (25),
where r is the number of thermograms and p{i) is the number
of data points recorded for the ith thermogram (time, temper-
ature fraction of the initial mass remaining and rate of mass
loss). This objective function was chosen to simultaneously
minimize the squared differences in the fraction of the initial
mass remaining in the solid and the rate of mass loss. This
was needed because it was observed that an objective fune-
tion that was only based on the fraction of the initial mass
gave optimal values that adjusted the data for the isothermal
stages correctly, but gave poor results for the non-isothermal
stages where the rates of mass loss were higher. Similarly, an
objective function based on the rate of mass loss misrepre-
sented the isothermal stages where the rate of mass loss was
small.

The fraction of the initial mass remaining predicted by the
model, fi, E)nodal, was calculated with Eqs. (13)-(21), which
were integrated numerically by an explicit Euler method. The
temperature recorded at each sampling time along the ther-
mogram was used to calculate the instantaneous rate con-
stants. The rates of mass loss were evaluated numerically
from the values of A7, k). Thismethod provided a sufficient de-
gree of acouracy because, as the thermogram s were recorded
at a high sampling frequency (typically one data point every
4 5), the time increments used in the calculations were small
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Table 3 grams, regardless of the number of intermediate isothermal
Least-squares best-fit values for the model parameters stages. The same graphs also show the evolution of the mass
Reaction ko, (s=') £ (/mol) MW (g/mol) o' Minimum £ fractions of water in the sample (WS), lignin—phosphoric
) 420 260 135.3 0.736 2205 x 10~ acid complex (LP), phosphoric acid (PA), P2Os (POS) and
(3) 395.9 72.0 activated carbon (AC). Analysis of the temporal evolution
(4) 3264 95.0 of the mass fractions computed for each component in the
(3) 75 413 solid mixture shows that drying of the sample (reaction (2))

() 1.1 106.3

takes place at the lowest temperature and is completed be-
fore the sample reaches 200°C. Carbonization of the acti-
enough to avoid numerical instability. vated lignin (LP) starts at around 100°C and is completed
when the sample reaches 400°C for the experiments without

i 40 (.f(f'.-")memmm J‘(i-kJmaul)z

Fe x = FUFhmodal 3.0
i=1 i)

2.5
4 "d%ikl d,fsu]\ 2 0.5 2
2@ t t )nzp—.runqmaﬂ ( 1 ) odel £

n (dm,n u.E‘ 20
E k=1 o )mnde] T

=T pli) v

(25)
1.0 -
07 08 1.2 1.3

The optimal values calculated for the activation energies
(E)), the frequency factors (ky,), the stoichiometric coeffi- 3.0
cient in reaction (3) («') and the apparent molar mass of
lignin (MWy) are shown in Table 3. Activation energics
were 26.0k)/mol for water desorption, 72.0kJ/mol for the
dehydration of phosphoric acid to phosphoric pentoxide,
95.0kJ/mal for the volatilization of P»Os, 47.7kI/mol for
the carbonization of the activated lignin and 106.3 kl/mol for
the pyrolytic release of light gases from activated carbon. The
activation energy for the volatilization of lignin impregnated
with phosphoric acid lies inthe 35-100 kJ/mol range reported
for lignin pyrolysis using several kinetic models [23], and
falls below the range of activation energies from 60.6kl/mol
at200°Cto 153.6kl/mol at 700 °C reported for the pyrolysis
of lignin activated with ZnCl; using a kinetic model based on
a continuous distribution of activation energies [24]. Fig. 5
shows a sensitivity analysis for the influence of the model pa-
rameters on the least squares objective function /. This analy-
sis shows that the activation energies ( £;), the apparent molar
mass of lignin (MW ) and the stoichiometric coeflicient for
the carbonization of the activated lignin (&) are evaluated
accurately because the error function F is very sensitive to
small variations in their individual values. The frequency fac-
tors ( ko, ) that we have calculated are more uncertain due to the
low sensitivity of the error function to their value, especially
for the frequency factor for the rate constants of phosphoric
acid dehydration ( &3 ) and water volatilization (&2 ).

Figs. 3 and 4 compare the thermograms measured for the
experiments at an 85% phosphoric acid-to-lignin mass ratio Pl 5, Sersitiity axialysis Sor e Huoded .
of 1.4:1 (Table 2), and those calculated with the model using (1op), fequency fastors (middie), and e o Jignin, MW, B
the best-fit values of the parameters. Agreement between the (bottom) (E1, k11 O Ea, ks V3 B, kst O Es, ky: O; s, kst A; s W5 and
model and the experiments is excellent for all the thermo- MW, : ®).
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intermediate isothermal stages (experiment #10/4), or with
an isothermal stage at 150°C for 60min (experiment #3),
but reaches completion at 300°C if an isothermal stage at
300°C for 60min is included in the temperature program
(experiment #18). Decomposition and volatilization of the
excess phosphoric acid take place at a higher temperature
and are responsible for the mass loss observed above 400 °C.
This starts at around 230°C, which is close to the value of
213°C reported for pure orthophosphoric acid [22], and is
completed at around 550-380°C. This broad interval of re-
action temperature agrees qualitatively with the consecutive

exp #10
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reactions involved in the formation of P2Os from phospho-
ric acid, which proceeds through the formation of pyrophos-
phoric acid (H4P207), polyphosphoric acid (H, 2P, O35+ 1)
and finally P>Os. The volatilization of phosphorous pentox-
ide also happens in a broad interval of temperature. Accord-
ing to the kinetic model, it starts once the sample reaches
around 280°C, which is close to its sublimation tempera-
ture of 300°C, and takes place much faster above 570°C
when vaporization is accelerated due to the melting of P, Os
at 580-585 °C [22]. Finally, the residual mass loss during the
isothermal stage at 650°C is caused by the release of light
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Fig. 6. Comparison between the experimental TG and DTG curves (T} and those caleulated with the two parallel reactions kinetic model (=), Eqs. (13)-(24),
for experiments #10 L/P 1:1.0, #14 L/P 1:1.4 and #18 L/P 1:1.75. ( Experimental conditions listed in Table 2. Continuous thin lines are mass [mctions calculated

for lignin-phosphoric acid complex (LP), phosph
out of 20 15 plotted in the experimental TG and DTG curves.)
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gases as the carbon formed at lower temperatures is pyrolyzed
to a greater extent.

Analysis of the differential thermograms, also presented
in Figs. 3 and 4, shows that the model acourately describes
the rate of mass loss for the experiments with one nter-
mediate isothermal stage at 300 °C #18, #20, #21). Four
maximums in the rate of weight loss are observed: the
first for water volatilization, the second for the release of
volatiles during the formation of activated carbon, the third
for the decomposition of phosphoric acid and the fourth for
the volatilization of PoOs. For the other experiments there
are some discrepancies in the temperature interval from 300
to 500 °C since the model shows the existence of a small
maximum on the rate of mass loss at around 450 °C caused
by phosphoric acid dehydration to phesphorous pentoxide,
which is not observed experimentally. Close examination of
the experimental rate of mass loss in this temperature range
shows a series of small maximums and inflection points (see
experiments #2 and #3, for instance), which point to the
existence of a set of simultanecus reactions taking place in
the solid. These reactions are probably related to the decom-
position of phosphoric acid to P;0s, which in the model
has been assumed to proceed through a single reaction step
(Eq. (9)), though, as described before, it actually proceeds
through a series of consecutive steps (Fig. 5).

The influence of the PA-to-lignin ratio is examined in
Fig. 6, which shows the results for experiments performed
at PA-to-lignin ratios of 1.0:1.0, 1.4:1.0 and 1.75:1.0 (w:w)
using similar temperature profiles throughout the experiment.
The model can reproduce the measured thermograms within
the limits of the experimental error in all cases, thus proving
its robustness. Analysis of the differential therm ograms show
limitations for the three experiments similar to those noted
earlier: the model can describe the general trends in the tem-
poral evolution of the rate of mass loss but there are minor
discrepancies in the temperature interval from 300 to 500 °C
caused by the complex nature of the reactions involved in
phosphoric acid decomposition.

3. Condusions

A phenomenclogical kinetic model has been developed
for the pyrolysis of lignin activated with phosphoric acid at
low heating rates to produce activated carbon. The model is
based on TG and DTG data from pyrolysis experiments and
it assumes that lignin carbonization proceeds through a set
of pseudo-first-order reactions. These reactions are a simpli-
fied description of the multiple reaction processes invelved in
the thermal decomposition of lignin mixed with an excess of
phosphoric acid. The model provides a good representation of
the therm ograms regardless of the phosphoric-acid-te-lignin
ratio and the temperature profile along the reaction. The ac-
tivation energies and other parameters have been calculated
from the experimental mass-loss and differential mass-loss
curves. The model could be improved if the composition of

the volatile products were analyzed continuously by on-line
mass spectrometry to determine the actual rates of volatiliza-
tion for water, phosphoric acid-derived products (i.e., P2Os)
and carbon-containing compounds.
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5.1.2. Study of the decomposition of Kraft lignin impregnated with
orthophosphoric acid

Este articulo se ha publicado en el journal Thermochimica Acta en 2005 en el
volumen 433, paginas 142 a 148.
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Abstract

The aim of this study was to analyze the pyrolysis of Kraft lignin impregnated with orthophosphoric acid by thermogravimetry (TG-DTG).
We studied the effect of various parameters on both the char yield and the rate of mass loss: heat treatment temperature up to 650°C,
impregnation time, inclusion of isothermal periods, acid to lignin mass ratio (P/L) and gaseous atmosphere. Decomposition of pure lignin
showed two maxima in the mass loss corresponding to evolution of moisture at 92 °C and to lignin decomposition in a broad temperature
range from 150 to 650 °C, respectively. When orthophosphoric acid was added, lignin dehydration proceeded to a larger extent, decomposition
occurred in a narrower temperature range and decomposition ended at lower temperatures with higher char yields. There was an optimum P/L
at values between 0.8 and 1.0, and further increasing P/L had low influence on the decomposition mechanisms, Differential Thermal Analysis
(DTA) showed that reactions occurring upon impregnation of lignin with orthophosphoric acid at room temperature are finished after only 1 h,
which confirmed the TG-DTG results. Impregnation times longer than | h and inclusion of isothermal periods did not affect significantly the
subsequent char yield. Concerning the gascous atmosphere, identical char yield were obtained whether the samples be prepared in nitrogen
or in air at 430 °C. However, decomposition in air at 630 C produced a decrease in the char yield when compared to pyrolysis in nitrogen due
to the evaporation of P,0s and the subsequent oxidation of the unprotected carbon.
© 2005 Elsevier B.V. All rights reserved.

Kevwords: Lignin; Activated carbon; Hy POy ; Thermogravimetric analysis

1. Introduction dustrial chemistry (i.e., as a substitute in the formulation of

phenol-formaldehyde resins and adhesives). Another inter-
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The kraft method produces black liquor. a residue com-
posed by lignin (30-40%) and other inorganic compounds,
that is used as in-house fuel for the recovery of both en-
ergy and residual inorganic matter. The trend towards larger
plant capacities and the optimization of the pulping process
to improve cost effectiveness have led to the plants produc-
ing more by-product lignin than the amount that is needed
to cover their energy consumption. The separation of lignin
after water evaporation of black liquor could be an alterna-
tive to its incineration. Lignin is a bountiful and renewable
source and could represent an attractive field for future in-

* Corresponding author, Tel.: +34 977 558546, fax: 434 977 558544,
E-mail address: vanessa fierrof@urv.net (V. Fierro).

0040-6031/% — see front matter © 2005 Elsevier B.V. All rights reserved.
doiz10.1016/).1ca.2005.02.026

esting option among these potential uses for lignin is the
production of activated carbons.

Several authors have reported the use of kraft lignin as
activated carbon precursor. Del Bagno et al. [1] investigated
char and activated carbon manufacture from black liquors at
a pilot-plant scale. Rodriguez-Mirasol et al. [2] prepared ac-
tivated carbons from carbonization of eucalyptus kraft lignin.
The latter research group also studied the chemical acti-
vation of this precursor by using ZnCly [3] and obtained
microporous activated carbons with a BET surface area as
high as 1800m? g~!. However, the use of ZnCl; has de-
clined due to the environmental problems [4] and orthophos-
phoric acid (PA) is preferred as activating-dehydrating
agent.
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PA promotes the bond cleavage in the biopolymers and
dehydration at low temperatures [5], followed by extensive
cross-linking that bonds volatile matter into the carbon prod-
uct and so an increase in carbon vield. Benadi et al. [6]
showed that the mechanism of PA activation of biomass feed-
stocks oceurs through various steps: cellulose depolymeriza-
tion, biopolymers dehydration, formation of aromatic rings
and elimination of phosphate groups. This allows activated
carbons to be prepared with good vields and high swface
areas.

The use of PA as activating agent has been reported with
various agricultural by-products [ 7-20], wood [21,22], natu-
ral carbons [4,23,24] and synthetic carbons [25,26]. As far as
we know, there is only one paper wherein the possibility of
chemical activation of kraft lignin with PA among other ac-
tivating agents has been examined [27]. The authors carried
out carbonization over the temperature range of 500-900 °C
held for 1h and under N5 flow: maximum swrface areas of
more than 1300 m? g~! were found at §00°C.

This paper deals with the thermal decomposition of kraft
lignin activated with PA in order to analyze the effect of the
operation conditions on the char yield and onthe rate of mass
logs. The operation conditions studied were the impregnation
time, the inclusion of isothermal periods, the PA to lignin
mass ratio and the gaseous atmosphere. The role of PA as
activating agent but also as inhibitor of carbon oxidation are
herein analyzed.

2. Experimental

Kraft lignin was provided by Lignotech Iberica S.A.
(Spain). Table 1 shows the proximate and ultimate analysis
of lignin. The proximate analysis was carried out according
to [SO standards following the weight losses at 100 °Clair
(moisture), 200 °C/non-oxidizing atmosphere (volatile mat-
ter) and 815 °C/air (ash). An 85wt.% H3;PO4 aqueous solu-
tion (Panreac, Spain) was used as activating agent. Ultimate
analysis was carried out in a EA1108 Carlo Erba Elemen-
tal Analyser. Results presented in Table 1 are very similar to
those already reported [28].

Table 1

Lignin analysis (wt.%)

Proximate analysis (wt %, wet basiz)
Moisture 14.5
Agh 8.5
Wolatile matter 45.0
Fisted carbon?® 310

Ultimate analysis (wt.%, ash and moishire free)

Carben 585
Hydrogen 5.1
MNitrogen 0.1
Sulphur 22
Onygan® 331

* Estimated by differenca.

Lignin was mixed with varying amounts of H;PO, in the
range of 0.3-1.8PA to lignin mass ratio (P/L). The shury
was left for impregnation times from 1 to 22 h at room tem-
perature and under air, then transferred to a Perkin-Elmer
TGA 7 thermobalance wherein decompaosition was carried
out at temperatures up to 650 °C. Inthis study, approximately
30-50mg of sample was heated up to a maximum tempera-
ture of 650 °C and in a flow rate of 30cm® min~! measured
at room temperature and atmospheric pressure.

Experiments were repeated three times to be sure of the
reproducibility, which was found to be quite satisfactory. Av-
erage data obtained at each set of operation conditions were
considered for results and discussion. For comparison pur-
poses between the various activation parameters, we used a
sample impregnated for 1 h with a P/L of 1.4 and pyrolyzed
with a heating rate of 10°Cmin~! up to 650°C in nitro-
gen. The operation conditions were varied with regard to this
reference. The effect of impregnation time was studied for
samples left for 1 and 22h at room temperature, The inclu-
sion of isothermal periods was studied holding temperature
for 15, 30 or 60min at 150 “C or for 60min at 300°C and
heating the sample at 10°Cmin—! up to 650 °C afterwards.
The effect of P/L was studied for samples with a P/L of 0.3,
0.6,0.8,1.0, 1.4 and 1.8. Finally, the effect of gas atmosphere
on decomposition was studied using nitrogen or air and heat-
ing the sample to a maximum temperature of either 450 or
650 °C, which temperatures were held for 120min.

Differential thermal analysis (DTA) was performed by
simply recording the voltage drop at both ends of a differen-
tial chromel-alumel thermocouple, having one temperature
probe embedded within the 1.4P/L. mixture (ie., the sam-
ple), while the other one was inside a fine powder of dry
a-alumina (i.e., the reference). The experiment was carried
out at room temperature, and the P/L. mixture was stirred by
the thermocouple probe itself. For that purpose, any part of
the experiment (thermocouple, sample and reference), was
handled using metallic tongs, in order to avoid parasitic heat-
ing due to the fingers of the operator.

3. Results and discussion

Fig. 1(a) and (b) showstherm ogravimetric (T'G) and differ-
ential thermogravimetric (DT G)ourves, respectively, for pure
lignin, PA and 0.3 P/L mixture when heated at 10°Cmin~!
up to a temperature of 650 °C in nitrogen. The three samples
were next maintained 2h long at this latter final tempera-
ture. At the initial stage of the thermal treatment, pure lignin
losses moisture from room temperature (7', ) to 131 °C (77,
The dehydration proceeds with a maximum rate at 60 °C
(7 max ), reaching a constant weight of 7% at 131 °C. Degra-
dation of pure lignin cccurs over abroad temperature interval
(150-650 °), witha maximum weight-loss rate between 300
and 370 °C. The decomposition of lignin is highly complex
and depends on several factors such as its origin. The ocour-
rence of lignin degradation in a wide range of temperatures

87



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ‘s . . .
ISBN: 978-84-4dEP&ggsion, caracterizacion y aplicaciones de carbones activados O

DL.T.1387-2007

88

144 V. Fierro et al. / Thermochimica Acta 433 (2005) 142-148
100 800 100 200
% <00 W 600
2 &
< = = 60 .
E:: B 400 5: = 400 sa“
= 40 e = s 40 o
20 200
(a) 0
S04
B 600
3 £ &
= = .
;\_a : 400 =
=
= 200

0
0 20 40 60 80 100 120 140
(k) t {min)

Fig. 1. (a) TG and (b) DTG curves for decomposition of pure lignin (4), PA
(—), and the 0.3 P/L mixture (£) in nitrogen. The thermal treatment is also
shown on the plot,

has been described by several authors [29,30]. Negligible
weight losses were observed while lignin was held 2 h long
at 650 °C in nitrogen, hence the x-axis in Fig. 1 was limited
to a maximum value of = 140 min.

PA losses water at higher temperatures than pure lignin
due to the different nature of the water eliminated. Wa-
ter from lignin corresponds only to moisture whereas wa-
ter from PA comes from moisture and the water generated
by H3 POy thermal degradation into P>Os. Indeed, when or-
thophosphoric acid is heated it dehydrates to form pyrophos-
phorie acid, HqP;097, as a result of the condensation of two
phosphoric acid molecules. Continued heating leads to a mix-
ture of orthophosphoric and polyphosphoric (Hy2PyQspe1 )
acids called superphosphoric acid. At higher temperatures
metaphosphoric acid, HPOj3, is formed and it decomposes
to P20s [31]. Thus, a maximum weight-loss rate was ob-
served at 170°C and the sample continued loosing weight
up to 300°C, which can be attributed to the successive de-
hydration reactions to P2Os. As temperature increased above
300°C, weight loss continued at slower rate due to the sub-
limation of P>Os that starts at this temperature [31]. Sub-
limation continued steadily up to T=580°C where a sharp
increase in the weight-loss rate of the sample was observed,
due to P20s melting and evaporation at 580-585°C [31].
The sample weight when temperature arrived at 650 °C was
of 52% and, as the temperature was held for 2 h, the sample
was totally evaporated.

The 0.3 P/L mixture showed an intermediate behavior
between those shown by lignin and PA. Fig. 2(a) and (b)
shows experimental and caleulated TG and DTG curves of
the 0.3 P/L mixture; the calculation was made on the basis of
a weighted combination of the experimental curves of pure
PA and pure lignin. Doing so, the calenlated carbon yield
measured during heating was found to be lower than the

0
(1] 20 40 60 80 100 120 140
(b} t (min)

Fig. 2. {a) TG and (b) DTG curves for the decomposition of the 0.3 P/L mix-
ture experimental (4) and caleulated (- - ) ing 1 weighted combinati
of the TG and DTG curves for PA and lignin.

experimental one. However, when temperature was held at
650 °C for 2h the calculated carbon yield decreased under
the experimental one, 29 and 51%, respectively. The experi-
mental weight-loss was higher than that calculated at temper-
atures lower than 150°C and between 200 and 450°C, and
the weight of the sample was almost constant at termperatures
higher than 600°C.

These results clearly indicate that lignin reaction with PA
during impregnation results in a complex mixed substrate,
and that the PA/lignin mixture decomposes according to a
reaction path, which is different from that of pure lignin.
The PA-impregnated lignin follows a different reaction path
during decomposition from that observed in pure lignin. Re-
action of lignin with PA starts at room temperature as soon as
the components are mixed sinee, according to the DTA curve
given in Fig. 3, the temperature of the P/L sample increases
immediately. This observation is in agreement with Lai [32]

AT(°C)

0.0 02 04 0.6 0.8 1.0
Impregnation time(h)

Fig. 3. DTA as a fimction of the impreg time of the 1.4 P/L mixture
in air and at mom temperature. The fimst two peaks are artefacts only related
to the stirring of the formerly inhomogeneous P/L mixture.
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who reported the cleavage of aryl ether bonds in accompa- 100 800
nied by dehydration, degradation and condensation reactions
together with the formation of ketones by hydrolysis of ether F 80 = 600
linkages at low temperatures. PA promotes dehydration pro- e - 5
ducing an important reordering of the structure and decreas- 5 400 <
ing the volatile compounds emitted during decompaosition ” _ '
and so increasing the carbon yield. Therefore, the first weight =
loss at temperatures lower than 150 °C can be attributed to i .

the increase of dehydration and the higher rate of mass loss
between 200 and 450°C can be attributed to the decompo-
sition of the depolymerized fractions of lignin that degrade
at lower temperature than “pure’ lignin. The mass loss rate
caleulated as the weighted combination of the curves for PA
and lignin is very different from the experimental one at tem-
peratures higher than 500 °C (see Fig. 2 ). Whereas the weight
of the sample remained approximately constant at 51% the
calculated weight decreases steadily up to 29% due to P,O5
evaporation at temperatures above 580 °C. This result agrees
with the total reaction of PA with lignin once they are mixed
with a P/L of 0.3.

3.1. Effect of the impregnation time

In order to study the effect of the impregnation time, two
samples with a P/L=1.4 and impregnation times of 1 and
22 h were pyrolysed with a heating rate of 10 °C min ! up to
600 °Cinnitrogen. TG curves showed nearly the same evolu-
tion with temperature. The char yield at 600 °C was of 56 and
55% for the samples with 1 and 22 h of impregnation time,
respectively. This little difference is within the uncertainties
of the method and it is difficult to conclude from these results
that impregnation time has a real effect on the char yield.

Fig. 3 shows a DTA curve of a sample during the impreg-
nation time with a P/L = 1.4 in air and at room temperature.
The temperature difference between the sample and the ref-
erence is seen to be almost zero after 1 h impregnation time,
evidencing that no chemical reaction still occurs after that
time. Therefore, the expected differences, if there are, will
be of minor importance for carbons prepared with impregna-
tion times longer than 1 h. In that sense, DTA results are in
good agreement with TG-DTG analysis and hence the effect
of the other operating conditions can be studied using only
1 h impregnation time.

3.2, Effect of intermediate isothermal periods

Yoon et al. [33] reported an increase of char yield by main-
taining the sample at constant temperature for a certain period
of time at the beginning of the weight loss. Therefore, we have
studied the effect of including isothermal periods at 150 and
300 °C, temperatures at which maximum weight-loss rates in
PA-lignin mixtures were observed.

The PA-lignin decomposition was studied for a sample
with a P/L = 1.4 and an impregnation time of 1h, intercalat-
ing isothermal periods of 15, 30 and 60min at 150°C. Fig. 4
shows the mass loss of these samples and that of the ref-

0 20 40 60 80 100 120 140 160

t (min)

Fig. 4. TG curves of the 1.4 P/L. mixture in nitrogen when intercalating
isothernmal periods at 150°C (@) 0 min-reference, (A) 15 min, (l) 30 min,
(¥} 60 min). The thermal treatment is also shown on the plot ({0} Omin-
reference, (4) 15 min, (C0) 30 min, (V) 60 min).

erence sample without including isothermal periods. Except
for the step at 150 °C, the shape of the curves was essentially
the same with a slight variation in the slope of the mass loss
between 250 and 400°C due to the higher extent of lignin
degradation with longer isothermal periods. Thus, the differ-
ences observed at the end of the isothermal period at 150°C
were small 81, 79 and 77% after 15, 30 and 60 min, respec-
tively. However, once the temperature arrived to 650 °C and
after holding for 30 min the char yield was of42, 41 and41%
for the same samples, respectively, and also of 41% for the
reference sample. Therefore, intercalating isothermal periods
does not produce changes in the char yield.

Although the differences of char yield upon addition of an
isothermal period at 150 °C were not very important, includ-
ing an isothermal step at this temperature can be of practi-
cal interest. Biomass is usually ground and pelletized before
carbonization for commercial purposes. As the maximum
welght-loss rate corresponding to moisture vaporization dur-
ing the decomposition of lignin takes place at approximately
150°C, the rapid water vaporization could erack-up the pel-
let. Carbonization of lignin in pellets indeed evidenced that
intercalating an isothermal period between 100 and 150°C
allows a steady vaporization of lignin moisture, finally lead-
ing to pellets free of cracks.

We also studied the PA-lignin decomposition with a
P/L=1.4 and with the inclusion of isothermal periods of 1h
at 150 or 300 °C. The inclusion of an isothermal period of
That 150°C or at 300°C did not produce any change in
the char yield that was about 41% after holding for 30min
once the temperature arrived to 650 °C. These results are in
agreement with the works of Rodriguez-Reinoso et al. [34]
and Tascon et al. [35] who found no change in carbon yield
with inclusion of intermediate isothermal periods during the
course of decomposition of viscose rayon cloth and apple
pulp, respectively.

3.3. Effect of phosphoric acid to lignin mass ratio (P/L)

Fig. 5 shows the DTG curves of PA-lignin mixtures, vary-
ing P/L from 0.3 to 1.8. As the P/L increased, the fempera-
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Fig. 5. TG and DTG curves of the decomposition of PA/lignin mixtures, varying P/L from 03 to 1.8, heating at 10 °Cmin~" up to 650 °C and holding the final

temperature for 2 h,

ture at which the rate of weight loss was maximal raised up to
P/L=1.0. At P/L = 1.0, Tymg remains practically unchanged
at a temperature of around 180-185 °C. We can also observe
in the figure that increasing P/L from 0.3 to 0.8 makes the
lignin to be completely degraded at decreasingly lower tem-
peratures, from 620 to about 400 °C. By contrast, P/L = 1.0
lead to almost identical end of degradation temperatures,
lower than 400°C.

Jagtoyen and Derbyshire [21] reported that COz and CO
begin to evolve from biomass in presence of PA just be-
low about 100°C and their production increases sharply fo
achieve a maximum at about 200°C. In Fig. 5, it may be
observed that Tma becomes higher than the temperature of
maximal rate for PA dehydration (170 “C) and so there is not
a clear difference between dehydration of the PA-lignin mix-
ture, dehydration of the PA in excess and lignin degradation
with increasing P/L. However, it seems clear that there is a
P/L value where PA totally reacts with lignin and so higher
P/ should not produce any effect on the decomposition of
lignin. In order to confirm the existence of this optinum P/L,
the inflexion point of the TG curve after 71y was assumed
to mark the end of the dehydration peak, and hence to corre-
spond fo the limiting temperature 7'y, between dehydration
and decomposition. The percentage of mass loss due to the
reaction of PA with lignin, %MLpa., could thus be quantified,
and was calculated as follows:

MLy, —[XpMLp + XiMLp] .

100
L‘H-'Tm

%MLpj, =

where MLy, is the percentage of mass loss at the inflexion
point of the curve, Ty, for a mixture PA-lignin. MLp and
MLy stand for the water loss of PA and lignin respectively
when pyrolyzed independently. Xp and JX;, are the weight
fraction of PA and lignin in the PA-lignin mixture at a given
P/L.

Fig. 6 shows the %MLpy, caleulated as defined above as
a function of P/L. The mass loss due to the addition of PA
increases nearly linearly between a P/L of 0 and 0.8 and
remains approximately constant for P/L = 1.0 within the error
in the estimation of MLz, . This figure confirms that it exits a
maximum of acid that can react with lignin. Using P/L = 1.0
does not increase dehydration: the acid in excess degrades
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Fig. 6, Percentage of mass loss due to the reaction of PA with lignin as a
fimetion of P/L.
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Fig. 7. TG curves of the 1.4 P/L mixture in nitrogen and air when heating at 10 °C min : up to {a} 450 “Cand (b} 650 °C, and holding the final temperature for

2h.

up to P20Os and evolves, which is confirmed by the weight
loss produced at P/L = 1.0 and at temperatures higher than
550°C observed in Fig. 5.

It may be seen from Fig. 5 that, at P/L=0.3, the plateau
indicating that no more reaction takes place while the mate-
rial is heated (i.c., the lignin degradation is finished), occurs
near 600°C. Increasing P/L makes the end of the degra-
dation oceur at decreasing temperatures as far as P/L re-
mains below 1.0. The DTG curves for P/L = 1.0 evidenced
the same behavior, i.e.. the lignin degradation took place at
lower (<400°C) and almost identical temperatures, and the
weight-loss rate was nearly constant at temperatures from
450 to 550°C. The melting and vaporization of P;0s of
the unreacted PA could explain the increase in weight-loss
rate from 550 to 650°C. This observation supports the hy-
pothesis of an optimum on P/L at values between 0.8 and
1.0 as argued above. Tt seems clear that since PA reacts
with lignin, the optimum P/ will depend on the lignin
origin.

3.4. Effect of the gaseous atmosphere

Materials impregnated with PA are usually pyrolyzed in
nitrogen. However, earlier studies have shown that chemical
activation with PA in air produced carbons with the greatest
total number of functional groups when compared with acti-
vation under nitrogen flow [25,36,37]. Therefore, excluding
obvious economical concerns, activation in air is an interest-
ing option when activated carbons are used for the removal
of metals in water treatment because metal uptake appears to
be directly correlated with the number of functional groups
[36].

To study the effect of the gaseous atmosphere in the
process, a sample of PA-impregnated lignin was heated at
10°Cmin~" up to 450 or 650 °C in air and in nitrogen and
both final temperatures were held for 2 h. Fig. 7(a) shows TG
curves of PA-lignin decomposition with P/L = 1.4 in nitrogen
and air when heating at 10°Cmin ! up to 450 °C. The TG
curves for these two experiments exhibit exactly the same
shape, i.., the sample losses weight in the same way and
independently of the atmosphere used. Moreover, there was
no significant weight loss for 2 h once the temperature of the
sample arrived to 450°C.

Fig. 7(b) shows the same as in Fig. 7(a) but the final tem-
perature was 650°C, held 2h long. Again, the TG curves
for both nitrogen and air atmospheres exhibit exactly the
same shape up to 650 °C. However, if temperature was held at
650°C for a longer time, the samples behaved differently in
air and in nifrogen. The sample pyrolyzed in nitrogen showed
asharp decrease in the weight from 51 to 43% during the first
15min and afterwards the weight remained approximately
constant with time. On the contrary, the sample pyrolized in
air showed a continuous decrease during 80 min reaching a
mass percentage of 14.5% meaning the total combustion of
the sample. Indeed, due to the phosphatation of the ashes, a
residual mass higher than that given in Table 1, 9.5%, was
recovered. The low mass variation (8%) of the sample py-
rolyzed in nitrogen can be attributed to the P;Os vaporiza-
tion whereas the low char yield in air is the result of the P, 05
vaporization of the PA used in excess and the combustion of
unprotected carbon. Examining Fig. 7, one can extract a con-
clusion of practical and economical importance: char yield
is nearly independent of the gaseous atmosphere at moderate
temperatures and with the adequate P/L.

4. Conclusions

When lignin and PA are mixed together, they react com-
pletely in less than 1 h and longer impregnation times or in-
clusion of isothermal periods do not have any influence onthe
char yield. The product of the reaction between PA and lignin
pyrolyses following a reaction path different from that of pure
lignin. PA acts on lignin increasing dehydration and anticipat-
ing its complete degradation at temperatures as low as 400 °C.,
There exits an optimum P/L at values between 0.8 and 1.0 that
allows the complete reaction of lignin, and further increases in
P/L do not produce changes on the pyrolysis process. Hz POy
in excess dehydrates progressively into P2Os which finally
melts and evaporates. P;Os protects carbon from oxidation
and once evaporated at temperatures higher than 580°C the
carbon is totally oxidized in air whereas the char yield in
nitrogen remains constant. Char yield is nearly indepen-
dent of the gaseous atmosphere at moderate decomposition
temperatures as long as lignin has reacted completely with
PA.
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prepared by impregnation with orto-phosphoric acid: synthesis and
textural characterisation
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Kraft lignin as a precursor for microporous activated carbons
prepared by impregnation with ortho-phosphoric acid:
Synthesis and textural characterisation
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Abstract

Activated carbons were prepared by activation of Kraft lignin with ortho-phosphoric acid at various temperatures (400 630 °C),
weight ratios of ortho-phosphoric acid to lignin (P/L — 0.7 1.75) and impregnation times (1 48 h). The resulting carbons were charac-
terised by elemental analysis, N> adsorption at 77 K and SEM. The results indicate that the pyrolysis of lgnin impregnated with ortho-
phosphoric acid produces essentially microporons carbons, with a percentage of the total micropore volume approximately constant
[80%4), whatever the carbonisation temperature. The fraction of ultramicropores decreases with increasing temperature whereas that
of superticropores reaches 2 maximum at 600 °C. The maximum surface area (1305 m¥g) and pore volume (0.67 cm®/g) are reached
at 600 °C, while pyrolysis of acid-impregnated lgnin at temperatures higher than 600 °C produces a significant reduction of both pore
volume and BET surface area due to: (1) the shrinkage of the matertal caused by the degradation of the phosphate and polyphosphate
bridges and (if) the oxidation of the carbon caused by the loss of the protecting P,Os. Increasing the P/L ratio increases the carbon yield
and involves changes in the total volume of pores, the pore size distribution and the BET surface area. There exists an optirmum P/L ratio
which probably depends on the activation temperature, an excess of ortho-phosphoric acid beyond this optimum value reducing the sur-
face area and the pore volume of the resultant activated carbon. Increasmp the impregnation time, the surface area and the pore volume
are lowered, and such an effect is more severe at higher activation temperatures.

@ 2006 Elsevier Inc. All rights reserved.

Keywords: Activated carbon; Ortho-phospheric add activation; Porosity; Surface area

1. Infroduction energy and of the remaining imorganic reactants. As pro-
gress has been taken to maximise production, the recovery
furnaces n an ever-increasing number of mills have become
overloaded; the result is that all the by-product lignin can

no longer be used in its traditional role as a fuel. Unfortu-

The conversion of wood chips to pulp for manufactur-
ing paper generates huge quantities of by-product hignins.
Various processes can be used to remove and isolate hignin.

The Kraft process produces black liquor, a residue com-
posed of lignin (30-40%) and other inorganic compounds.
This residue 18 used as in-house fuel for the recovery of

" Corresponding author. Present address: Laboratoite de Chimie du
Sclde Minéral, Université Henri Pomcaré—Nancy [[ UMR—CNRS
7555, BP 238, 54506 Vandoewvre-18s-Nancy, France. Tel.: +33 383684000;
fax: +33 383654619,

E-mail address: Vanessa. Flerre@lesm-uhp naney.fr (V. Flerro).

1387-1811/F - see front matter © 2000 Elsevier Inc. All rights reserved.
doi: 10,1016/ micromeso. 2006.01.013

nately the necessary capital investment usually prechudes
construction of a new recovery furnace so that there is little
prospect of rectifying the situation in the majority of recov-
ery-loaded mills. The separation of lignin and its use as pre-
cursor for activated carbons {ACs) could be an alternative
to meinerabion.

ACs have already been synthesised by physical activa-
tion of eucalyptus Kraft lignim by CO; partial gasification
[1] and by chemical activation of this precursor using zinc
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chloride [2]. Chemical activation of Kraft lignin with ZnCl,
within the thermal range 400-500°C allowed obtaining
high surface area ACs with predominantly microporous
structure. At 500 °C and impregnation ratio ZnCly/lignin
of 2.3 ww, the maximum of mesoporosity (0.59 cm®/g)
and microporesity (1.04 an*/g) and a corresponding BET
surface area of 1800 m%*g were obtained. However, the
use of ZnCl, has declined due to environmental problems
[3], and ortho-phosphoric acid is preferred as activating-
dehydrating agent.

The use of ortho-phosphoric acid as activating agent has
been reported for various agricultural by-products [4-17],
wood [18,19], natural [20,21,3] and synthetic [22,23] car-
bons. The orthe-phosphoric acid impregnating the material
plays a double role according to Jagtoyen and Derbyshire
[18]: (@) it preduces the hydrolysis of the lignocellulosic
matters and the subsequent extraction of some compo-
nents, thus weakening the material, which swells and (ii)
the acid occupies a volume which inhibits the contraction
of the material during the heat treatment, by forming phos-
phate and polyphosphate bridges that connect and cross-
link biopelymer fragments, thus leaving a porosity when
it 1s extracted by washing after carbonisation.

To the best of our knowledge, there is only one paper
[24] mn which the possibility of chemical activation of Kraft
lhignin with H.PO,, among other activating agents, has
been examined. The authors carried out carbonisation at
a temperature held for 1 h within the range 500-900 °C,
under N, flow. Maximum surface arcas of more than
1300 m? ¢! were reached at 600 °C.

Our previous studies, dealing with the analysis of the
thermal decomposition of Kraft lignin impregnated with
ortho-phosphoric acid, were carried out using thermogravi-
metry {TG-DTG) [25,26]. In these papers, we got sgmifi-
cant insight in the activation process and in the role of
P30s, up to its evaporation at 580 °C, in protection against
carbon oxidation. Thus, ortho-phospheric acid was found
to increase the carbon yields in two ways: (1) ncrease of
dehydration and promotion of a structural rearrangement
of the solhid, which also reduces the emission of volatile
compounds and (i) prevention of combustion m the air
atmosphere.

In this paper, the preparation at a larger scale and the
characterisation of the ACs derived from Kraft lignin
(KL), using chemical activaion with ortho-phosphoric
acid in air, are reported. Our purpese was to examine the
influence of preparation conditions (activation tempera-
ture, ortho-phosphoric/lignin weight ratio and impregna-
tion time) on carbon yield, surface area and pore size
distribution.

2. Experimental
2.1. Stariing marerials

Kraft hgnim (KL) was provided by Lignotech Iberica
S.A. The proximate analysis was carned out according to

ISO standards, following the weight losses of the material
at 100 °C in air {moisture, ISO-589-1981), at 900°C in a
non-oxidising atmosphere (volatile matter, ISO-5623-
1974) and at 815°C in air (ashes, ISO-1171-1976). An
85 wt.%. H3PO, selution {Panreac, Spain) was used as acti-
vating agent. The wltmate analysis of the pristne hgnin
was carried out in an EAl1108 Carlo Erba Elemental
Amalyser.

2.2. Preparation and characierisation of the ACs

Lignin was mixed with various amounts of H;PO, in the
range of 0.7-1.75 acid to lignin weight ratio (P/L) on a wet
basis. The shurry was left for impregnation imes varying
from 1 to 48 h at room temperature in air, and then trans-
ferred to a furnace DUM Model 10CAF where carbomnisa-
ton was carried out under air atmosphere. The furnace was
heated at 10 °Cmin~ ", up to 150 °C, which temperature
was held for 1h to allow free evolution of water. After-
wards the oven was heated at 10°C min™" up to the final
carbonisation temperature, ranging from 400 to 6350 °C,
which was held for 2h. To remove the excess of HiPOy
after carbonisation, the activated carbon was extensively
washed with distilled water until a neutral pH was met (a
CyberScan PC 510 pH-meter with a Hamilton-electrode
‘Flushtrode’ was used). Then, the samples were dried over-
night in an oven at 105 °C.

C, H, S and N contents of the ACs were measured using
an EA1108 Carlo Erba Elemental Analyser. P content was
determined by scanning electron microscopy (SEM) with a
JEOL JSM-6400 equipped with an energy dispersive X-ray
{(EDX) microanalyzer. Oxygen was calculated by difference.

Surface area and pore size distributions were determined
from the corresponding nitrogen adsorption—desorption
isotherms obtained at 77 K with an automatic instrument
{ASAP 2020, Micromeritics). The samples were previously
outgassed at 523 K for several hours. N; adsorption data at
relative pressures ranging from 107> to 0.99 {in a set of val-
ues previously fixed) were analysed according to: (i) the
BET method [27] for caleulating the apparent surface area,
Sppr and (1) the o, method [28] {using Carbopack F
Graphitised Carbon Black as reference material [29]) for
calculating the micropore volume, ¥, mico. and the ultrami-
cropore volume, . The total pore volume, Vj g0, was
calaulated from nitrogen adsorption at a relative pressure
of 0.99. ACs were examined by scanning electron micros-
copy {SEM) operating at magnifications of =400 and
=7000.

3. Results and discussion
3.1. Characterisation of the raw material

Table 1 shows the proximate and ultimate analyses of
Lignin. The high sulfur content (2.2%) in KL is originated

both from the Kraft or sulfate process, based on the action
of NaOH and Na,8 for separating cellulose from the other
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Tahle 1

Lignin analyses {wt.%)

Proximate Elemental {wi.%, ash and

{wt.%, humid basis) moisture fres)

Moisture 14.45 Carbon 59.46

Ash 9.50 Hydrogen 5.07

Volatile matter 4493 Nitrogen (.05

Fixed carbon® 31.12 Sulfur 2.15
Oxygen® 33.27

* Estimated by difference,

wood constituents, and from organically bound sulfur (up
to 1.5%]) [30].

Fig. 1 shows SEM mmages of KL at different magnifica-
tions. KL particles are small, and have a rounded (even
spherical) shape with widely open volumes inside. Such
morphology is probably due to the concentration process
of lignin from black liquors, which is done by evaporation;
due to their surface tension, the particles take a spherical
thermodynamically more stable form. A more detailed
observation reveals that the surface of the KL particles is
very rough.

We observed that reaction of lignin with ortho-phos-
phoric acid starts at room temperature, and as soon as
the components are mixed together, the temperature of
the vessel increases [25]. Lai [31] indeed reported the cleav-
age of aryl ether bonds accompanied by dehydration, deg-
radation and condensation reactions together with the
formation of ketones by hydrolysis of ether linkages at
low temperatures.

In order to understand the effect of the preparation con-
ditions on the ACs produced by activation of KL with
ortho-phosphoric  acid, activation temperature (400
650 °C), weight ratio of acid to lignin (P/L = 0.7-1.75)
and impregnation time (1-48 h) were systematically varied.

3.2, Effect of the activation temperature
The effect of activation temperature was studied from

400 to 650 °C using KL impregnated with ortho-phospho-
ric acid for 1 h and with a P/L ratio of 1.4.

Fig. 2 shows the variation of carbon yield with activa-
tion temperature. Increasing the temperature, the carbon
yield decreases from 49% at 400 °C to 8% at 650 °C. There
are two sharp decreases in carbon yield, one from 400 to
450 °C and the other between 550 and 650 °C, whereas
the slope is lower between 450 and 550 °C. The correspond-
ing weight loss mechanisms were explained in our previous
studies [25,26] carried out in a thermogravimetric device.
The first sharp weight loss corresponds to the loss of most
of the volatile matter. The second one would correspond:
(i) to the volatilisation of the P,Os; coming from the
H;POy in excess and (ii) to the resultant carbon combus-
tion once the formerly protecting P,0s is lost.

Table 2 shows the elemental analysis of the ACs pre-
pared according to the experimental conditions used in this
study. As temperature is increased up to 550 °C, there is an
increase in C and a decrease in O and H contents, due to an
increasing degree of aromaticity. At activation tempera-
tures higher than 550 °C, the C/H ratio remains neatly con-
stant, indicating no further changes in the chemical
composition, which again confirms the aforementioned
process explaining the variations of carbon yield. The P
content in the ACs decreases with temperature, indicating
a degradation of the phosphate and polyphosphate groups.

Fig. 2 also shows the BET apparent surface area of the
ACs prepared at different activation temperatures. The
BET surface area increases between 400 and 600 °C up to

1400 -|60
150
— 12001 |
RC 140 =
i} | =
= 1000 130 =
8 .. 2
“ 120 &
800 | £
110
|
i i 4 '

600 : ! In
350 400 450 500 550 600 650 700
TOC)
Fig. 2. BET surface area and carbon yield of the activated carbons as a

function of the activation temperature (P/L=1.4 and 1h impregnation
time}.

Fig. 1. SEM images of Kraft lignim at different magnifications,
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Table 2
Activation conditions and elemental analysis of the resultant ACs

Activation conditions Elemental analysis

T(°C) PIL (wiw) # () C (%) H (%) C/H N (44) 8 (%) F (%) C* ()

400 L4 1 76.18 2.03 37.53 0.12 0.65 nd. nd.

425 14 1 76.26 1.84 41.45 018 0.73 n.d. n.d.

450 L4 1 78.03 1.58 45.08 0.20 103 1.20 17.90

475 14 1 78.02 1.58 49.38 0.22 0.98 n.d. n.d.
525 14 1 79.54 1.41 5641 0.23 0.68 0.80 17.34
550 14 1 79.97 1.28 61.99 0.20 0.66 n.d. nd.
575 14 1 80.51 1.35 58.64 0.27 0.88 n.d. n.d.
600 L4 1 80.82 1.27 63.64 0.29 0.79 0.60 16.23
625 14 1 79.06 1.40 5647 0.46 0.66 nd. n.d.
650 14 1 78.14 1.24 63.02 0.55 0.85 0.60 12.58

450 0.7 1 77.23 2.02 38.23 0.25 0.80 110 18.60

450 L0 1 77.83 1.78 4372 0.25 1.20 0.9 18.04

450 1.2 1 77.85 1.52 40.60 018 0.66 1.3 17.98

450 175 1 76.23 1.51 39.91 0.15 0.77 2.3 18.60

450 14 43 78.25 1.66 47.14 0.20 0.54 n.d. nd.
600 L4 2 2042 141 57.04 0.31 042 n.d. n.d.

600 14 6 79.5 1.15 67.16 0.32 0.89 n.d. n.d.

600 1.4 43 7875 1.23 64.02 0.36 1.04 nd. nd.
* Estimated by differetice; n.d. not determined.

a maximum value of 1305 m® g~ ' observed at 600 °C and 300

the surface areas are considerably reduced at higher tem- m-é" 900

peratures. These results are consistent with the two sharp 2

decreases in carbon yield observed previously. The steady £ 300

increase of surface area with temperature up to 600 °C %’

would correspond to the evolution of compounds pro- 2 200 »~

duced from the cross-linking reactions. The latter preserve 2 100

the structure of the polymer at the same time as the BET =

surface area and the porosity increase up to 600 °C. At 0f

higher temperatures, the degradation of the phosphate 0 0.2 o4 P 06 08 1

o

and polyphosphate bridges, already observed by the
decrease of P content in the ACs with temperature
[25,26], would weaken the structure; the resultant collapse
would then lower both the BET surface area and the pore
volume. Moreover, the loss of the protecting P05 and the
combustion of the carbon could also explain this reduction
in the surface and the porosity. Hayashi et al. [24] also
reported that 600 °C is the optimum temperature for sur-
face development m ACs prepared by ortho-phosphone
acid activation of KL, in good agreement with our results.

Fig. 3 shows adsorption isotherms of N; at 77 K mea-
sured on ACs prepared at different temperatures from
400 to 650 °C. Al the isotherms are of type I. That of
the carbon prepared at 400 °C has a very small upward
bending at the highest pressures, indicating an essentially
microporous character with some contribution of wider
pores {meso- and macropores). As activation temperature
increases, the knee of the isotherm widens and the platean
is not clearly reached, indicating pore widening. The iso-
therm of the carbon prepared at 650 °C shows the lowest
N3 adsorption capacity, due to the reduction of both its
surface and its pore volume.

Tig. 4 shows the application of the o, method to the N3
isotherms of the ACs prepared at 400, 500, 600 and 650 °C,
which allows to calculate ¥ymicro and Ve Fig. 5 shows

Fig. 3. Nitrogen adserption (full symbels) and desorption (empty
symbols) isotherms of activated carbons prepared at different tempera-
tures (P/L — 1.4 and 1 h impregnation time).

the evolution of V08, Vomicre and ¥, uws a5 a function of
activation temperature. ¥,uum always decreases with
increasing temperature whereas the volume of supermi-
cropores, calculated as the differsmee between Vo,
and ¥ e, reaches a maximum at 600 °C. At temperatures
higher than 600 °C, there is a reduction of all the pore vol-
umes. This reduction in the total poresity would be due to:
(1) the collapse of the structure produced by the loss of
phosphate and polyphosphate bridges and the resultant
weakening of the structure at temperatures higher than
600 °C and {1} the oxidation of the carbon caused by the
volatilisation of the protecting P70s.

SEM photographs of the ACs prepared at different tem-
peratures, with a constant P/L ratio of 1.4 and an impreg-
nation tme of 1 h, are shown m Fig. 6. This figure shows
well-defined macroperes and the presence of small grains
at the surface; these grams are more hardly seen in the
AC prepared at 650 °C, which also presents a smoother
surface. It can be observed that increasing activation tem-
perature, the small grains agglomerate, or soften, to form
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Fig. 4. o, plots of N, adsorption at 77 K on ACs prepared at: (a) 400, (b) 500, (¢) 600 and [d) 650 °C (P/L — 1.4 and 1 h impregnation time).
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Fig. 5. Effect of the activation temperature on the pore volumes: I g5 (&),
V mioro () and ¥y, (M) of the ACs.

bigger spheres until becoming nearly undistinguished with
the surface at 650 °C. This finding is consistent with a low-
ering of the surface area at high temperatures.

3.3 Effect of the impregnarion ratio

Porosity is generated with ortho-phosphoric  acid
remaining intercalated in the internal structure of the bio-
polymer material in the form of phosphate and polyphos-
phate compounds [32], hindering the shrnkage. As P/L
increases, it is reasomable to expect, on one hand, an
increase mn the volume filled by polyphosphate compounds
as long as ortho-phosphoric acid can react with lignin, but
also, on the other hand, a weakening of the structure due to
the attack of the excess acid. The effect of the P/L ratio was
studied using carbons impregnated during 1 h at five differ-

ent P/L ratios, rangimg between 0.7 and 1.75, and activated
at 450 °C.

Fig. 7(a) shows the variation of carbon yield with the B/
L ratio. The carbon yield increases from 21% at P/L = 0.7
32% at P/L = 1.4. The latter value of carbon yield is nearly
identical te the amount of fixed carbon determined in
Table 1, once more confirming the protecting role of the
phosphoric acid against carbon oxidation in air at the
experimental activaton temperatures. It was found that
P/L values higher than 1.4 do not produce further increase
of carbon yield at 450 °C. The P/L ratio not only affects the
char vyield but also the apparent surface area and the pore
size distribution. Fig. 7{a) also shows the vanation of the
apparent surface arcas with the P/L ratio. The highest
value is reached at P/L = 1.2-1.4, and further increases in
the P/L ratio produces a decrease in the BET surface area.

Nitrogen adsorption isotherms measured on ACs pre-
pared at several P/L ratios are of type I, just like those
already presented in Fig. 3. AtP/L = 0.7, the activated car-
bons are essentially microporous with some contribution of
wider pores {meso- and macropores). Increasing the P/L
ratio produces the development of porosity in the mesopor-
ous region, evidenced by the wideming of the knee of the
isotherms. Fig. 7(b) shows the variation of ¥} 49, ¥, micros
and Vium of the ACs with the P/L ratio used for activa-
tion. The highest micropore to total volume ratio is found
at the lowest P/L ratio used. As P/L ratio increases up to P/
L =14, the Vooo and V,pmere Increases but the Ve
decreases. Within the inherent error in the N; adsorption
measurements and despite the heterogeneity of the AC
samples, a P/L ratio between 1.2 and 1.4 seems to be an
optimum when carbonisation is carried out at 450 °C.
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100" um

Fig. 6. SEM images of the activated carbons prepared at 450 (a, ¢) and 650 °C (b, d) at different magnifications (P/L = 1.4 and 1 h impregnation time).
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Fig. 7. Effect of the P/L ratio: {a) on the BET surface area and the carbon
yield: (b) on the pore volumes Py o (&), Voo (O} and ¥, ., (W) of the
ACs prepared at 450 °C and 1 h impregnation time.

P/L between 1.2 and 1.4 allowed to obtain carbons with
high surface areas (Sppt = 1049 and 1101 m’ z t respec-
tively) and total pore wvolumes (Fpoe—= 0469 and
0511em’g !, respectively). Higher P/L ratios reduce the
total pore volume and in a similar extent in the entire pore
diameter interval.

It has been shown above that the use of P/L ratios in the
range 1.2-1.4 allows obtaining ACs with high surface areas
and porosity. The use of lower P/L ratios produces
ACs having a higher contribution of micropores to the
total porosity but also lower surface areas. The use of P/
L = 1.75 reduces the total porosity and surface area, prob-
ably by the attack of the structure by the acid in excess.
Thus, an optimum amount of ortho-phosphoric acid that
can react exists, and higher P/L ratios produce an extensive
breaking of biopolymer bonds, the shrinkage of the struc-
ture and consequently the reduction of the surface area
and the total volume of pores.

Fig. § shows SEM photographs of the ACs prepared at
450 °C, with P/L = 0.7 and 1.75 and 1 h impregnation time
at different magnifications, that can be compared with
Fig. 6(a) and (c) corresponding to the AC prepared at P/
L=14 and 450°C. The aspects of the surface of the
ACs prepared with P/L ratios of 0.7 and 1.75 are very sim-
ilar to each other, both at %400 and at %7000 magnification,
with little grains agglomerated in bigger particles. The use
of intermediate P/L ratios (see Fig. 6(a) and (c)) gives ACs
with rough surfaces where small individual grains can be
observed at x7000 magnification. These SEM observations
agree well with the analysis done by N adsorption.

Increasing the temperature or the P/L ratio scems to
have the same effect on the pore texture. V, .. always
decreases with increasing activation temperature and P/L
ratio, and there is an optimum value for both variables,
allowing to obtain high surface areas and pore volumes.
1f the temperature or the P/L ratio are higher than their
respective optimum, the surface area and the pore volume
decrease, probably because of the collapse of the porous
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Fig. 8. SEM images of the activated carbons prepared at P/L = 0.7 (a, ¢) and 1.75 (b, d) at different magnifications (7= 450°C and 1 h impregnation

time).

structure by the weakening of the phosphate bridges or by
the excessive attack of the polymeric matrix, respectively.

3.4. Effect of the impregnation time

ACs were prepared within the range 450-600 °C with
P/L =14 and impregnation times ranging from 1 to
48 h. There was no significant difference in the carbon
yield with impregnation time, although a wvery small
decrease of carbon yield with increasing impregnation time
was observed.

Fig. 9 shows the variation of the BET surface area for
carbons prepared with different impregnation times at
450, 525 and 600 °C. Higher impregnation times lead to
lower BET surface areas, the magnitude of this lowering
being more important as the temperature increases. The

1400
b 1200
=
@' 1000 + s ST
800 . : ' :
{ 10 20 30 40 50
tih)

Fig. 9. Bffect of the impregnation time on the BET surface area for
carbons prepared at 450, 525 and 600 °C.

apparent surface area decreases from 1305 to 956 m” g~
from 1 to 48 h impregnation time, respectively, for ACs
prepared at 650 °C. These changes in surface area and
porosity are of less importance at low lemperatures,
and so the surface area is only reduced by 150m?* g ! at
450 °C when the impregnation time is extended from 1 to
48 h. The effect of time scems to be more important at
the first moments of the impregnation of lignin with phos-
phoric acid, since BET surface areas values are nearly con-
stant after 6 h impregnation time. Higher impregnation
times promote the diffusion of ortho-phosphoric acid in
the material and its role in the cross-linking reactions. Since
KL is a powder, the ortho-phosphoric acid reacts rapidly
with it, but it seems that it could also damage the polymeric
structure at impregnation times higher that 1 h, thus lead-
ing to lower pore volumes and lower surface areas.

4. Conclusions

In the present study, activated carbon was produced by
chemical activation of Kraft lignin, using H;PO, as the
activating agent. The results evidenced that pyrolysis of
Kraft lignin impregnated with ortho-phosphoric acid pro-
duces essentially microporous ACs with high apparent sur-
face areas and reasonable carbon yields.

Increasing the temperature of activation from 400 to
600 °C leads to the decrease of the volume of ultramicrop-
ores but to the increase of the total microporosity. The
optimum temperature for porosity development in lignin-
derived ACs was found to be 600 °C. Temperatures higher
than 600 °C reduce both the volume of pores and the BET
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surface areas due to the shnnkage and the oxidation of the
material.

The ortho-phosphoric acid to lignin (P/L) ratio strongly
affects the pore structure. Low impregnation ratios, 1.e., B/
L =10.7, promote the creation of micropores whereas P/L
ratios equal to or higher than 1.2 slightly affect the pore
size distribution. P/L ratios higher than 1.4 decrease the
surface area and the total volume of pores, possibly due
to the attack of the polymeric matrix by the excess of
ortho-phosphoric acid. The value of the P/L ratio has a
clear effect on the total volume of pores: there is an opti-
mum P/L = 1.2-1.4 for the development of porosity when
the activation temperature is 450 °C.

Increasing the impregnation time lowers the BET sur-
face area and the total pore volume. Moreover, impregna-
tion time also affects the pore size distribution of the ACs.
The effect of impregnation time is more important at higher
temperatures, due to the decomposition of phosphate and
polyphosphate bridges cross-linking parts of the carbon
structure.
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5.1.4. Influence of the demineralisation on the chemical activation of

Kraft lignin with orthophosphoric acid

Este articulo ha sido enviado al Journal of Hazardous Materials durante el
afio 2006.
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Influence of the demineralisation on the chemical
activation of Kraft lignin with orthophosphoric acid

V. Fierro'*®, V. Torné-Fernandez', A. Celzard’, D. Montané'

'Departament de Enginyeria Quimica, Universitat Rovira i Virgili, Avda dels Paisos
Catalans, 26, 43007 Tarragona, Spain

*Laboratoire de Chimie du Solide Minéral, Université Henri Poincaré - Naney I, UMR -
CNRS 7555, BP 239,54506 V andoenvre-les-Nancy, France

Abstract

Preparation of activated carbons (ACs) produced from the thermal
decomposition of mixtures of orthophosphoric acid (PA) and either as-
received Kraft lignin, KL, or demineralised one, KL, has been investigated.
Activation with PA has been studied for a PA/lignin ratio of 1 (daf basis)
and 1h carbonisation time at final temperatures of 400, 500 and 600 °C. The
yield, surface area, porosity and surface chemistry (acidic and basic groups)
have been determined. All ACs were found to be essentially microporous,
with surface areas higher than 800 m*/g and a maximum value of nearly 1200
m’/g for the carbon prepared at 600 °C from KIL. In order to study the
influence of temperature on yield, surface area, porosity and functional
groups of the ACs prepared from KL and KL, the latter precursors were
analysed by Fourier transform infrared spectroscopy (FT-IR), scanning
electron microscopy (SEM) and X-ray diffraction (XRD). We have
concluded that the very different characteristics of the ACs obtained from
KL and KL, are due to the presence or absence of mineral matter during
carbonisation, but mainly to the demineralisation process itself, which

produces a polymerisation of the raw lignin.

Keywords: Kraft Lignin; Activated carbon; H;PO,; demineralisation
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1. Introduction

The Kraft method produces black liquor, a residue comprising lignin (30 - 40
%) and other inorganic compounds, which is used as in-house fuel for the
recovery of both energy and residual inorganic matter. An interesting
alternative is the production of activated carbons by physical [1] or chemical

activation [2-4].

Kraft lignin has a high content of inorganic/mineral matter that usually
ranges between 6 and 15% on dry ash-free (daf) basis. Since the mineral
matter does not directly contribute to the specific surface area and porosity
of the resultant active carbons it can be considered as an inert material, which
decreases the adsorption capacity per unit mass. The demineralisation and/or
abatement of inorganic compounds from carbonaceous precursors are thus
thought to be necessary for the production of porous carbons with high
surface areas [5]. This is particularly true for biomass, having higher inorganic
contents than other precursors like synthetic polymers, and being recognised
as a good feedstock for the production of cheap porous carbon materials.
Thus, commercial activated carbons with low ash contents are prepared
either by acid washing of the products, or by a suitable selection of the raw
precursors [6]. Hence, in the case of precursors loaded with mineral matter, it
may be wondered if the ashes should be removed before (i.e., in the precursor)

or after (i.e., in the product) carbonisation and activation.

Indeed, it is well established that the presence of alkaline and alkaline earth
elements in coal affects the reactivity of chars, and that the catalytic effect of
inorganic matter depends on their concentration, dispersion and chemical

form in the coal matrix [7]. It is also the case with biomass, since Fengel and



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-690-7600-2 5 O Discusioén de Resultados

DL.T.1387-2007

Wegener [8] suggested that the inorganic species naturally occurring in
wood catalyse its pyrolysis. Since well-dispersed cations like sodium or
calcium are good for activation of carbon by steam or CO, [9-10] and are
abundant in lignin [11], a demineralisation pre-treatment would be a priori

harmful for obtaining efficient adsorbents.

It has been reported that sodium promotes demethoxylation, demethylation
and dehydration of lignin [12-13], and so the non-existence of these reactions
could affect the final char yield. Furthermore, it has been recently shown [14]
that when lignin is demineralised from 5.7 to 1% and afterwards pyrolysed at
300 °C, the char yield decteases from ca. 71 to 51% (on a daf basis),
respectively. Authors indicated that the partial removal of sodium and
potassium enhanced the de-volatilisation of lignin at the expense of char
formation. DeGroot and Shafizadeh [15] observed a similar decrease in the
char yield of wood after the latter was acid-washed. However, the presence
of inorganic matter in lignin was found to be useful in reducing its plasticity
and hindering its swelling in the carbonisation stage when pyrolysed under N,

atmosphere [1].

The growing interest in the conversion of woods and its derivatives for
producing alternative fuels, chemicals and products of high added value, as
activated carbons are, requires a fundamental understanding of the processes
involved. Lignin as a precursor of activated carbons is the subject of an
increasing number of papers [4, 16-19] and, due to the high content of ashes
in lignin, their effect on the pyrolysis process and on the product of
carbonisation is worth studying. In this work, the physico-chemical
properties of activated carbons produced from the thermal decomposition of
mixtures of orthophosphoric acid (PA) and either as-received Kraft lignin,

KL, or demineralised one, KL, were investigated.
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2. Experimental

2.1 Precursor materials

Kraft lignin (KL) was supplied by Lignotech Iberica S.A. (Spain) in the form
of fine dark brown particles. The removal of the inorganic matter of KIL. was
achieved as follows: batches of 100 gr were introduced in 2 L of water,
leading to black suspensions of pH 9.5. Lignin was precipitated by adding
H,SO, until the pH decreased to 1. The precipitate was gently washed with
distilled until the pH of the rinse remained constant and close to 6, and
finally dried overnight at 105 °C. The lignin prepared in this way s was neatly

mineral-free and was termed demineralised Kraft lignin (KL).

2.2 Active carbon preparation

An 85 wt. % H,PO, aqueous solution (Panreac, Spain) was used as activating
agent. The weight ratio PA/precursor of all mixtures was 1.0 on a daf basis.
The slurry was left for 1h impregnation time at room temperature in air, then
transferred into a furnace DUM Model 10CAF where carbonisation was
catried out under air atmosphere. The furnace was heated at 10 °C min™', up
to 150 °C which temperature was held for 1h to allow free evolution of
water. Next, the oven was heated at 10 °C min" up to the carbonisation
temperatures: 400, 500 and 600 °C, which were maintained for 1h. The
excess of H;PO, was removed after carbonisation by thorough washing with
distilled water. As shown below, the resultant activated carbons were nearly

free of ashes.
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2.3 Characterisation of lignins and ACs

2.3.1 Proximate and nltimate analysis

Analysis of C, H, S and N content in the activated carbons (ACs) was done
using a Carlo Erba EA-1108 instrument and oxygen was calculated by
difference. The proximate analysis was carried out by thermogravimetrical
analysis in a Perkin-Elmer TGA 7 microbalance equipped with a 273-1273 K
programmable temperature furnace, upon following the weight losses at 110
°C/air (moisture), 900 °C/non-oxidising atmosphere (volatile matter), 900

°C/air (fixed carbon); ash content was obtained by difference.

2.3.2 FTIR analysis

Infrared spectra of KL, KL, and their derived ACs were recorded in the near
IR region (4000-600 cm™) with a spectral resolution of 4 cm’, a scan speed
of 2 mm/s and after 200 scans. The equipment used was a Fourier transform
infrared (FTIR) spectrophotometer JASCO FT/IR-680 equipped with a

diamond-composite attenuated total reflectance (ATR) cell.

2.3.3 SEM analysis

The surface morphology of KL and KL; was studied by scanning electron
microscopy (SEM) with a JEOL JSM-6400. The microscope was equipped
with an energy dispersive X-ray (EDX) microanalyser that was used to

observe the dispersion of the mineral matter in KL and KL,
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2.3.4 Surface area and porosity

Surface area and porosity were determined from the corresponding nitrogen
adsorption—desorption isotherms obtained at 77 K with an automatic
instrument (ASAP 2020, Micromeritics). The samples were previously
outgassed at 523 K for several hours. N, adsorption was studied within two
pressure ranges. First, for P/P, lower than 107, N, were dosed to the sample
in fixed amount of 3 cm’/g and the corresponding values of P/P, at
equilibrium were recorded. The Horvath—Kawazoe (HK) model was applied
to the adsorption data in order to obtain the micropore size distribution.
Next, N, adsorption data for P/P, ranging from 10” to 0.99 (in a set of
values previously fixed) were analysed according to: (1) the BET method for
calculating the specific surface area, Ay (i), the Dubinin-Radushkevich
(DR) for calculating the micropore volume, [};, the characteristic energy of

N, with respect to carbon, E,, and the average width of the slit-shaped

micropores, L ;

0>

and (iii) the Oy method [20-21] for calculating the the

ultramicropore volume, g, and the micropore volume, g ;... The total

,ultra
pore volume, 17,4, was calculated from nitrogen adsorption at a relative
pressure of 0.99. The mesopore volume, 17, was calculated as the difference

between 17,49 and .

3. Results and discussion

3.1 Characterization of KL and KL,

Table I shows the proximate and ultimate analyses of KL and KL. It may be
seen that the initial ash content of KL (11.1 % dry basis) was neatrly totally

removed (0.2 % dry basis) after the treatment with H,SO,. The high sulphur
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content (2.2 %) in KL originates both from the Kraft or sulphate process,
based on the action of NaOH and Na,S for separating cellulose from the
other wood constituents, and from organically bound sulfur (up to 1.5 %)
[22]. XRD studies of lignin evidenced the presence of the phase Na,CO; -2
Na,SO,, further confirmed by microprobe analysis. The demineralisation of
lignin produced a decrease of both S (down to 0.5 %) and O (from 33.3 to
27.8 %) contents. This finding is not surprising since both sodium carbonate
and sulphate are very soluble in aqueous solutions. Analysis by SEM-EDX
showed that S and Na are uniformely distributed in the polymeric matrix

before and after the demineralisation treatment.

Figure 1 shows the IR spectra of KI. and KL;. The two lignins show a broad
band at 3000 — 3600 cm, attributed to the hydroxyl groups in phenolic and
aliphatic  structures, and bands centered around 2975-2945 cm’,
predominantly arising from CH stretching in aromatic methoxyl groups and
in methyl and methylene groups of side chains. Both bands decrease after
acid treatment. The very weak bands centered near 2300 cm™' are assigned to
carbon—oxygen groups due to ketene [23].

The most characteristic infrared bands of lignin are found at about 1510 and
1600cm™ (aromatic ring vibrations) and between 1470 and 1460 cm™ (C-H
deformations and aromatic ring vibrations). [24]. The intensity of these
bands, however, is strongly influenced by neighbouring functional groups.
The band centred at 1585 cm™ in KL spectrum is the result of the aromatic
ring vibrations at 1600 cm’ and coordinated carbonates [25], already
evidenced by XRD analysis. Low absorption around 1650 cm’ in KL
spectrum, resulting in the asymmetry and broadening of the more intense

band at 1600 cm”, may originate from both carbohydrates impurities and

bl

water associated with lignin. [26]. The higher intensity of the 1510 cm™ band

compared with the 1600 cm™ band in the spectra indicates that KI. comes
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from softwood. The intensive bands of the carbonyl groups appear in the
range between 1660 and 1725 cm. The exact position of the bands
dependents on whether the C=O groups are in conjunction with the
aromatic ring (position below 1700 cm™) or not (position above 1700 cm™).
After acid-washing, the carbonates are completely removed from lignin; as a
consequence, the intensity of the 1585 cm™ band decreased and was shifted
to 1600 cm™. The KI., spectrum also exhibits an intense band centered at
1729 cm’, which indicates C=O (ketones, aldehydes or carboxyl groups) not
associated with aromatic rings.
The spectral region below 1400 cm™ is more difficult to analyse, since most
bands are complex, with contribution from various vibration modes.
However, this region contains vibrations that are specific to the different
monolignol units and allows the structural characterisation of lignins. The
spectra of both samples show the characteristic vibrations of the guaiacyl
unit (1269 cm™': guaiacyl ring breathing and C=0O stretching; 1140 cm™: C-H
in-plane deformation; 860 and 824 cm™ C-H out-of-plane vibrations in
position 2, 5 and 6 of guaiacyl units) but the intensities of the bands vary
significantly with the samples. The importance of guaiacyl characteristic
vibrations increased after acid washing.
Both spectra also show a weak band at 1369 cm™ originated by phenolic OH
and aliphatic C-H in methyl groups and a strong vibration at 1215-1220 cm™
that can be associated with C-C plus C-O plus C=0O stretching. The aromatic
C-H deformation at 1031 cm™ appears as a complex vibration associated
with the C-O, C-C stretching and C-OH bending in polysaccharides.
Carbohydrates that remained in KL could be also the origin of the vibrations
in the spectral region 10001300 cm™ [26].

In summary, the most important changes introduced by acid-washing is the
reduction of the amount of hydroxyl groups with the concomitant increase

of the number of C=0O functions, as well as the elimination of carbonates.
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According with these findings, Yasuda et al.[27-28] demonstrated that the
acid treatment of lignin produces its cross-linking, an increase of the phenol /
aliphatic hydroxyl fraction, and a decrease of the total hydroxyl content of the

lignin fractions.

Figure 2 shows SEM images of KL. and KL, at different magnifications.
Differences in particle shapes and sizes may be observed. KL particles are
smaller, and have a rounded (even spherical) shape with widely open volumes
inside. Such morphology is probably due to the concentration process of
lignin from black liquors, which is done by evaporation; due to their surface
tension, particles take a spherical - thermodynamically more stable - form.
After acid washing, KIL; particles are much bigger and sharp, and look
broken. A more detailed observation reveals that the surface of KL particles
is rough, whereas that of the KL, is nearly smooth. Such different
morphologies between KI. and KI; are probably due to the method used for
lignin separation (evaporation or sedimentation-filtration) although changes
in the polymer structure due to demineralisation process can not be

excluded.

3.2 Characterisation of the activated carbons produced

3.2.1 Carbon yield and elemental composition

Table II shows the carbon yield (daf basis) and the proximate and ultimate
analyses of the carbons. Carbon yields of KL were always higher, ranging
from 66.2 to 87.6 %, than those obtained from KL, ranging from 61.3 to
80.9 %. Although the differences in carbon yield for Kl and KL, are of the

same order of magnitude, their evolution with temperature is not the same.
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Increasing temperature from 400 to 500 °C makes the carbon yield decrease
by 2.6% and 7.6 % for KL and KL,
range 500— 600 °C, the carbon yield decreases much more for KL (19.3 %)
than for KL, (12.0 %).

respectively. On the contrary, within the

PA promotes dehydration, producing an important reordering of the
structure  [29], decreasing the volatile compounds emitted during
decomposition and hence increasing the carbon yield. Our previous works
also [30-31] showed that the PA-impregnated lignin follows during
decomposition a reaction path, which is different from that observed with
pure lignin, and that the carbon yield is higher. PA promotes bond cleavage
in the biopolymers and dehydration at low temperatures [32] followed by
extensive cross-linking that binds volatile matter into the carbon product and
so increase the carbon yield. Consequently, activated carbons may be
prepared with good yields and high surface areas using chemical activation
with PA. As demineralisation decreases the hydroxyl content of lignin, the
reaction of PA with lignin, hence the subsequent cross-linking are clearly
lowered, and consequently the aromatisation of the activated carbons and the

carbon yield would be also reduced.

Figure 3 shows the Van Krevelen diagram plotting H/C vs O/C ratios, for
activated carbons derived from KL and KI; within the temperature range of
this study. The ACs become increasingly more aromatic when the
temperatutre increases, but the vatiation of H/C vs O/C ratios depends on
the precursor. At constant pyrolysis temperature, ACs derived from KI. have
lower H/C and O/C ratios than those from KL, suggesting a higher
aromatic nature that increases with temperature. The Van Krevelen diagram

confirms the lower aromaticity of the ACs prepared from KI;. Furthermore,
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it is not excluded that the acid pretreatment could form new polymeric
structures that would be thermally less resistant, resulting in a decrease of the

carbon yield.

3.2.2 Surface area and porosity

Table III shows the apparent surface area and porosity of the carbons
produced from KL and KL, at 400, 500 and 600 °C. The apparent surface
areas determined by the BET method are always higher than 800 m®/g, but
the observed temperature dependences are very different for carbons
prepared from KL and KL, The data obtained by the application of the
BET, DR and O, methods to the isotherms at high N, relative pressures
confirm the trends already observed in the micropore region. The surface
areas increase with temperature for KI.-based carbons while the opposite is
observed for those prepared from KI,;, The maximum surface area
determined in this work, 1189 m®/g, corresponds to the carbon prepared
from KL at 600 °C. The trend observed for the evolution with temperature

of the surface areas of both kinds of carbons is also that of the variation of
I’br and Ve, However, the volume of pores smaller then 0.7 nm

determined by the O, method, 1"y .., decreases with increasing temperatures

ultra>
for all the carbons prepared. 17q,,, is always the highest for carbons
prepared from KL, and its decrease with temperature (from 0.18 to 0.11
cm’/g) is less than that observed for carbons prepared from K., (from 0.12
to 0.04 cm’/g) when increasing temperatures from 400 to 600 °C. Finally, the
average micropore width derived from the DR method, L, increases with
the temperature, whatever the material, although higher values were found

with KL,.
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Figure 4 shows the micropore size distribution of the 6 active carbons, for
pores narrower than 0.9 nm, obtained by the application of the HK method.
The maximum of the micropore size distribution is always found for a pore
diameter lower than 0.4 nm whatever the precursor and the activation
temperature. Carbons prepared from KL always showed the highest amount
of pores smaller than 0.4 nm. Carbons prepared from KI.; showed wider
pore diameters and a dramatic decrease of the pores smaller than 0.4 nm was

observed for carbons prepared at 600 °C. These results are in good

agreement with those obtained by application of the O method.

The results of the present study show that, on average, the adsorbents made
from KL have better characteristics (higher areas and pore volumes) than
those derived from KL, Such differences between KL and KL, may be
explained by the ability of PA to react with lignin. KL can react more
extensively with PA due to its higher phenolic content. Moreover, the
deashed lignin is less reactive (much more compact, as revealed by SEM, and
with much less hydroxyl groups with which PA can react, as revealed by IR
spectra), due to an acid-induced cross-linking of the macromolecules. PA can
penetrate easily the texture of KL, producing an increasingly high number of
small micropores when the temperature increases. Additionally, phosphate
and polyphosphate bridges connect cross-linked biopolymer fragments,
avoiding pore collapse. On the contrary, PA hardly penetrates KL, and
cannot prevent pore collapse; hence, the activation mainly occurs at the
surface of the grains, producing wider pores (higher I, and lower E, than for
KL). Finally, a catalytic effect of cations improving the activation at constant

temperature is also possible.
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3.2.3  Surface chemistry of the activated carbons

Figure 5 shows the IR spectra of the ACs-derived from KL and KL,
prepared in this study. Bands between 3200 and 3600 cm™' are typically
ascribed to hydroxyl groups; the bands around 2900-2800 and 1500-1400
cm™' are caused by -CH,- groups; the band around 1300-1000 cm™ is
attributed to C=0 stretch. The band around 1700 cm™' is usually caused by
the stretching vibration of C=0 in ketones, aldehydes, lactones, and carboxyl
groups; and the band around 1600 cm™' is ascribed to aromatic ring
stretching vibration. The intensities of these two bands show that the
aromatization extent and the content of carbonyl-containing groups. The
band around 1230 c¢cm™' is usually attributed to a C-O bond; while, for

carbons activated by H,PO,, the bands at 1300-900 cm ™' could be caused by
phosphorus-containing groups [33].

Spectra of ACs prepared from KL, were much smoother than those of ACs
prepared from KL, which pointed up a lesser amount of functional groups
that were present in these carbons. It can be also observed the reduction in
the intensity of the bands characteristic of the different functional groups
with increasing temperature for both types of carbons. In a recent study [18],
it has been demonstrated that the acidic surface groups on carbons prepared
from Kraft lignin consist of temperature-sensitive and temperature-
insensitive. The temperature-sensitive groups consist of primarily carbonyl-
containing groups of varying acidic strength; while the temperature-
insensitive groups are mainly phosphorus-containing. Thus, the functional
groups of the ACs prepared from KL would be essentially temperature
sensitive whereas those prepared from KL, would include temperature-

sensitive and temperature-insensitive groups, phosphorus-containing, due to
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the more extensive reaction of PA with KI. These findings are in good

agreement with the hypothesis of lower reaction extent of PA with KL,

4. Conclusions

The objective of this work was to study the effect of the ash content of Kraft
lignin on the phisycochemical properties of the activated carbons produced
by activation with H,PO, (PA). SEM observations and IR studies suggested
that the demineralisation process produces lignin polymerisation and reduces

its ability to react with PA.

The results have shown that carbon yield, surface area, porosity and surface
chemistry are affected by the removal of the mineral matter. The carbon yield
and the aromaticity are the highest for activated carbons derived from the
raw Kraft lignin (KL). The activated carbons prepared by activation of KL
and KI;, were essentially microporous with surface areas higher than 800
m®/g, the highest one being close to 1200 m*/g and corresponding to the AC
prepared from KL at 600 °C. The surface area increased with temperature for
ACs prepared from KL but the opposite evolution was observed for those
prepared from KL, The functional groups decreased with increasing
temperature and their concentration was much more significant in ACs
prepared from KL probably because there are more phosphorus-containing

groups, which have been recently described as temperature-insensitive

groups.
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In other words, it may be concluded that the very different characteristics of
the ACs obtained may clearly be attributed to the demineralisation process
itself. However, a favourable catalytic effect of the ashes on the activation
process could not be discarded. The main conclusion of this work is then the
following: since better active carbons are produced from raw lignin, the
demineralisation — if required — should be carried out on the products and not

on the precursors.
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Captions of the figures

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

IR spectra of KL (grey line) and KI; (black line).

SEM images of KL (a, ¢ and e) and KL; (b, d and f) at

different magnifications.

Van Krevelen diagram for ACs prepared from KL (full
symbols) and KL, (open symbols) at 400, 500 and 600 °C.

Micropore size distribution of ACs prepared from KL
(black line) and KL, (grey line) at 400, 500 and 600 °C (a, b

and c respectively) from the application of the HK method.

IR spectra of ACs prepared from KL and KL, at 400, 500
and 600 °C.
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Influence of the demineralisation on the chemical activation of Kraft

lignin with orthophosphoric acid

V. Fierro, V. Torné-Fernandez, A. Celzard and D.Montané

Table I

Proximate and ultimate analyses of KL and KL, (wt.%)

Proximate Analysis (wt %, dry basis)  Ultimate Analysis (wt %, daf)

*

Fixed Carbon Volatile matter Ash C H N S O
KL 36.4 52.5 11.1 595 51 0.1 22 333

KL, 39.7 60.1 0.2 65.8 59 00 05 278

* Estimated by difference
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Influence of the demineralisation on the chemical activation of Kraft

lignin with orthophosphoric acid

V. Fierro, V. Torné-Fernandez, A. Celzard and D.Montané

Table 11

Carbon yield on daf basis, and ultimate analyses of the ACs prepared.

Proximate Analysis

Ultimate Analysis

matter Carbon Ash ¢ H NS O
KL
400  87.6 36.23 63.26 052 653 12 0.0 1.0 325
500  85.0 32.30 67.11 059 702 1.1 0.0 1.1 27.6
600  65.7 40.90 58.15 095 727 05 0.0 1.2 25.6
KL,
400  80.9 33.80 68.85 035 o614 12 0.0 1.0 36.4
500 733 35.42 62.03 255 627 1.1 0.0 0.7 355
600 61.3 38.13 59.81 205 63.5 0.8 0.0 0.6 35.1
a dry ash free basis.
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Influence of the demineralisation on the chemical activation of Kraft

lignin with orthophosphoric acid

V. Fierro, V. Torné-Fernandez, A. Celzard and D.Montané

Table II1

Textural parameters deduced from N, adsorption at 77K on activated
carbons prepared from KL and KL,

DR equation 0, method
VDR E() L{) Va,micro Va,ultra
(em’g) (Jmol’) (nm) (em’gh (em’gh

T ABET V()A‘)()
(°C) (m’g") (em’g”)

KL as carbon precursor

400 815 0.40 0.38 22.2 1.0 0.34 0.18
500 1004  0.49 0.45 19.7 1.3 0.43 0.13
600 1189  0.59 0.51 18.9 1.5 0.49 0.11

KL, as carbon precursor

400 1008  0.47 0.45 19.1 1.4 0.45 0.12
500 960 0.46 0.40 17.9 1.7 0.38 0.05
600 890 0.44 0.37 17.6 1.7 0.35 0.04
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Influence of the demineralisation on the chemical activation of Kraft
lignin with orthophosphoric acid

V. Fierro, V. Torné-Fernandez, A. Celzard and D.Montané

Figure 1
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Influence of the demineralisation on the chemical activation of Kraft
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5.1.5. Highly microporous carbons prepared by activation of kraft
lignin with KOH

Este articulo ha sido enviado al journal Studies in Surface Science and
Catalisys durante el afio 2000.

Otros trabajos relacionados se presentan en el anexo B donde se presenta el
poster “Highly microporous carbons prepared by activation of Kraft lignin
with KOH” publicado en el congreso 7" Internacional symposium on the
characterization of porous solids.
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Highly microporous carbons prepared by activation of Kraft

lignin with KOH

V. Fierro*, V. Torné-Fernandez® and A. Celzard”

Departament d’Enginyeria Quimica, Universitat Rovira i Virgili, Campus

Sescelades, Av. dels Paisos Catalans 26, 43007 Tarragona, Spain.

> Taboratoire de Chimie du Solide Minéral, UMR CNRS 7555, Université

Henri Poincaré, 54506 Vandoeuvre-les-nancy Cédex, France.

Highly microporous carbon materials with high apparent surface areas (up to
~ 3000 m* g) were obtained by heat treatment of mixtures of demineralised
kraft lignin (KL,) and KOH. The effects of five parameters: temperature of
activation (500-900 °C), KOH/KL, ratio (1-5), time of activation (0.5-2h),
heating rate (5 and 10 °C min™) and nitrogen flow rate (200-800 cm’min’") on
carbon yield, surface area, pore volume and pore size distribution were
investigated. An increase in the activation degree of KL, produced a gradual
enhancement in the volume of total micropores. Highly activated samples
also presented noteworthy mesoporosity. Too high activation temperature
resulted in the burn-off of carbon structures and widening of micropores to

mesopores.
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1. INTRODUCTION

The term lignin refers to a group of phenolic polymers accounting for the
strength and the rigidity of the vegetal cell walls. The objective of any
chemical pulping process is to remove enough lignin to separate cellulosic
fibres from each other, producing a suitable pulp for the manufacture of
paper and other related products. In terms of industrial chemical
modification of lignin, the kraft pulping process is the main one. The kraft
method produces black liquor, a residue composed of lignin (30 - 40 %) and
other inorganic compounds, which is used as in-house fuel for the recovery
of both energy and residual inorganic matter. Several alternatives to
combustion have been considered. One of the main possible applications of
by-product kraft lignin (KL) consists in preparing activated carbons.
Recently, the chemical activation of KL impregnated with H;PO, was
reported [1,2]. The activated carbons produced were essentially microporous

with surface areas as high as 1300 m®/g.

The literature evidences a growing interest in alkaline hydroxide activation
process, and KOH has been found to be one of the most effective
compounds for that purpose [3-7]. High surface areas and pore volumes are
reported for lignocellulosic materials, carbons and chars activated by KOH.
However, controlling the mean pore size and the pore size distribution is
necessary for using such materials in a given application. The present study
shows the possibility of producing highly microporous carbons by activation
of KL, with KOH. The effects of five experimental parameters: activation
temperature, KOH/KL, ratio, time of activation, heating rate and nitrogen

flow rate on surface area and pore size distribution were investigated.
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2. EXPERIMENTAL

2.1. Demineralisation of KL

KL was supplied by Lignotech Iberica S.A. (Spain), and was presented in the
form of a fine dark brown powder. The removal of the inorganic matter
from KL was achieved as follows: batches of 100 g were introduced in 21 of
water, leading to dark brown suspensions of pH 9.5, and lignin was
precipitated by adding H,SO, until the pH decreased to 1. The precipitate
was gently washed with distilled water until the pH of the rinse was constant,
and finally dried overnight at 105 °C. The lignin prepared this way was nearly

mineral-free and was termed demineralised Kraft lignin (KL).

2.2. Preparation of carbons

KOH lentils (Scharlau) were ground and physically mixed with KL,
according to various KOH/KL, mass ratos (R = 1:1, 2:1, 3:1, 4:1 or 5:1).
The carbonisation was carried out in a horizontal furnace and the samples
were heated (r = 5 or 10 °C/min) from room temperature up to the final
carbonization temperature (Tcarb = 500, 600, 700, 800 or 900°C) in different
nitrogen flows (N2 = 200, 400, 600 or 800 ml/min). Samples were kept at
the final temperature for different carbonisation times (tcarb = 0.5, 1 or 2 h)

before cooling down under nitrogen.

During the experiments, both metallic potassium (produced by the reduction
of KOH by carbon at high temperature) and KOH were partly transported
in the vapour phase, and could be observed at the outlet of the reactor.
Metallic potassium mixed with potassium carbonate was also present inside
the crucible; therefore the latter was submitted to atmospheric humidity for

two days, during which the alkaline metal slowly oxidised. Finally, the
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activated carbon was washed with extreme care, first with 1M HCI, and
finally with distilled water until the pH of the rinse remains constant and
close to 6. After drying in an oven during 24 h, a very light activated carbon

was obtained.

2.3. Characterisation of lignin and carbons

Proxcimate and ultimate analyses. Elemental analysis of C, H, S and N content in
lignins and activated carbons was done using a Carlo Erba EA-1108
instrument. Oxygen was calculated by difference. The proximate analysis was
carried out by thermogravimetrical analysis in a Perkin-Elmer TGA 7
microbalance equipped with a 273-1273 K programmable temperature
furnace following the weight losses at 110°C/air (moisture), 900°C/non-
oxidising atmosphere (volatile matter), 900°C/air (fixed carbon); ash content

was obtained by difference.

SEM studies. The surface morphology of KL and KIL; was studied by
scanning electron microscopy (SEM) with a JEOL JSM-6400. The
microscope was equipped with an energy dispersive X-ray (EDX)
microanalyser that was used for observing the dispersion of the mineral

matter in KL and KT,

Surface area and porosity. Surface area and porosity were determined from the
corresponding nitrogen adsorption—desorption isotherms obtained at 77 K
with an automatic instrument (ASAP 2020, Micromeritics). The samples were
previously outgassed at 523 K for several hours. N, adsorption data for P/P,
from 107 to 0.99 (in a set of values previously fixed) were analysed according

to: (1) the BET method [8] for calculating the specific surface area, Sy;;; and
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(i) the Og method [9] (using Carbopack F Graphitised Carbon Black as
reference material [10] for calculating the micropore volume, g ., and the

supermicropore volume, 14 .- The total pore volume, 1}, was calculated

from nitrogen adsorption at a relative pressure of 0.99.

3. RESULTS AND DISCUSION

Table 1 shows the proximate and ultimate analyses of KL. and KI;. KI. has a
high ash content (11.1 % on dry ash-free (daf basis) which is nearly removed
(0.2 % on daf basis) after the treatment with H,SO,. The high S content (2.2
%) in KL is due to both the Kraft or sulphate process, which consists in a
treatment with NaOH and Na,S to separate the cellulose from the other
wood constituents, and to organically bound sulphur (up to 1.5 %) [11].
XRD analysis of lignin showed that Na is found combined with S and C
inside the phase Na,CO;?2 Na,SO,. Lignin demineralisation produced a
decrease of S content (down to 0.5 %) and of O content (from 33.3 to 27.8
%). Analysis by SEM-EDX showed that S and Na are uniformly distributed

in the polymeric matrix before and after the demineralisation treatment.

Table 1. Proximate and ultimate analyses of KL and KL, (wt. %0)

Proximate Analysis (wt %, dry basis)  Ultimate Analysis (wt %, daf)

Fixed Carbon Volatile matter Ash C H N S o)
KI1. 36.4 52.5 11.1 595 51 0.1 22 333

KL, 39.7 60.1 0.2 658 59 0.0 05 2738

* Estimated by difference.
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The effect of the experimental parameters considered in this study is

discussed below.

3.1. Effect of the temperature of activation

Figure 1 a) shows the variation of carbon yield with the temperature of
activation. Increasing the activation temperature produces the decrease of the
carbon yield due: (i) to the pyrolysis of lignin up to 600°C; (i) to the
activation by KOH and K,CO; that starts at 450-500°C. The dissociation of
the two phenomena, pyrolysis and activation, is impossible because lignin

have already reacted with KOH in some extent before pyrolysis finishes.

Activation with KOH involves the oxidation of C and the production of K

metal, H, and K,CO; according to the main reaction :

6KOH +2C o 2K+ 3 H, + 2 K,CO, (1)

However, reaction (1) is certainly not the only one, since various molecules
like CO, CO,, H, and H,O originating from the thermal decomposition of
lignin are also present. Thus, K,CO; produced by reaction of KOH with
CO, also acts as an efficient activating agent. Hayashi and coworkers [12]
showed that high surface areas of nearly 1700 and 2000 m®/g can be
obtained by activation of KI. with K,CO; for R=2 at 700 and 800 °C,
respectively. Moreover, carbons prepared by K,CO; activation showed
higher surfaces than those prepared by KOH activation at temperatures
higher than 600°C. Hayashi has also worked with different raw materials:
husks [13], nutshells [14] or formaldehyde resins [15] reaching very high
surfaces even at 700°C. McKee [16] studied the gasification of graphite
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powder by a serie of alkali metal salts and found that IK,CO; was reduced in

inert atmosphere by carbon as follows:

KoCO;+2C 2K +3CO

)

The decomposition of K,CO; to CO, and K,O could also lead to activation

by the two latter products, according to:

C+ CO,<2CO

2K,0+ C e 4K+ CO,

KO+ Ce 2K+ CO

(32)

(3b)

39)

Nevertheless, CO, and K,O individually are not expected to be activating

agents until high temperatures (above 800 °C) are reached. Hence, the other

most efficient activant is rather the water vapour evolved from lignin

pyrolysis, and giving the following reaction:
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Figure 1. Variation of the Sy (W) and carbon yield (O0) with: a) temperature
of activation (R= 3, f,= 200 cc/min, r= 5°C/min, t_,,= 1h); b) R (T= 700
°C, f\,= 200 cc/min, r= 5°C/min, t_,= 1h); ¢) N, flow (T= 700 °C, R= 3,
r= 5 °C/min, t,= 1 h); d) activation time (T= 700 °C, R= 3, f,= 200

cc/min, r= 5 °C/min).

Figure 2 a) shows the adsorption-desorption isotherms of N, at 77 K of the
activated carbons prepared at 500, 600, 700, 800 and 900 °C. All the
isotherms are of type I (Langmuir), characterising microporous solids. The
carbon prepared at 500 °C presents an extensive plateau in the range of
medium to high relative pressures, indicating an essentially microporous
character. As carbonization temperature increases the knee of the isotherms
widens and the width of the plateau decreases, indicating a widening of the
pores. Thus, the material prepared at 900 °C shows a hysteresis loop,
evidencing a well-developped mesoporosity. The decrease of carbon yield is
accompanied by an increase of both surface area and microporosity up to the
temperature of 750 °C, above which these properties decrease as seen in

Figure 1 a).

Carbon yield (%)
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Figure 3 a) shows the total pore, miropore and ultramicropore volumes. The
total pore volume always increases with activation temperature but at
temperatures higher than 750°C there is a widening of micropores to create
mesopores. Figure 3 b) shows the corresponding pore size distributions
calculated by application of the Horwatz-Kawazoe method; the maximum is
always centered in the micropore region but, as the temperature increases the
contribution of wider pores is more important, in agreement with the results

of Figures 2a) and 3a).

3.2. Effect of the KOH/KLd weight ratio (R)

At constant temperature (700 °C), the value of R has a marked effect on both
the carbon yield and the BET surface area Sy Figure 1b) shows that there
is a linear decrease of carbon yield with R whereas a maximum of the Sy
can be observed at R values around 3. Figure 2 b) shows that an increase of
R from 1 to 3 produces a great enhancement of N” adsorption capacity at 77
K but higher values of R reduce it. The micropore volumes are also reduced
for R = 3 (see Figure 3 c¢) with the concomitant increase of the fraction of

wider pores (see Figure 3 d).
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Figure 2. Adsorption-desorption isotherms of N, at 77 K on the activated
carbons derived from KL, : a) effect of T and b) effect of R (open symbols

and x: adsorption isotherms; full symbols and +: desorption isotherms).

3.3. Effect of the N, flow

The flow of N, removes the gaseous reaction products but also a part of the
activating agent as it was observed in this study. Figure 1 ¢) shows that the
increase in the N, flow rate from 200 to 800 cc/min produces an increase of

carbon yield because the activating agent is increasingly swept out.

Such a decrease of the activation efficiency may be explained both by a lower
contact time of KOH vapour with the solid matter, and by the removal of
other possible activating agents : CO, (either as such, or as K,COj; after its

reaction with KOH), and H,O.

Sger and the porosity, in the whole pore diameter range, decrease with
increasing N, flow rate as it is shown in Figures 1c) and 3 e) respectively.

These results are different from those found by Linares-Solano and



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS

PREPARADOS A PARTIR DE LIGNINA KRAFT
VANESSA TORNE FERNANDEZ
ISBN: 978-84-690-7600-2

5 O Discusioén de Resultados

DL.T.1387-2007

coworkers who found that N, flow enhances the activation of the carbon

[6]. However, it is obvious that the different nature of the precursor has an

effect on the activation process and so on the activated carbon produced.

These results, apparently opposed, could not be contradictory. When

pyrolysis and activation take place simultaneously, as for biomass precursors,

the co-activation by water vapour evolved during pyrolysis could be

important as suggested above.
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Figure 3. Variation of the V o (M), Va,iw (@) and Vg, (A) with: a)
temperatutre of activation (R = 3, f, = 200 cc/min, r = 5°C/min, t,, = 1h);
¢) R (T= 700°C, fy, = 200 cc/min, r = 5°C/min, t,, = 1h); ¢) N, flow rate
(T =700°C,R =3, t=5°C/min, t,, = 1 h); g) activation time (T = 700 °C,
R = 3, £, = 200 cc/min, r = 5 °C/min); h) heating rate (T = 700 °C, R = 3,
f\o = 200 cc/min, t,, = 1h). Evolution of the pore size distribution of the
carbons with: b) temperature of activation (experimental conditions as in Fig.

3 a); d) R (experimental conditions as in Fig. 3 c).

Figure 3 f) shows the PSD of two activated carbons prepared with a N, flow
of 200 or 800 cc/min. Increasing the N, flow does not change the PSD but

decreases the pore volume (Sy.r and V,, decrease). Since the size of the
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pores is the same, finding a lower pore volume should be related to a lower
number of pores. Therefore, the effect of the N, flow is very different from

that of R, even is the latter is mote noticeable.

3.4. Effect of the activation time

The duration of activation at a given temperature does not seem to affect
neither the carbon yield nor the elemental composition, since differences in
both analyses are very small. Figure 1 d) and 3 g) show that there is an
optimum in the activation time, between 1 and 2 h, to get the highest surface
area and microporosity. The SBET decreases from 3105 to 2990 m*/g when

increasing activation time from 1 to 2h respectively.

3.5 Effect of the heating rate

An increase of the heating rate from 5 to 10 °C/min produces a lowering of
the Sppp from 3105 to 2493 m®/g (see figure 3h). Actual technical limitations
do not allow using higher heating rates but our results agree with previous
findings [6]. During the heating process the hydroxide melts, then, it is
reasonable that a lower heating rate allows a longer contact time between
carbon and liquid hydroxide, and hence a better impregnation, before the

reaction temperature is reached.
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4. CONCLUSIONS

The present exploratory study evidenced the possibility of preparing highly
microporous active carbons from demineralised Kraft lignin, using KOH in
suitable experimental conditions. The most relevant parameters were found
to be activation temperature and mass ratio KOH/lignin, while the other
ones (flow of inert gas, duration time, heating rate) were found to have minor
effects within the corresponding range of values investigated. Thus, the best
materials (surface area ~ 3000 m’/g, micropore volumes ~ 1.5 cm’/g) were
obtained at 700 °C and KOH/KI,; = 3. Such results are very close to those
already reported for anthracites, which are known to lead to very good
adsorbents when prepared in similar conditions [17]. Furthermore, modifying
the experimental conditions easily leads to a range of active carbons, from
almost purely microporous to mesoporous. Hence, even if the detailed
mechanisms are still unclear, chemical activation now appears to be a

valuable (rapid, simple and cheap) process for the valorization of lignin.
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5.1.6. Methodical study of the chemical activation of Kraft lignin with

KOH and NaOH

Este articulo ha sido enviado al journal Microporous and Mesoporous
Materials durante el afio 2006.
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Abstract

A commercially available Kraft lignin was chemically activated with two
alkaline hydroxides, viz NaOH and KOH, using different preparation
conditions. The activation was made at various temperatures, mass ratios
hydroxide / lignin, activation times, flow rates of inert gas, and heating rates.
The resulting active carbons were characterised in terms of BET surface area,
total, micro and meso-pore volumes, average pore width, carbon yield and
packing density. The influence of each parameter of the synthesis on the
properties of the active carbons is discussed, and the efficiencies of each
activating agent are methodically compared. It is the first time that so many
preparation parameters and so many pore texture characteristics are
simultaneously considered for two closely related activating agents of the
same lignin precursor. Whatever the preparation conditions, it is shown that
KOH is the one leading to the most microporous materials, which is in
agreement with some early works. However, the surface areas and the
micropore volumes obtained in the present study are much higher than in
previous studies. The thorough study of the way each preparation parameter
influences the properties of the final materials brings insight into the
activation mechanisms. Each time it was possible, the results of lignin
chemically activated with hydroxides were compared with those obtained
with anthracites: explanations of similarities and differences were

systematically looked for.
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1. Introduction

Lignin is a waste mass-produced from the paper industry and as such, is
generally used for its fuel value. However, an ever-growing number of
research works are carried out in order to bring added value to this material.
Lignin is becoming frequently accepted as a suitable chemical reagent for

formulating new adhesives [1-5], as filler in polymer mixtures [6], and as

promising precursor of carbonaceous materials [7-14]. Other possible
applications are reviewed in [15]. Concerning the preparation of carbons,
lignin is particularly advantageous because of its high phenolic content,
leading to higher carbon yields than those obtained from the two other main
macromolecular compounds of biomass: cellulose and hemicellulose [16,17].

Hence, getting almost pure lignin is really interesting for preparing carbons

and, especially active carbons.

In the present work, the activating efficiency of two alkaline hydroxides
classically used for chemical activation of various precursors was investigated
thoroughly with one kind of commercially available Kraft lignin, once the
latter was demineralised. All the parameters of the active carbon synthesis
which could be varied were investigated, namely activation temperature, mass
ratio hydroxide / lignin, flow rate of inert gas, activation time and heating
rate. The influence of each of them was systematically correlated to the pore
structure of the corresponding activated carbons. From this work, the
suitable preparation conditions of the material having given desired porous
characteristics can be identified, while insights into the activation

mechanisms may be derived.
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The first section of the present paper deals with the intrinsic features of the
lignin, and with the experimental conditions by which it was demineralised
and activated; the way the resultant active carbons were characterised is then
described. The pore volumes and the related properties: mean pore size,
surface area, and also the carbon yield and the packing density obtained with

both activating agents are systematically compared and discussed in section 2.

2. Experimental

2.1. Kraft lignin and activating agents

The Kraft lignin (KI.) was supplied by Lignotech Iberica S.A (Spain) in the
form of a fine dark brown powder. The proximate analysis was carried out
according to ISO standards, following the weight losses of the material at
100 °C in air (moisture, ISO-589-1981), at 900 °C in a non-oxidising
atmosphere (volatile matter, ISO-5623-1974) and at 815 °C in air (ashes,
ISO-1171-1976). The ultimate analysis was carried out in an EA1108 Carlo
Erba Elemental Analyser.

The removal of the inorganic matter from KL was achieved as follows:
batches of 100 g were introduced in 2 L of water, leading to dark brown
suspensions of pH 9.5, and lignin was precipitated by adding carefully
concentrated H,SO, until the pH decreased to 1. The precipitate was gently
washed with distilled water until the pH of the rinse was constant, and finally
dried overnight at 105 °C. The lignin prepared this way was neatly mineral-

free and was termed demineralised Kraft lignin (KL,). It should be stressed
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that the activated carbons discussed in the following were all prepared from
KL,, never from the pristine commercial lignin (KL). As a remark, it can be
added that such a deashed lignin is somewhat different from the original
material, since the acid treatment is known to modify the physico-chemical
properties and the structural features of the polymer (see [18,19] for
example). Consequently, the properties of the activated carbons obtained
from KI; are different from those derived from raw KI; a paper to be

published soon was devoted to this subject [20].

KOH lentils on one hand, and NaOH lentils on the other hand (Scharlau)
wete ground and physically mixed with KL, according to vatious hydroxide /
KL, mass ratios, R. The purity of both activating agents was higher than 99
%. Activated carbons were then obtained by heat-treatment in inert
atmosphere of the hydroxide — lignin mixtures (see below). It should be
stressed that such an activation mode is different from the two ones generally
employed. The first widely used method indeed consists in: (1) a preliminary
pyrolysis of the biomass; (i) the impregnation of the char with a
concentrated aqueous solution of the activating agent; (iii) the subsequent
drying at temperatures slightly above 100 °C; and finally (iv) the heat-
treatment of the dry hydroxide — char mixture (see for example [21-23]). The
second well known protocol consists in a direct impregnation of the biomass
in aqueous solution, followed by a drying and a heat-treatment (see for
example [11,24,25]). However, as shown below, the activation method
proposed here is very efficient, probably because of the low melting point of
KOH and NaOH (ca 360 and 318 °C, respectively) compared with the

synthesis temperatures used in this work (above 400 °C).
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2.2. Active carbon synthesis

The carbonisation of the hydroxide — KIL; mixtures was carried out in a
horizontal furnace flushed with nitrogen. The samples were heated (r = 5 or
10 °C/min) from room temperature up to the final carbonisation
temperature (400 < T =< 900°C) in different nitrogen flows (50 = f = 800
mL/min). Samples were kept at the final temperature for different

carbonisation times (0.5 = t < 4 h) before cooling down under nitrogen.

Only one of the aforementioned synthesis parameters was varied while the

others were kept constant. A reference sample was defined as the one

prepared in the following condition: T = 700°C; R = 3; t = 1 h; f = 200 mL
1

min”; r = 5 °C min". This means that if, for example, T was varied, the

values of R, t, f and r were constant and equal to 3, 1, 200 and 5, respectively.

During the experiments, both the metallic alkaline elements produced by the
reduction of NaOH or KOH by carbon at high temperature, and the
hydroxides themselves were partly transported in the vapour phase, and
could be observed at the outlet of the reactor. Metallic sodium or potassium
mixed with sodium or potassium carbonate, respectively, were also present
inside the sample-holder. Such phenomena were also observed upon
activating anthracites with NaOH [26,27]. Therefore, whatever the activating
agent, the sample-holder was submitted to atmospheric humidity for two
days, during which the alkaline metals slowly oxidised. At last, the resulting
activated carbon was washed with extreme care, first with 1M HCI, and

finally with distilled water until the pH of the rinse remains constant and
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close to 6. After drying in an oven during 24 h, a light, pure, activated

carbon was obtained.

2.3. Active carbon characterisation

Surface area and pore volumes were determined from the corresponding
nitrogen adsorption—desorption isotherms obtained at 77 K with an
automatic instrument (ASAP 2020, Micromeritics). The samples were
previously outgassed at 523 K for several hours. N, adsorption data at
relative pressures ranging from 107 to 0.99 (in a set of values previously
fixed) were analysed according to: (i) the BET method [28] for calculating the
apparent surface area, Syup, (i) the Oy method [29] (using Carbopack F
Graphitised Carbon Black as reference material [30]) for calculating the total
and (iii) the Dubinin-Radushkevich method [31],
and Vi should

micropore volume, V

microd

leading to the micropore volume V. The values of V

micro
have been close to each others, however, as usual, discrepancies were
observed, and we have preferred to present both values. The total pore

volume, V4, was calculated from nitrogen adsorption at a relative pressure

meso

of 0.99, and the mesopore volume, V

Voo -V

was obtained according to V.

meso?

micro*

The average pore size, L, was calculated according to the widely accepted
equation:

10.8 (mkJ mol™)
E,-11.4 & mol™)

L, (nm) M
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in which E, is the characteristic adsorption energy of probe molecules, see
[32] and references therein. E, was derived from the nitrogen adsorption

isotherms at 77 K, applying the Dubinin-Radushkevich method.

The carbon yield was simply defined as the weight ratio: final active carbon /
initial demineralised lignin. The packing density was determined by pouring,
as reproducibly as possible, the activated carbon into a plastic tube (inner
diameter 1.4 cm) until a given height, and calculating the ratio: sample weight
/ sample volume. When KOH was used, the material obtained after the
activation was in a powder form (a phenomenon also systematically observed
for KOH activation of olive stones [33]), hence no milling was done before
measuring the packing density. By contrast, NaOH-activated carbons were
most of times aggregated, hence the packing density of such material was ill-
defined. The blocks should have been crushed in order to obtain a powder,
but doing this would have modified the shape of the carbon grains, and thus
the packing density itself. Consequently, the latter was not measured for

activated carbons derived from NaOH activation.

3. Results and discussion

3.1. Pristine and demineralised Kraft lignin

Table 1 shows the proximate and ultimate analyses of KL and KL;. KL has a
high ash content (11.1 % on dry ash-free (daf) basis), which is nearly
removed (0.2 % on daf basis) after the treatment with H,SO,. The high S
content (2.2 %) in KL is due to both the Kraft or sulphate process, which

consists in a treatment with NaOH and Na,S to separate the cellulose from
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the other wood constituents, and to organically bound sulphur (up to 1.5 %)
[34]. XRD analysis of lignin showed that Na is found combined with S and C
inside the phase Na,CO;, 2 Na,SO,. Lignin demineralisation produced a
decrease of S content (down to 0.5 %) and of O content (from 33.3 to 27.8
%). Analysis by SEM-EDX showed that S and Na are uniformly distributed

in the polymeric matrix before and after the demineralisation treatment [20].

3.2. Characteristics of the activated carbons

3.2.1. BET surface area

Figure 1 presents the variations of the BET surface area when each synthesis
parameter is individually varied with respect to the reference preparation
condition (T'= 700 °C; R = 3; =1 h; /= 200 mL min'; 7= 5 °C min™). It
can be seen that, whatever the way the preparation conditions may vary,
KOH is the activating agent leading to the highest specific area, in agreement
with a previous work [11]. However, to our knowledge, BET values close to
3000 m® g are the highest ever published so far for a lignin-derived activated
carbon. The curves show that, most of times, an optimum may be observed
for the parameters corresponding to our reference, i.e., for T'= 700 °C, R =
3, etc. In other words, the reference material is the one obtained from the
(already optimised) conditions leading to the most microporous active
carbons. This is especially true for the ones obtained using KOH, while those
made from NaOH have similar but not identical optimal preparation
conditions. However, the curves clearly show that NaOH can not allow
obtaining surface areas as high as those derived from KOH, while the
opposite was found in the activation of anthracites, as far as the activating

agent and the precursor were physically mixed together (the results being
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different with the more classical wet impregnation technique) [35]. This fact
could be explained as follows. KOH has higher dehydrating and oxidising
efficiency than NaOH, hence a higher activating activity for biomass. But
anthracites are already ultramicroporous high-rank coals, with closed narrow
porosity that can be open through the oxidising character of both KOH and
NaOH; Na" being smaller than K, it can penetrate more deeply the carbon
structure and develop a higher number of smaller pores than K’ can do.
Anthracites activated with NaOH thus present higher surface areas than
those prepared with KOH using the same protocol [35]. Thus, because the
mechanisms of chemical activation of lignin and coal are different, the

optimal preparation parameters are not the same.

Values of T, R and 7 lower than 700, 3 and 1, respectively, lead to an
insufficiently activated carbon (i.e., there are a few narrow pores, hence the
surface area is low), while higher values lead to materials in which the pores
are too wide (i.e., there are less micropores and more mesopores, hence the
surface area is also lower). Indeed, increasing the values of these parameters
improve the activation phenomenon, by which the porosity is both open and
widened. This effect of the activation temperature was already observed with
chemically activated anthracites [26]. The existence of optimal values is thus
readily explained, since the narrowest pores are those which most contribute
to the surface area, provided that their number is high enough (low values of
T, R and #), while these narrow pores become wider and scarcer at high

values of T, R and 7, leading to decreasing surface areas.

It should be emphasised that the mass ratio hydroxide / lignin, R, is the
parameter having the strongest influence. This finding agrees with previous
results dealing with the activation of anthracites with NaOH [306]. It is thus

not surprising to find surface areas much higher than those already published
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so far, for with values of R were lower than 3 [11,24]. For a given constant
value of KR (e.g., R = 3), T'is the second most important parameter, while the
activation time 7 has the lowest influence on the surface area. The heating
rate 7 also has a low effect; for KOH, increasing r makes the BET area
decrease, while the latter keeps almost constant with NaOH. This may be
explained by the fact that the activation of lignin already begins during the
heating step. Increasing the heating rate for a given activation time (which is
defined only once the carbonisation temperature is reached) finally has a
similar effect as reducing the activation time (although it will be shown below
that the effects of #and rare not exactly the same in the case of NaOH). For
example, assuming that the kinetics of activation is non negligible above 500
°C (which was clearly evidenced in [37]), 40 min are required for increasing
the temperature from 500 up to 700 °C at 5 °C min"', while only 20 min are
necessary at 10 °C min™. 40 min are indeed important when compared to an
activation time of 1 h, and decreasing to 20 min logically decreases the
surface area of KOH-activated carbons. Since the effect of the activation
time was low on the BET area of NaOH-activated carbons, so is the effect

of the heating rate.

The influence of the flow rate of inert gas is now considered. For both
NaOH and KOH, an optimum is again observed. This fact is very different
from what was found with anthracites activated with the same hydroxides in
the same conditions, for which the higher the nitrogen flow rate, the higher
was the surface area [35,38]. The behaviour of anthracites submitted to
similar nitrogen flow was explained on the basis of the following chemical
reaction [37,39]:
6MOH+2C —» 2M+3H,+2M,CO, 2
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in which M is either the element K or Na. Such a reaction indeed explains
how the equilibrium may be displaced towards the formation of more
reaction products if dihydrogen and alkaline vapours are evacuated.
However, observing completely opposite behaviour in the present work
proves that Equation (2) is, as expected, not suitable to lignin. Lignin is a
macromolecule which can not be compared with a coal, and whose heat-
treatment produces a number of volatile matters, like CO, CO, and H,O
[12], among others. The presence of an optimum in the case of lignin
activation may be explained by the competition between the favourable
removal of gaseous reaction products and the unfavourable removal of
activating agents in the gas phase. Indeed, it is expected that the volatility of
both hydroxides is non negligible at the activation temperatures, and their
presence at the outlet of the reactor was observed, proving that they are
transported in the gas phase. However, the strongest effect might not be due
to the removal of the hydroxide vapours, but to that of both water vapour
and carbon dioxide necessary formed during the activation process, in which
both charring and dehydration phenomena occur. CO, and H,O are indeed
well known activating agents of carbons, and they might induce a substantial
co-activation of the char, since several hundreds of m* g can be easily gained

or lost by simply changing the flow rate of inert gas.

It is nevertheless not clear, so far, if CO, should be considered or not as a
possible co-activating agent, because: (1) CO, usually requires higher
temperatures than steam to react with the char, and (ii) CO, causes the
carbonation of the hydroxides, thus producing carbonates. On one hand,
carbonation of NaOH was shown to lead to poorly microporous carbons
[37] (because the activity of Na,CO; is low, which was confirmed in the case
of lignin activation [11]) and, on the other hand, K,CO; was found to be a

very effective activating agent of lignin [11]. The role of CO, in the co-
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activation of lignin — hydroxides mixtures is thus unclear, while that of

steam is more likely.

3.2.2. Pore texctures

The pore volumes (total: V,,; micro: Vi and V. ; meso: V,

micro?

meso) Ar€ given in
Figure 2. For the sake of clarity, the results concerning the carbons activated
with KOH and NaOH are presented in separate plots, gathered in Figure
2(a) and 2(b), respectively. As expected, given the preceding findings about
the BET surface area, the activated carbons prepared with KOH are those

having the highest total pore and micropore volumes, confirming the higher

activating activity of KOH on lignin.

The optima shown on the curves are nearly the same as those already
observed for the surface area, as far as micropores are concerned. This
finding is readily explained by the fact that the narrowest pores most
contribute to the specific surface area. Thus, in the case of NaOH-activated
carbons for example, the maximum of Sy at /= 400 mL min" exactly

coincides with that of V; and V,

micro’

while the total pore volume (hence
including mesopores, with a low influence on Syp;) has its maximum at f =
200 mL min". In [38], it was argued that a high nitrogen flow rate could be
compared to a low heating rate, since both lead to a lower concentration of
the gaseous reaction products, influencing the chemical equilibria occurring
during the activation process. Such arguments could not be extended to the
case of lignin activation, since high flow rates of inert gas led to lower BET
surface area and pore volumes, while low heating rates led to the opposite
situation. These facts prove once more that the chemical reactions of lignin

and anthracites are different, even if, as shown all through the present paper,
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many similarities may be found between the resulting activated carbons.
Concerning now the effect of the heating rate, 7, the micropore volume of
KOHe-activated carbons decreases with 7, and this may be explained as
follows. A lower heating rate corresponds to a longer impregnation of the
lignin with melted KOH, leading to better development of the porosity; the
same is found for NaOH.

The mesopore volume, obtained as the difference Vo9 — V., 1s worth

micro
studying because information about the way the chemical activation of lignin
is achieved may be obtained. Concerning KOH first, it can be seen that V
increases with the activation temperature, and a stronger increase above 750
°C coincides with the drop of the micropore volume. This finding may be
accounted for by the conversion of micropores into mesopores at high
activation temperatures. In other words, increasing T mainly induces the
widening of the pores, which is a phenomenon already clearly evidenced for
the chemical activation of anthracites [26,36]. By contrast, the mesopore
volume remains low and increases very slightly with the mass ratio KOH /
lignin; above R = 3, the micropore volume decreases, however no additional
mesopores are created. This means that the influences on the pore texture of
T on one hand, and R on the other hand, are really different. Lignin being
less and less activated at increasingly high values of R may be explained by
the fact that KOH produces pores but also weakens and progressively
destroys the incipient carbon structure. More and more matter is consumed
when R increases, as shown by the coke yield and suggested by the packing
density (see below), but no additional porosity is formed. Getting the highest
amount of micropores thus really requires finding the optimum value of K,
otherwise average characteristics are obtained (see the results published in

[17,24] for example). The mesopore volume is the lowest at a flow rate of

200 mL min™, while the micropore volume is the highest, confirming that the
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parameter f is suitably optimised for the activation of lignin with KOH.

Finally, the influence of #and » on the mesopore volume is very low.

Concerning now NaOH, the mesopore volume exhibits a maximum close to
700 °C, just like does the micropore volume. The widening of the pores can
thus no longer be invoked as in the case of KOH, since the total porosity
decreases above 800 °C. This finding may be explained by the closure of the
porosity at such high temperatures, which is a well-known mechanism in
heat-treated carbon materials (see for example [12,40,41] and references
therein), but also in lignin activated with H;PO, [13]. This quite common
phenomenon, occurring duting chatring and / or collapsing of the incipient
carbon structure due to an excessive chemical attack, was also observed with
KOH used in a different preparation condition, especially R = 1 in [11]. Such
a low value of R indeed probably favoured charring upon activation, while an
optimised value of R (3, in the present work) did not lead to the same effect
(i.e., the process is rather governed by activation). The influence of the mass
ratio NaOH / lignin is very similar to what was observed with KOH, hence
the conclusion is identical: too much activating agent consumes the material
rather than forming porosity. Concerning the flow rate of inert gas, a
maximum of mesopore volume is obtained at /= 200, while the greatest
micropore volume is obtained at 400 mL min™". This finding cotroborates the
fact that /= 200 is not the optimal value of this parameter as far as NaOH is
used as activating agent. Obtaining the most microporous carbons is thus

achieved at 400 ml. min", which value was also the best for activating

>
anthracites with NaOH [306]. Activation time has, again, a low impact on the
mesopore volume. Finally, increasing the heating rate produces more
micropores and less mesopores. It was assumed in § 3.2.1 that a higher

heating rate could be neatly equivalent to a shorter full activation process.

However, Figure 2(b) evidences that a shorter activation time leads to lower
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micropore volumes and higher mesopore volumes, while the opposite is
observed for a higher heating rate. Consequently, a high heating rate and a
short activation process are not identical. During the heating of the lignin —
hydroxide mixture, charring and activation occur simultaneously; increasing
the heating rate indeed probably favours the charring since it may be
assumed that the dehydrating action of the hydroxide requires time, while
charring is a very fast process just depending on the temperature. This is
especially true with NaOH, which activating efficiency is lower than that of
KOH, Na" being indeed less oxidising than K (this fact may also explain the
lower activation by NaOH in terms of surface area and pore volumes).
Moreover, KOH indeed activates anthracites more rapidly than NaOH and
at lower temperatures: 400 °C and 550 °C for KOH and NaOH, respectively
[37]. Additionally, the reactions occur at even lower temperatures when the
rank of the coal is low; it is thus expected that activation of lignin begins
since 200 °C [39]. With NaOH, the charring is achieved at a much higher rate
than the activation itself, leading to more char formed. A higher heating rate
thus leads to a material characterised by more narrow pores and less wider
pores, since the activation with NaOH of carbon structures is the one leading
to the narrowest pores (compare the results given in [27] for NaOH and [42]

for KOH).

3.2.3. Mean pore size

The dependence of the mean pore size, I, on the process parameters is
shown in Figure 3. The presented values are close to what was already
calculated for a lignin and for fir wood both activated with KOH [17,23]. L,
is an average characteristic of the pore texture closely related to both the

surface area and the pore volumes. Since the data presented are either above,
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or only slightly below, 2 nm, mesopores widely contribute to the values of
L,. Thus, analogies between the dependence of L, and that of the total pore
volume presented in Figure 2 can be evidenced. Whatever the activating
agent, the same kinds of maxima are indeed recovered for nearly identical
values of T, R, fand 7 Increasing the heating rate decreases the average pore
size, just like the total pore volume is decreased for both NaOH and KOH.
It should finally be emphasised that the values of I, were derived only from
the characteristic adsorption energy (see Equation (1)), therefore in an
independent way from the pore volumes. Finding completely consistent
variations of total pore volume on one hand, and of mean pore size on the

other hand, supports the accuracy and the relevance of both kinds of results.

3.2.4. Carbon yield

The carbon yields of lignin activated with both hydroxides in different
experimental conditions are presented in Figure 4. All the results are below
50 %; they are lower than what can be obtained with H,PO, [13,25] or ZnC(l,
[10] activation, but only slightly below what is found for pure charring of
lignin at the same temperatures [12,43], especially in the case of KOH. It can
indeed be seen that, most of times and whatever the preparation conditions
of the corresponding activated carbons, KOH leads to the highest carbon
yields. This is a very interesting result, and also rather surprising, given that
KOH was the hydroxide leading to the highest pore volumes and surface
areas. This means that KOH is definitely the best activating agent, since the
resulting materials are not only more microporous, but more lignin is

transformed into active carbon during the process.
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Examining now the effect of the individual preparation conditions, it can be
observed that the carbon yield decreases with both T and R, whatever the
hydroxide, in agreement with an enhanced activation when these parameters
increase. However, as shown above in section 3.2.2, enhanced activation
does not necessatily means higher pore volumes, and mass ratios hydroxide /
lignin higher than 3 are then more prone to destroy the incipient carbon

structure than to create a narrow porosity inside.

Finding that the carbon yield is an increasing function of the flow rate of
inert gas confirms the assertion suggested in section 3.1.1, according to
which flushing the reactor with nitrogen removes the activating agents: either
the hydroxide vapour itself, or the reaction products (H,O and also possibly
CO,) acting as co-activating agents, or both. KOH being more volatile and
more oxidising (hence producing more reaction products) than NaOH, its
activating efficiency is also more sensitive to the flow of inert gas removing
the vapours. The materials are thus less activated with higher flow rates of
nitrogen, and the carbon yield progressively tends towards that of pure
charring at high flow rates. The dehydrating and hence the cross-linking
activities of KOH being higher than those of NaOH, a higher coke yield is

obtained.

The effect of activation time and heating rate on the carbon yield is rather
small, probably within the experimental uncertainty, and hence it is better not

trying to describe them.
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3.2.5. Packing density

The packing density is a property of the material in the powder form. For
this reason, it does not only depend on the density of the particles
themselves, but also on the way these particles are packed (see [44] for a full
description of the packing of carbon particles). Assuming that the shape of
the grains does not vary from one experiment to another, and assuming that
the pouring of the powder into a given vessel is fully reproducible, are the
required conditions to state that the packing density is representative of the

density of the constitutive grains. It reads:

packing density = particle density X filling factor of the vessel 3)

The filling factor is supposed to be constant (except for the NaOH-activated
materials, whose results are not worth discussing and are not given, as
explained in section 2.3), the packing density therefore gives an idea on the

porosity of the active carbon grains.

The packing densities shown in Figure 5 are rather low, though values with
which they could be compared are few in the literature. Only packing
densities of activated carbons powders made from crops, fruit stones or nut
shells may be found, but such values are strongly dependent on the amount
of macroscopic voids already present in the precursor and which are retained
during the pyrolysis — activation process. A list of values may be found in
[44] and [45], giving values ranging from 0.3 to 0.5 g cm” for typical activated
carbons, suggesting that the materials made from lignin activation are light

indeed.
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The density of the grains decreases with the activation temperature, in
agreement with the increasing total pore volume (see Figure 2(a)). By
contrast, the density increases with the mass ratio hydroxide / lignin, R, and
even much faster above R = 3. This finding corroborates the fact that less
porosity is created at high values of R, because the carbon is formed as ever-
smaller grains, instead of developing inner porosity. Additionally, this agrees
with what was also concluded in [33], where it was assumed that for medium-
to-high impregnation ratio, the KOH does not reach the interior of the char
particles, remaining on the external surface. Thus, materials obtained at low
R are very lights; however, their micro- and meso-porosity is poor, and large
visible bubbles, inefficient for adsorption, are present inside the grains.
Higher R allows obtaining higher micro- and meso-porosity, with less and
less macroscopic voids. Thus, there is no contradiction between higher

activation level and higher density.

The packing density increases also with the flow rate of inert gas, but for a
completely different reason, i.e., because the activation level decreases, as
suggested in the previous sections. The effect of the activation time is low;
maybe a swallow minimum is observed at # = 1.5 h, i.e., coinciding with the
maxima of pore volumes, L, and surface area. Finally, the density increases
with the heating rate, in agreement with the previously observed decrease of

the activation level.
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4. Conclusions

The characteristics of porous carbons made from the activation of
demineralised lignin by either KOH or NaOH were described as a function
of their preparation conditions. It has been shown that similar variations
shall sometimes be interpreted in different ways, and this is the reason why
all the characteristics presented in this work were methodically measured.
Some of them are of crucial importance for the applications of the activated
carbon (surface area, pore texture, average pore size), others are useful for
understanding the activation mechanisms or are of practical use (carbon
yield, packing density). The effect of all the synthesis parameters on the

properties of the resulting activated carbons are summarised below.

Increasing the activation temperature raises the activation level; all kinds of
pores are simultaneously open and widened, with subsequent increase of the
total pore volumes (induced by the development of mesopores) and decrease
of both carbon yield and density. Due to the widening of the micropores and
their conversion into mesopores, maxima of surface area and micropore

volumes are observed, showing that an optimal activation temperature exists.

Increasing the amount of activating agent has another effect; the activation
level is also increased, but the resulting pore textures are different. The total
pore volume presents a maximum, above which the micropores become less
and less abundant. Since the carbon yield decreases while the density raises,
this means that the lignin is still converted into carbon, but into a less and
less porous one at high hydroxide / lignin ratios. Again, an optimum ratio

exists.



UNIVERSITAT ROVIRA | VIRGILI
PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ..
ISBN: 978-84-690-7600-2 5 O Discusioén de Resultados

DL.T.1387-2007

The flow rate of inert gas has a lower effect, as compared with the 2
preceding parameters. The competition between the removal of useless
reaction products and that of potential activating agents in the vapour phase
again leads to the observation of an optimum. High flow rates decrease the
efficiency of the activation, giving less micropores and a lower surface area,
while a denser carbon is obtained in higher proportion (higher carbon yield

and density).

Activation time and heating rates are the parameters to which the final
properties are the less sensitive. Hence, only little improvement of the carbon
characteristics can be achieved through their variation. Increasing these
parameters may lead to higher or lower micropore volumes, depending on

the hydroxide and the other preparation conditions.

The last essential conclusion is that, whatever the way the activated carbons
were prepared from lignin, KOH is undoubtedly the best activating
hydroxide for obtaining highly microporous adsorbents. This result is
different from what can be found for the activation of carbon materials like
anthracites, for which NaOH is more efficient, whatever the experimental
conditions. The present work also stressed the fact that the weight ratio:
activating agent / precursor is of highest importance, so poor adsorption
properties may be obtained if this parameter is not optimised through a

systematic investigation.
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Table 1. Proximate and ultimate analyses of KL and KIq (wt. %)

Proximate Analysis Ultimate Analysis
(wt %, dry basis) (wt %, daf)
Fixed Volatile H N S o’
Carbon matter
KL 36.4 52.5 5.1 01 22 333
KL, 39.7 060.1 5.9 00 05 278

* Estimated by difference
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Figure captions

Figure 1: Dependence of the BET surface area of the activated carbons on

Figure 2:

their synthesis parameters. Empty symbols = NaOH; full
symbols = KOH. Curves are just guides for the eye.

Dependence of the pore volumes of (a) the KOH-activated
carbons (full symbols) and (b) the NaOH-activated ones (empty
symbols), on their synthesis parameters. Triangles = V,; Circles
; Diamonds = V,

= Vi Squares = V .. Curves are just

meso*

guides for the eye.

Figure 3: Dependence of the mean pore size of the activated carbons on

their synthesis parameters. Empty symbols = NaOH; full
symbols = KOH. Curves are just guides for the eye.

Figure 4: Dependence of the carbon yield on the activation parameters.

Empty symbols = NaOH-activated carbons; full symbols =

KOH-activated carbons. Curves are just guides for the eye.

Figure 5: Dependence of the packing density of the KOH-activated carbons

on their synthesis parameters. Curves are just guides for the eye.
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5.2. Aplicaciones de carbones activados

Tal y como se ha mostrado, es possible obtener CA esencialmente
microporosos a partir de gnina Kraft. Asi pues, basicamente su aplicacion se
restringe a la eliminacién de contaminantes en efluentes liquidos. Sin
embargo, a continuaciéon también se muestran la participacién en trabajos
especificos en el campo de los reactores de membrana y en la purificacién de
xylo-oligosacaridos.

5.2.1. Removal of Cu (II) from Aqueous Solutions by Adsorption on
Activated Carbons Prepared from Kraft Lignin

Este articulo se presenté en forma de poéster en el congreso internacional
Carbon 2003 (consultar Anexo C).

Otros trabajos relacionados se presentan en los anexos A y D donde se
presentan dos posters: “Use of Kraft lignin for Cu (II) removal in industrial
water” y “Uptake of Cu (II) and Zn from aqueous solution by Kraft lignin”
publicados en los congresos 9" Mediterranean congtess y 4th European
Congress in Chemical Engineering, respectivamente.
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Removal of Cu (II) from Aqueous Solutions by
Adsorption on Activated Carbons Prepared from

Kraft Lignin

V. Fierro™, V. Torne, D. Montané and R. Garcia-Valls

Departament d’Enginyeria Quimica, ETSEQ, Universitat Rovira i Virgili, Avinguda dels
Paisos Catalans 26, Campus Sescelades, Tarragona 43007, Spain

Abstract

Activated carbons were prepared by phosphoric acid activation of Kraft
lignin varying carbonization temperature (400-650°C) and the weight ratio of
phosphoric acid to lignin (P/L=0.7-1.75). As a result of the different
pyrolysis conditions, activated carbons with various pore size distribution,
surface area and surface acidic groups were obtained. The results showed the
significant importance of carbonization temperature on the adsorption
capacity for removal of copper. A maximum in the copper adsorption was
found for carbons prepared at a carbonization temperature between 450 and
550°C. Increasing temperature acidic groups were degraded but increasing
mesoporosity and surface area favored diffusion and adsorption. Increasing
P/L ratio did not influence significantly on adsorption capacity of the
activated carbons once lignin had completely reacted with phosphoric acid.
P/L ratios higher than 1.2 did not modify the pore size distribution but it

reduced the total volume of pores.

Keywords: activated carbon, phosphoric activation, porosity, surface

properties, metal removal
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1. INTRODUCTION

The term lignin refers to a group of phenolic polymers that confer strength
and rigidity to the woody cell wall of plants. Lignin is separated from wood
during pulp and paper making operations, where it serves primarily as in-
house fuel required for the recovery of chemicals. The separation of Kraft
lignin could be an alternative to incineration since lignin is a bountiful and
renewable resource and represents an attractive field for future industrial

chemistry. One of the potential uses is the production of activated carbon.

Lignin can be used as precursor for activated carbon as it has been reported
on physical activation of eucalyptus Kraft lignin by CO, partial gasification'
and on chemical activation of this precursor by using zinc chloride’.
However, the use of ZnCl, has declined due to the environmental problems’

and phosphoric acid is preferred as activating-dehydrating agent.

Activated carbons are high porosity, high surface area materials used in
industry for environmental remediation, purification and chemical recovery
operations. While most activated carbons are used for adsorption of organic
compounds, previous studies have shown that many activated carbons can

uptake metal ions from solutions.

This work was undertaken to study the feasibility of the utilization of
activated carbon produced from Kraft lignin by chemical activation with
phosphoric acid for the removal of heavy metal cations from water solutions.
For this study, we chose copper as monitor of metal uptake, since copper is a
ubiquitous metal in plating and jewelry manufacturing wastewaters. The
influence of carbonization temperature and phosphoric acid to lignin weight

ratio on Cu adsorption are analyzed.
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2. EXPERIMENTAL

2.1 Materials

Kraft lignin was provided by Lignotech Iberica S.A. Table 1 shows the
ultimate and elemental analyses of lignin. Elemental analysis was carried out
in a EA1108 Carlo Erba Elemental Analyzer. The proximate analysis was
carried out following ISO standards following the weight losses at 100°C/air

(moisture), 900°C/non-oxidizing atmosphere (volatile matter) and 815°C/air

(ash).

A 85% H;PO, solution (Panreac, Spain) was used as activating agent.

2.2 Preparation and characterization of the activated carbons

Lignin was mixed with varying amounts of H;PO, in the range of 0.7 to 1.75
phosphoric acid to lignin weight ratio (P/L) in wet basis. The slurry was left
for 1h at room temperature and under air atmosphere, then transferred to a
furnace DUM Model 10CAF where carbonization was carried out under air
atmosphere. The oven was heated at 10°C min", up to 150°C where
temperature was hold to allow free evolution of water. Afterwards the oven
was heated at 10°C min™' to the final carbonization temperature (from 400 to
650°C) it was hold for 2h. In order to remove the excess of H;PO, after
carbonization, the cooled mass was extensively washed with distilled water
until a neutral pH was attained (a CyberScan PC 510 pH-meter with a
Hamilton-electrode 'Flushtrode', special for deionized water, was used).

Then, the samples were dried in an oven at 110°C overnight.

Surface area and pore size characterization were performed using a

Micromeritics ASAP2000 gas adsorption surface area analyzer. The specific
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surface area of the samples was determined from the nitrogen isotherms at -
196°C and by using the BET equation. Micropore volume was determined
using t-plot, mesopore volume using the BJH equation and total volume of

pores was calculated at a relative pressure (p/p”) of 0.99.

2.4 Cation-exchange capacity (CEC)

A weighed amount of adsorbent was placed into an Erlenmeyer flask. A
volume of 50ml of 0.1M NaOH was added. To attain equilibrium the flaks
were shaken for 24h. After equilibration the NaOH concentration was
measured by titration with HCl. The quantity of NaOH consumed was

converted to CEC and expressed in meq g .

2.5 Copper uptake from aqueous solutions

Experiments were done in batches with 18 Erlenmeyer flasks containing 150
mg of activated carbon and 150 ml of deionized water. Varying amounts of
Cu(I) chloride (p.a. quality from Aldrich) were added to each flask. The
initial pH of the solution was adjusted at pH=5 by adding 0.IN NaOH
solution. The flasks were sealed to avoid evaporation and stirred for 24h at
25°C. The resulting Cu(Il) concentration was analyzed by atomic absorption
spechtrophotometry (AAS) with a Perkin Elmer 3110 model. The amounts
of adsorbed copper were obtained by calculating the difference of each
concentration before and after adsorption. Several activated carbons
prepared at different carbonization temperature and acid phosphoric to

lignin ratio (P/L) were tested.
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3. RESULTS AND DISCUSSION

3.1 Surface area and porosity

Table 2 shows BET surface area and pore volume distribution of the
activated carbons prepared from Kraft lignin by phosphoric acid

impregnation at different temperatures and P/L ratios.

The surface areas increased between the temperature of 400 and 600°C and
the maximum surfaces of more than 1200 m’g"' was observed at 600°C. At
temperatures higher than 600°C, the surface areas were considerably reduced.
The isotherms approached type 1 (Langmuir), indicating an essentially
microporous character with some contribution of wider pores (meso- and
macropores) depending on the carbonization temperature. At 400°C, the
activated carbon showed the highest value of microposity. Increasing the
carbonization temperature produced the development of porosity in the
mesoporous region. The activated carbons prepared at 550°C exhibited a
high contribution of the mesoporous region with a considerably reduced
microposity. At these temperatures there is a reduction in the total volume of

pores due to shrinkage of the material.

The highest BET surface area was attained at P/L.=1.2 and further increases
in the P/L ratio produced a decrease in the BET surface atea. The highest
micropore to total volume ratio was found for the carbon prepared with the
lowest P/L ratio. As P/L ratio increased up to P/L=1.2, the micropore
volume also increased but in a lower extent than the mesoporous volume.
Higher values of the P/L ratio reduced the total pore volume and affected to
the micro and mesopore volume in a similar extent. Moreover, the relative

importance of the volume of macropores increases with the P/L ratio. The
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use of a P/L ratio of 1.2 yields a catbon with the highest surface area at

450°C (Spr=1036 m’g") and total pore volume (V ,= 0.6 cm’g).

Detailed discussion of these results and on the effect of phosphoric acid on

surface area and pore size distribution is given elsewhere”.

3.2 Cation-exchange capacity

The acidic groups covering the carbon surface are usually quantified by using
the Boehm's method’. NaHCO, can detect only strong acids as the
carboxylic group. Na,CO; can detect the carboxylic groups, lactones and
lactoles. NaOH, in addition of the aforementioned groups, is capable of

detecting phenols.

Benadi et al.’ analyzed phosphoric acid activated carbons produced from
wood precursors using potentiometric titration and identified peaks
corresponding to phosphonic acids (-PO,H,; pK, 7-9), phosphonous acids (-
PO,H,; pK, 3-4.5), and phosphines (-PR;; pK, 3-6.5, 8-9).

In this wotrk, we used modified method based on Bohem's method to
measure the cation-exchange capacity (CEC) of the carbons’. Using NaOH,
the total amount of acidic groups is quantified: carboxylic groups, lactones,

lactoles, phenol and phosphorous-containing acids.

Figure 1 shows that CEC decreases with carbonization temperature The
decrease in the functional groups determined by NaOH titration is possibly
due to degradation of phosphorous compounds. As temperature increases
phosphate and polyphosphate bridges acting as crosslinking parts of the
catbon structure descompose® and it also could affect to surface
phosphorous compounds that are degraded. Dastgheigb and Rockstraw'’

working on pecan shell activated carbons found a linear decrease in the
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functional groups detected by NaOH. These authors quantified functional
groups by Boehm's method and concluded that temperature mainly affected

to phenolic and/or phosphonic groups.

Figure 2 shows CEC for carbons prepared at different P/L ratio between 0.7
and 1.75. CEC increases with P/L ratio but the value remains proximately
from P/L=1.0. As H,PO, reacts with the hydroxyl groups of lignin it would
exist a maximum in the P/L ratio and so a maximum in the phosphorous-
containing acids attached to the surface. In a previous work'' carried out in a
thermogravimetric device, we have shown that phosphoric acid is in excess at

P/L ratios higher than 1.0.

3.3 Copper adsorption isotherms

Langmuir isotherm was applied for adsorption equilibrium.

Ce/qe = 7/¢Q0 b) + Ce/oQO

where C_ is the equilibrium concentration (mg 1"), q, is the amount absorbed
at equilibrium (mg g"), Q, and b are the Langmuir constants related to
adsorption capacity and energy of adsorption. The linear plot of C,/q, versus
C. showed that the adsorption obeyed the Langmuir model. Here we study
the variation of Q, with carbonization temperature and P/L ratio taking into
account CEC, surface area and pore size distribution of the activated

carbons.

Figure 3 shows the variation of the Cu adsorption capacity with the
carbonization temperature. Comparing this plotting with the data showed in
Figure 1 it can be clearly seen that the adsorption capacity of the activated

carbons can not be directly correlated with the CEC. Although the lower the
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temperature of preparation the higher the determined CEC, it must be taken

into account the surface area and the pore size distribution.

Figure 3 also shows the evolution of BET surface area with temperature. The
highest CEC was determined at 400°C but also the surface area was low and
most of the pore size distribution (75%) are micropores (with diameters less
than 2nm). Considering the diameter of copper ion in aqueous solutions as
1.2 nm", a portion of micropores is not accessible to the hydrated copper
ion. On the one hand, as temperature of carbonization increased up to 600°C
the surface area and the ratio of meso- and macropore volumes to total
volume ratio also increased. On the other hand, CEC decreased with
temperature as seen above. These two factors could explain the existence of
a maximum in Cu adsorption for activated carbons prepared at temperatures
between 450 and 550°C. At temperatures higher than 600°C, the shrinkage of
the structure together with the decreasing tendency of CEC with temperature

would explain the Cu adsorption observed.

Figure 4 shows the evolution of the Cu adsorption capacity and the BET
surface area with the P/L ratio. Cu adsorption increased with P/L ratio
according with the higher CEC determined. However, the differences
obsetved in Cu adsorption at low P/L ratios can not only be explained by the
moderate variation of CEC for P/L values between 0.7 and 1.75. There was
also a strong variation of the surface area and pore size distribution with the
P/L ratio. At P/L.=0.7, the activated carbon had a surface area of 603 m’g"
and 75% of the total pore volume corresponded to microporosity, therefore
diffusional limitations could be expected. Increasing the P/L ratio
microporosity decreased and remained proximately constant at 66% of the
total pore volume even at the highest P/L=1.75 where sutface decreased
considerably. We think that the high CEC together with the no existence of

diffusional limitations in carbons at P/L.=1.75 could be the reason of the
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slight decrease in copper adsorption even if the surface area decreased

greatly from 959 m’g™" at P/1.=1.4 to 704 m’g" at P/L.=1.75.

4. CONCLUSIONS

This study showed that activated carbons produced from Kraft lignin can be
tailored to have a high surface concentration of acidic groups and a pore size

distribution favorable for adsorption of metallic ions from solutions.

Carbonization temperature strongly affects to metal adsorption by changing
porosity distribution and degrading phosphorous-acidic groups. The P/L
ratio does not influence the amount of copper adsorbed if the added
phosphoric acid is enough to allow the complete reaction of lignin.

Thus, pyrolysis of lignin with phosphoric at temperatures about 500°C and
P/L ratio of 1.0 produces activated carbons with a favorable pore size

distribution and enough surface acidic groups for removal of copper ions.
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Table 1 Lignin Analyses (wt.%0)

Proximate Elemental
(wt.%, humid basis) (wt.%, ash and moisture free)
Moisture 14.45 Carbon 59.46
Ash 9.50  Hydrogen 5.07
Volatile matter 44.93  Nitrogen 0.05
Fixed catbon® 31.12  Sulfur 2.15
Oxygen* 33.27

 Estimated by difference

Table 2 Surface area and porosity of the activated carbons

T p /L Sger A\ Vaicro Vineso Vinacro
49 (m’/g)  (em’/g) (cm’/g) (cm’/g) (cm’/g)
400 1.4 917 0.48 0.34 0.11 0.03
425 1.4 944 0.50 0.27 0.18 0.05
450 14 1101 0.54 0.33 0.01 0.20
525 14 1173 0.60 0.29 0.08 0.22
550 1.4 1163 0.58 0.31 0.14 0.13
575 14 1178 0.59 0.30 0.05 0.25
600 1.4 1245 0.67 0.24 0.10 0.33
625 14 901 0.51 0.15 0.08 0.28
650 1.4 834 0.46 0.10 0.09 0.27
450 0.7 541 0.30 0.20 0.02 0.09
450 1.0 998 0.50 0.30 0.10 0.10
450 1.2 1036 0.51 0.31 0.10 0.10
450 1.8 950 0.46 0.28 0.07 0.12
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5.2.2. Optimization of the synthesis of highly microporous carbons by
chemical activation of Kraft lignin with NaOH

Este articulo ha sido enviado al Chemical Engineering Journal durante el afio
2006.
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Abstract

Highly microporous carbon materials with high apparent surface areas (up to
2400 m*/g) were obtained by heat treatment of mixtures of demineralised
kraft lignin (KL;) and NaOH. Application of a statistical tool, the response
surface methodology, was used to determine the optimum operation
conditions for preparing activated carbons able to adsorb phenol. For that
purpose, three parameters were varied: temperature of activation,
NaOH/KL; percent mass ratio and nitrogen flow rate. This catbon was
tested for the adsorption of methylene blue, obtaining adsorptions of 93.9
g/100 g AC.It has a high microporosity (0.997 cm’/g that corresponds with
more than 74% of the total porosity) and specific surface area of 2400 m*/g.
This best activated carbon was prepared at 783°C, 26.4% of Kraft lignin and
200 cm’ N,/min.

Key words: activated carbon, methylene blue, phenol, adsorption capacity,

response surface methodology.
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1. INTRODUCTION

Lignin is an abundant bio-polymer that is obtained in large quantities during
chemical pulping of wood and annual plants for the production of cellulose
pulps. Several kinds of technical lignins are identified depending on the
pulping process, such as Kraft lignin, lingosulfonates, and organosolv lignin,
the first being the most extended. The established use of lignin in the Kraft
process is as in-house fuel to supply energy to the process, which also allows
the simultaneous regeneration of the pulping chemicals. However, the
enormous amount of lignin that is processed through the Kraft pulping-
plants yearly has prompted interest on finding higher value applications for
this material. Some uses that have been explored are as binder for animal
fodder, to prepare lubricants for oil well drilling, in soil stabilization, as
substitute for phenol in adhesives, and as precursor for the manufacture of
activated carbon. The latter is currently a favored application, since the
demand of carbonaceous adsorbents is growing worldwide driven by stricter
environmental regulations, which force improvement in separation
techniques and intensive processing of waste streams to reduce the emissions
of gas and liquid contaminants. Activated carbons and carbon molecular
sieves are used in several industrial processes such as gas separation, gas
storage, purification or catalyzed reactions [1-3]. The properties of the
carbonaceous adsorbent depend on the pore volume distribution, the kind of
pores present, and on the surface chemistry. All those factors are direct
consequence of the nature of the precursor material and, most important, on

the activation agent and reaction conditions [4-9].

In recent studies on the chemical activation of Kraft lignin with H,PO, [10,

11], we obtained microporous activated carbons with surface areas as high as
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1300 m?*/g, although higher specific surfaces may be obtained with other
activating agents. There is a growing interest in alkaline hydroxide activation
process, and KOH has been found to be one of the most effective
compounds for that purpose [9, 12-15]. High surface areas and pore volumes
are reported for lignocellulosic materials, carbons and chars activated by
KOH with surface areas up to 3000 m*/g [16]. Exploratory studies evidenced
the possibility of preparing highly microporous carbons from Kraft lignin
using NaOH and KOH as activating agent in suitable experimental

conditions [16].

There are several parameters that influence the activation process [4-9]. Make
a complete study of each one to observe its effect entails a large number of
experiments. Conventional and classical methods of studying a process by
maintaining other factors involved at an unspecified constant level does not
depict the combined effect of all the factors involved. Thus, a parameter
alone has not a significant effect but it can affect to others parameters. To
study all this interactions and the effect of each parameter separately a
statistical tool can be used, the response surface methodology [17-25]. In this
case, this method also requires time, depending on the number of parameters
studied, but this optimization tool studies the effect of the parameters in a

collectively way reducing the number of experiments.

The aim of the present work was to develop a systematic study to optimize
the manufacture of carbons activated from Kraft lignin by activation with
NaOH. A statistical study based on the surface-response method [17-25] has
been developed using the adsorption of methylene blue as dependent

variable, since it serves as a model compound for the most usual organic
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pollutants [16, 25-39]. We have used the methylene blue adsorption capacity

as response variable to choose the best AC.

Methylene blue can serve as a model for the adsorption of organic pollutants
[25], as several works has demonstrated [16, 26-39]. These compounds
destroy the ozone stratospheric layer, are the precursors of photochemical
oxidants, produce acid rain, affect to the nervous system and are carcinogenic
and mutagenic agents [40]. For this reason, a big number of studies about the
elimination of these compounds have been published [40-42] using different

methods for treating them.

2. EXPERIMENTAL

2.1. Materials

KL was supplied by Lignotech Ibérica S.A. (Spain), and was presented in the
form of a fine dark brown powder. Ash content of the lignin was 9.5% on
reception, and lignin was demineralised prior to the preparation of the
carbons. To remove the inorganic matter from KI., batches of 100 g were
introduced in 2 1 of water leading to dark brown suspensions of pH 9.5, and
lignin was then precipitated by adding H,SO, until the pH decreased to 1.
The precipitate was gently washed with distilled water until constant pH and
it was dried overnight at 105 °C. The lignin prepared this way was nearly

mineral-free and was labelled demineralised Kraft lignin (KL,).

Extra pure methylene blue chloride (MB) powder was supplied by Scharlau.

It was diluted in distilled water to obtain a solution of 3.2 mM of
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concentration. Sodium hydroxide (NaOH) of 99% purity was purchased in

the form of lentils from Scharlau.

2.2. Preparation of carbons

Sodium hydroxides lentils were ground and physically mixed with KI; at KT,
to total mix mass ratios between 18% and 32%. The carbonisation was
carried out in a horizontal tubular furnace, where the samples were heated in
a crucible at 5°C/min from room temperature to a nominal carbonisation
temperature (T,,,) of between 700°C and 869°C. Flows of N, (f) of between
200 and 500 cm’/min were used, and the samples were kept at the nominal
carbonization temperature for one hour before cooling them down under

nitrogen atmosphere.

During the experiments, both metallic sodium and NaOH were transported
by the vapours and could be observed at the outlet of the reactor. Metallic
sodium mixed with sodium carbonate was also present inside the crucible.
Therefore, the latter was submitted to atmospheric humidity for two days to
oxidise sodium metal slowly. Finally, the activated carbon was washed with
extreme care, first with 1 M HCI, and finally with distilled water until a
constant pH of around 6. After drying in an oven during 24 h, a very light

activated carbon was obtained.

The effectiveness of the carbons prepared from Kraft lignin for methylene
blue adsorption was compared with that of three commercial AC (CACI,
CAC2 and CAC3), which were kindly provided by Norit Americas Inc. These
carbons are prepared by physical activation with steam [37] and their main

properties are shown in Table 1. CAC1 and CAC3 are mainly microporous
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with high surface areas of more than 1000 m*/g. CAC2 has a lower surface
area and less than 30% of microporous (0.185 cm’/g in microporous volume
respect a total volume of 0.637 cm’/g). All of them have an acidic surface

character.

2.3. Response surface methodology (RSM)

The experiments were planned using a response surface methodology, which
was based on a central factorial design established around a central point
located in the expected optimal zone [43, 44|. Methylene blue adsorption was
the dependent variable, and the independent variables were the proportion of
NaOH, the carbonisation temperature and the flow-rate of nitrogen inside

the carbonization tube [16].

This technique develops a two or three dimension surface obtained from
several experimental data [43, 44]. As we can see in Figure 1, this
methodology is based on a central factorial design established in a central
point that is determined in a theoretical optimum zone. From this point,
some deviations of a controlled size are made and if it is necessary, more
equidistant axial points from the central one can be added to complete the
experimental table, called the compost central factorial design. Figure 2

shows the algorithm followed in the RSM.

The analysis of the surface response determined the significance of the effect
of the independent variables and their interactions. The design was expanded
with a second set of experiments into a compost central factorial design (see

Figure 2) to locate the optimum more precisely.
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In the presented work, the central point was established at a carbonisation
temperature of 770°C, a mass ratio of 25% of KL, and a nitrogen flow of
350 ¢cm’/min, according to the available literature [45-50]. The variations
performed were £70°C in the temperature, £5% in the mass ratio, and 150

cm’/min in the nitrogen flow.

2.4. Characterisation of the activated carbons

2.4.1. Surface area and porosity

Surface area and porosity were determined from the nitrogen adsorption—
desorption isotherms obtained at 77 K with an automatic instrument (ASAP
2020, Micromeritics). The samples were previously degassed at 523 K for
several hours. N, adsorption data for P/P, from 10” to 0.99 (in a set of
values previously fixed) were analysed according to: (i) the BET method [51]
for calculating the specific surface area, Sy.r; and (i) the Oy method [52] for

calculating the micropore volume, I .., and the ultramicropore volume, 1

i USiNg Carbopack F Graphitised Carbon Black as reference material [53].
The total pore volume, 1/ ,,, was calculated from nitrogen adsorption at a

relative pressure of 0.99.

2.4.2. Methylene blue (MB) adsorption tests

MB serves as a model compound for adsorption of organic contaminants
from aqueous solution and is used as a primary indicator of the adsorption

capacity of activated carbons [25]. The adsorption test of MB is based on a
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one point adsorption isotherm. The analysis was performed mixing 33.7 mg
of AC in a topped plastic bottle with 50 ml of a solution of 3.2 mM of MB.
This suspension remained under mechanical agitation for 24 hours.
Afterwards, a sample of the solution was extracted and analysed in a UV-VIS
in an 8500 Dinko Instruments spectrophotometer, equipped with a tungsten
lamp operated at 664.8 nm. The MB adsorption capacity (q,,,) was calculated
by the difference between the initial and the final concentrations, and

expressed as grams of MB per 100g of AC (g MB/100g AC).

2.4.3. Surface functionality

Modified Boehm titration [54] was used to identify and quantify the acid and
basic surface functionality of the AC. For this, 25 mg of dry sample were
mixed with 25 ml of NaOH 0.1 N, Na,CO; 0.1 N, NaHCO; 0.1 N, sodium
ethoxide 0.1 N and HCI 0.05 N. The first four solutions determine the acidic
surface sites whereas the latter is used to measure the total basic sites. NaOH
is used to quantify carboxylic, lactone and phenol groups, Na,CO, for
carboxylics and lactones; NaHCO; determines carboxylics and sodium
ethoxide for the total acidic sites. By difference between them, it is possible
to calculate the quantity of each surface group. The suspensions of AC were
stirred for 48 hours to complete contact between the surface groups and the
reagent in the solution. Afterwards, the suspension was filtered and samples
of 5 ml were titrated with HCI or NaOH depending on the solution. The
adsorbed quantity was calculated by the difference between the initial and the

final valours and expressed in terms of miliequivalents per gram of AC

(meq/g AC).
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3. RESULTS AND DISCUSION

3.1. Application of RSM to optimize adsorption capacity

A preliminary study with activated carbons prepared with LK, and potassium
hydroxide [16] dealing with the effect of the experimental conditions on the
characteristics of the activated carbons was carried out in order to determine
the most relevant ones. The latter were found to be activation temperature

T

b Mass ratio of lignin R and N, flow rate f, while the activation time and
heating rate were found to have minor effects within the corresponding
range of values investigated. For this reason, activation time and heating rate

wete fixed at one hour and 5 °C/min, respectively.

3.1.1. First screening experiments

According to the central factorial design, seventeen AC were prepared under

the conditions detailed in Table 3. The central point was: T, = 770 °C, R =
25% and f = 350 cm’/min. Table 4 shows the values of the statistical
parameter, p-value, that represent the error existing in the linear and
quadratic approximations for the RSM. The error level has been established
in 5% so a p-value above 0.050 means that this parameter has not a
significant influence on the dependent variable. Application of a linear
approximation gives information about the influence of temperature, mass
ratio and nitrogen flow within the MB adsorption. Table 4 shows that the
three parameters have p-values above 0.050, which means that these

parameters have not a significant linear effect in the adsorption of the MB,

but comparing among them temperature and the mass ratio are more
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significant than nitrogen flow. The quadratic approximation of the central
factorial design, shows two important facts: i) first, the influence of each
parameter alone and the combined effect of each pair in the adsorption of
MB (for instance, the combined effect of the temperature and mass ratio in
the elimination of MB); ii) second, if the experiments are well represented by
the quadratic approximation or not, from the value of the parameter

T

i FR*+£. The latter is important because the quadratic approximation

gives a surface area where an optimum can be located. If we are not working

in this zone, we do not find the maximum.

Table 4 shows that the quadratic approximation corroborates the results
obtained from the application of the linear approximation. The influence of
temperature and mass ratio is not strictly significant on the adsorption of MB
at 95% probabilities but their p-values, 0.085 and 0.078 for the temperature
and the mass ratio respectively, are very close to 0.05. Probably, the election
of a new central point should result in a clearer determination of the true
effects of temperature and mass ratio, which is supported by the p-value of
the combined effect of temperature and mass ratio, which is below 0.050. In
contrast, the nitrogen flow and the combination of this parameter with
temperature and mass ratio give p-values bigger than 0.300, and in
consequence, the nitrogen flow was determined not to be a significant
parameter for the study. Finally, the value of T*+R*+f was 0.039 which
shows that we are working with a quadratic surface that with a better central
point should give us the optimum conditions for the preparation of ACs,
with adsorption of MB. It was necessary to expand the study with a

maximum a compost central factorial design by adding experiments 12 to 17.

From these results, we can conclude that we are working near the optimum

zone but the central point must be improved. In summary, the effect of the
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nitrogen flow and its interaction with T_, and R were not significant.

cat
Therefore, a constant value of f = 200 cm’ N,/min, that is a typical value [49,
50, 55], was maintained for the remaining experiments. On the other hand,
when the temperature was below 750°C, the MB adsorption capacity
decreased with the mass ratio, but above that temperature the dependence
with the mass ratio was the opposite. The mass ratio increased the MB
adsorption capacity, and it also increased with the temperature for all the
mass ratios studied until 777°C, where a maximum exists, and from where
the adsorption decreases. This phenomenon occurs because at higher
temperatures and mass ratios, the structure of the AC begins to collapse
caused by an excessive effect of the activation [16] producing the reduction

of the specific surface area that is the main responsible for the MB

adsorption.

3.1.2. Experiments with the refined central point

The results of the first screening experiments demonstrated that nitrogen
flow-rate was not significant, but the significance of temperature and mass
ratio was not clearly established, nor was the optimum located. Therefore a
second set of experiments was conducted according to a new design around
a new central point, which used smaller variations. The central point was
fixed at 777°C with a content of lignin of 23% within variations of +30°C
and *2%. Fourteen new samples of AC were prepared at the conditions

detailed in Table 5.

The experiments realised in this second zone gave the p-values for the
quadratic approximation of the temperature and mass ratio shown in Table 6.

In this case, it is not necessary to study the linear approximation since we are
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working with only two parameters, temperature and mass ratio. The
significant influence of both parameters was clear, since the p-values were
below 0.050. The combined effect of temperature and mass ratio had also
significance. Values for T? and R?, 0.002 and 0.017 respectively, show that the
quadratic surface should give the optimum conditions to prepare an AC with

maximum adsorption of MB.

3.1.3. Integration of the first-step excperiments

Figure 3 shows the response surface modelled from all the experimental data,
the first and the second sets of experiments. A maximum MB adsorption of
96.4 ¢ MB/100g AC was predicted at 783°C, 26.4% in KL, content and 200
cm’ N,/min. The activated carbon prepared at those conditions gave a MB
adsorption of 93.9 ¢ MB/100g AC. Table 7 shows the characterisation of the
AC prepared at the optimum conditions. The carbon had a specific surface
of 2400 m*/g, and it was highly microporous (more than 65% of the total
porosity), and its surface was predominantly basic, with 15.8 meq/g of basic

groups and only 10.5 meq/g of acidic groups.

3.2. Other characteristics of the activated carbons

In general, the MB adsorption capacity of an activated carbon is closely
related to the specific surface area, as shown in Figure 4 for activated carbons
prepared by chemical and physical activation. Carbons obtained by chemical
activation include our own results on ACs from Kraft lignin activated with
H,PO, [35], KOH [16] and NaOH, and bibliographic data on carbons
prepared by activation with H,PO, [32], KOH [26-31, 33] and steam [38, 39].
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Three commercial carbons are also included [37]. MB adsorption capacity
for the activated carbons prepated in this study range from 38.7 ¢ MB/100g
AC to 98.2 ¢ MB/100g AC, in good agreement with the results reported by
several authors [26-31, 33] for carbons prepared from different types of raw
materials (olive stone, petroleum coke, pistachio shells, wood, etc.) by KOH
activation, which ranged from 26.3 ¢ MB/100g AC to 110.0 g MB/100g AC
which lay in the same range of values than for NaOH carbons. The very
large porosities and surface areas of the activated carbons prepared with
NaOH and KOH facilitates the adsorption of large quantities of adsorbates
and thus carbons can find application in removing organic and inorganic
molecules from contaminated streams, efficiently [26, 27, 29, 32, 34]. In
contrast, activated carbons prepared from Kraft lignin by phosphoric acid
activation have more limited MB adsorption capacities, about 38.9 ¢
MB/100g AC [32], which is caused by the lower specific surfaces. Finally,
carbons activated with steam [38, 39] and the three commercial activated
carbons tested in this study have adsorption capacities similar to those of

phosphoric acid carbons.

Due to the size of the MB molecule, around 15 A, this compound is
adsorbed only in the larger micropores or supermicropores (13-20 A), and
the mesopores (>20 A) [34]. Figures 5 and 6 show the variation of the MB
adsorption capacity with the micropore and the supermicropore and
mesopore volumes. These figures confirm that MB is adsorbed on the

supermicropores and mesopotes.

On the other hand, in some cases where the surface area and the porosity is
less developed, the MB adsorption capacity is greater than the expected and
it is caused by the surface chemistry [31, 56]. MB is a dye with basic character

and when is put in contact with a strong acid surface charge, electrostatic
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interactions acts between the delocalised T electron of the carbon surface
and the free electrons of the dye molecule presents in aromatic rings
principally [56]. In Figures 7 and 8, the effect of the acid and basic surface
chemistry is presented, respectively. In general, a better correlation between
the MB adsorption capacities exists with the acidity surfaces (Figure 7).
However, due to the fact that the porosity is well developed in the AC
studied (Table 1 and 7), the surface chemistry does not play an important

role collaborating in the adsorption phenomena.

4. CONCLUSIONS

The aim of this study was to optimize the preparation of carbons activated
with NaOH for the purification of water polluted with organic compounds,
and to study the interaction between the experimental variables by using a

statistical method for the design of experiments.

The statistical method selected, the Response Surface Methodology, has been
showed to provide the optimum conditions for prepare an AC that adsorb

more MB and phenol than de commercials carbons used for comparison.

In the first step of the experimental application of the RSM, the effect of the

nitrogen flow and its interaction with T, and R were not significant and

does not affect the finally properties of the AC, especially the adsorption of
MB. A typical constant value of f = 200 cm’ N,/min was set for the

remaining experiments centered in a second central point.

Integration of the first-step and the second-step experiments allowed

selecting the optimum AC where the maximum MB adsorption take place is
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achieved at 783°C, 26.4% in KI,, content and 200 cm’ N,/min with a MB
adsorption capacity of 93.9 mg/100g AC. These adsorption capacities are
well correlated with the supermicropore and mesopore volume and also with
the acidic groups of the surface due to the character of the basic dye

employed.
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Table 1. Physical properties of the commercial AC used.

SBET Vg Vg Vi Acidic Groups Basic Groups
,micro .

,ultra

('/9) (em'/g) (em'/g) (em'/g)  (med  (MeAON/EAO
H*/gAC)
CAC1 1350 0.458 0.139 0.713 2.6 0.5
CAC2 620 0.185 0.085 0.637 7.9 1.2
CAC3 1020  0.334 0.152 0.625 5.0 2.1
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Table 2. Properties of adsorptive molecule.

MW* Tb® Solubility  Size
(g/mol) °C) o) w/w  (A)*

Molecule Structure

MB 319.9  Decompose 100.0 15

MW?2. Molecular weight.
Tb. Normal boiling point.
Sizec. Size calculated with ACDLABS 8.0.
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Table 3. Points studied in the first-step experiments.

Real Values Statistical Values
Experiment Tcarb R f Tmb R f G
(2/100 ¢ AC)
°O) (%) (cm?/min) CC) (%) (cm?/min)
1 700 20 200 -1 -1 -1 79.2
2 840 20 500 1 -1 1 38.7
3 770 25 350 0 86.7
4 840 30 200 1 1 -1 85.1
5 700 30 500 -1 1 1 62.6
6 770 25 350 0 98.2
7 840 30 500 1 1 1 82.2
8 700 30 200 -1 1 -1 83.6
9 770 25 350 0 91.8
10 840 20 200 -1 -1 49.8
11 700 20 500 -1 -1 87.0
Axial Points:
12 770 32 350 0 1.4 0 91.5
13 869 25 350 -1.4 0 0 91.9
14 770 25 350 0 0 96.1
15 770 25 350 0 0 0 94.7
16 671 25 350 1.4 0 0 77.0
17 770 18 350 0 -1.4 0 83.4
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Table 4. Statistic p-value for the analysis in the first-step experiments, linear

and quadratic approximations.

Tcarb R f Tcarb .R Tcarb .f R .f Tcarb2+R2+f2
Central Linear 590 282 0.606 - : ; -
factorial approx1mat1on
: Quadratic
design TAtC 085 0.078 0309 0021 0977 0.423 0.039
approximation
Compost
central Quadratic o>y 1230 - 0059 - ; 0.153
factorial | approximation
design
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Table 5. Points studied in the second-step experiments.

Real Values Statistical Values
Experiment Tcarb R f Tmb R f G
(g/100 g AC)
°C) (%) (cm3/min) CC) (%) (cm3/min)
18 807 25 200 1 - 97.2
19 747 21 200 -1 -1 - 94.3
20 777 23 200 0 0 - 96.2
21 807 21 200 1 -1 - 91.9
22 747 25 200 -1 1 - 94.1
23 777 23 200 0 0 - 93.6
24 777 23 200 0 0 - 93.9
Axial Points:
25 777 20 200 0 -14 - 95.1
26 777 26 200 0 1.4 - 88.0
27 777 23 200 0 0 - 97.4
28 777 23 200 0 0 - 93.2
29 777 23 200 0 0 - 95.7
30 819 23 200 1.4 0 - 90.3
31 735 23 200 -14 0 - 95.6
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Table 6. Statistic p-value for the variables, quadratic approximation.

Tcarb R T R Tcarbz

carb

QQuadratic approximation 0.057 0.016 0.008 0.002

0.017
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Table 7. Properties of the optimum AC for the adsorption of MB.

Seir - Vamee Va uper V09 Acidic Groups Basic Groups
(m’/9) (cm’/g) (cm’/g) (cm’/g) (meqH/gAC) (meq OH/gAC)

2400  0.964 0.090 1.472 10.5 15.8
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Table 8. MB (qy;) adsorption capacity of the optimum AC and the

commercial ones.

Qus AC-optimum CAC1 CAC2 CAC3

¢/100 ¢ AC 93.9 41.5 31.5 21.7
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Captions of the figures

Figure 1. Scheme of experimental points for the RSM development in two
dimensions.

Figure 2. Response Surface Methodology basic steps.

Figure 3. Variation of the quantity of MB adsorbed depending on the
temperature (T) and the KI; quantity (R) a) in three dimensions
and b) in two dimensions.

Figure 4. Specific surface area in front of MB adsorption capacity for AC
obtained by activation with: & H,PO, (our AC), ® H,PO, from
bibliography, 1 KOH (our AC), B KOH from bibliography, A
NaOH, O commercial carbons and @ steam activation from
bibliography. Continuous line show the general data tendency.

Figure 5. Microporous volume in front of MB adsorption capacity for AC
obtained by activation with: <& H,PO,, 0 KOH, ll KOH from
bibliography, A NaOH and O commercial AC. Continuous line
show the general data tendency.

Figure 6. Supermicroporous and mesoporous volume in front of MB
adsorption capacity for different AC obtained by activation with:
<& H,PO, (our AC), 0 KOH (our AC), A NaOH and O
commercial carbons. Continuous line show the general data

tendency.
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Figure 7. Acidic surface chemistry influence with the MB adsorption
capacity for different AC obtained by activation with: & H;PO,
(our AC), 0 KOH (our AC), A NaOH and O commercial
carbons. Continuous line show the general data tendency.

Figure 8. basic surface chemistry vs. MB adsorption capacity for different
AC obtained by activation with: & H,PO, (our AC), 0 KOH
(our AC), A NaOH and O commercial carbons. Continuous line

show the general data tendency.

227



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-6dEPEGRS10M, caracterizacion y aplicaciones de carbones activados B

DL.T.1387-2007

Optimization of the synthesis of highly microporous carbons by

chemical activation of kraft lignin with NaOH

V. Torné-Fernandez, ].M. Mateo, D. Montané, V. Fierro

*3

® (0,

{—1, +1) (+1, +1)

(0, 0)
{~a, 0] (a, O)

(—1, =1} (+1, —1)

¢ {0, —a)

Figure 1
Torné-Fernandez, V., et.al

228



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-690-7600-2 5 B Discusién de Resultados

DL.T.1387-2007

Optimization of the synthesis of highly microporous carbons by
chemical activation of kraft lignin with NaOH

V. Torné-Fernandez, .M. Mateo, D. Montané, V. Fierro

RSM

l

Central Factorial Design

> Define Central Point

Lineal

approximation
P<0.05

Significant

No Significant

Quadratic

approximation
P<0.05

Significant | Compost Central
Factorial Design

No Significant

Quadratic
approximation

v

Figure 2 Optimal conditions

Torné-Fernandez, V., et.al

229



UNIVERSITAT ROVIRA | VIRGILI
PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ) . . .
ISBN: 978-84-4dEP&ggSIon, caracterizacion y aplicaciones de carbones activados O

DL.T.1387-2007

Optimization of the synthesis of highly microporous carbons by
chemical activation of kraft lignin with NaOH

V. Torné-Fernandez, ].M. Mateo, D. Montané, V. Fierro

850 -
800 -
8
Q/
_e
g
= 750
700

R (%)

Figure 3
Torné-Fernandez, V., et.al

230



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS

PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ..

ISBN: 978-84-690-7600-2 5 O Discusioén de Resultados

DL.T.1387-2007

Optimization of the synthesis of highly microporous carbons by
chemical activation of kraft lignin with NaOH

V. Torné-Fernandez, .M. Mateo, D. Montané, V. Fierro

120
& AC-H,PO4
_ & AC-H,PO4[32] O =
S 10010 ACKOH R
o B AC-KOH [26-31,33]
S A AC-NaOH A &R o
% g0 © cac O
> ® CAC[38,:39]
g v
S 60 -
(&)
[y
je)
2 40 -
o
[%2]
i .
D 20- o o J°
[
0 T T T T T T T

0 500 1000 1500 2000 2500 3000 3500
Sper (M'79)

Figure 4
Torné-Fernandez, V., et.al

231



UNIVERSITAT ROVIRA | VIRGILI
PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ) . . .
ISBN: 978-84-4dEP&ggSIon, caracterizacion y aplicaciones de carbones activados O

DL.T.1387-2007

Optimization of the synthesis of highly microporous carbons by
chemical activation of kraft lignin with NaOH

V. Torné-Fernandez, ].M. Mateo, D. Montané, V. Fierro

120
< 100-
(@)
o
S
—
S 80
2
‘©
S
g 60 -
o
c
i)
2 40 -
3
3 o AC-H,PO4
“23 20 A o AC-KOH

A AC-NaOH
o CAC
0 T T T T
0,0 0,5 1,0 1,5 2,0 2,5
3
Figure 5

Torné-Fernandez, V., et.al

232



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS

PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ..

ISBN: 978-84-690-7600-2 5 O Discusioén de Resultados

DL.T.1387-2007

Optimization of the synthesis of highly microporous carbons by
chemical activation of kraft lignin with NaOH

V. Torné-Fernandez, ].M. Mateo, D. Montané, V. Fierro

120
& AC-H,PO4

O 1op D AcoOH 0

< 1009 4 Ac-NaoH g A %@D

o)) A

S O CAC A A ‘oo
O

% O

=

8 O

o

@

(&

c

il

=3

o

[2]

©

©

m

=

0 T T T T
0,0 0,5 1,0 1,5 2,0 2,5

3
a,supermic + Vmeso (Cm /g)

Figure 6
Torné-Fernandez, V., et.al

233



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ) . . .

ISBN: 978-84-4dEP&ggSIon, caracterizacion y aplicaciones de carbones activados O

DL.T.1387-2007

Optimization of the synthesis of highly microporous carbons by
chemical activation of kraft lignin with NaOH

V. Torné-Fernandez, ].M. Mateo, D. Montané, V. Fierro

120
~ mi
(@)
< 100 4
o
S
S
d
2 804
2
‘c
@©
S 60
o
c
e
2 40
o)
(2}
o
© o & AC-H,PO4
0 &
s 20 $ © <& O AC-KOH
A AC-NaOH
O CAC
0 T T T T T

0,000 0,005 0,010 0,015 0,020 0,025 0,030
Acid Groups/S,., (meg/nT)

Figure 7
Torné-Fernandez, V., et.al

234



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS

PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ..

ISBN: 978-84-690-7600-2 5 O Discusioén de Resultados

DL.T.1387-2007

Optimization of the synthesis of highly microporous carbons by
chemical activation of kraft lignin with NaOH

V. Torné-Fernandez, ].M. Mateo, D. Montané, V. Fierro

120
o AC-HpPO4
100 . . oD AC-KOH
%%A oo o A A AC-NaOH
I D R4 o CAC

MB adsorption capacity (g/100g AC)

20 1% o

0 T T T T T
0,000 0,005 0,010 0,015 0,020 0,025 0,030

Basic Groups/SgeT (meq/rr12)

Figure 8
Torné-Fernandez, V., et.al

235



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-6dEPEGRS10M, caracterizacion y aplicaciones de carbones activados B

DL.T.1387-2007

5.2.3. Sorption study of organic compounds on highly microporous
carbons prepared from Kraft lignin

Este articulo ha sido enviado al journal Adsorption Science and Technology
durante el afio 2000.

236



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS

PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ..

ISBN: 978-84-690-7600-2 5 O Discusioén de Resultados

DL.T.1387-2007
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Abstract

Activated carbons obtained from Kraft lignin by chemical activation with
sodium hydroxide, potassium hydroxide or phosphoric acid are highly
microporous carbon materials with high apparent surface areas up to 2900
m*/g. Carbonaceous microporous adsorbates have been used for the
adsorption of organic contaminants in aqueous phase. Thus, three different
types of activated carbons derived from Kraft lignin are used for this purpose
and large amounts of adsorbed pollutants are achieved with values between
100 and 240 mg ¢ for phenol and 185 and 235 mg ¢ for benzene. A kinetic
study was done and phenol and benzene adsorption data obtained fit well a

pseudo-second-order reaction, as it is described in the literature.

Key words: activated carbon, phenol, benzene, adsorption capacity, liquid phase.
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1. INTRODUCTION

Kraft lignin is obtained from the treatment of black liquors originating of
paper production. This black liquor is a residue composed principally of
cellulose, hemicellulose and lignin. This last one, the second most abundant

component in wood in a proportion until 24%.

The preparation of activated carbons (AC) from Kraft lignin [1-6] is a novel
usage of this raw material, which is mainly used as in-house fuel for the
recovery of both energy and residual inorganic matter, and also others
employments [7-14] as animal feed binding, oil well drilling, soil stabilization,

protein precipitation or board additives are of minor importance.

We have recently reported the chemical activation of KL impregnated with
H,PO, [6, 15], NaOH [5, 16] and KOH [16] obtaining AC essentially
microporous with surface areas as high as 1300 m*/g for the activation with
H,PO4 and 2400 m®/ g for alkaline hydroxides. Activation with potassium
hydroxide (KOH) has grained a growing interest as activating agent since it
has been found to be one of the most effective compounds for that purpose
[17-21]. High surface areas and pore volumes are reported for lignocellulosic

materials, carbons and chars activated by KOH with surface areas up to 3000

mz/g [5].

ACs are used in several industrial processes such as gas separation, gas
storage, purification or catalyzed reactions [7, 22, 23|. The aim of the present
study is to examine the capability of a series of AC developed from the
chemical activation of Kraft lignin with phosphoric acid, sodium hydroxide

and potassium hydroxide impregnation to adsorb organic compounds from



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-690-7600-2

DL.T.1387-2007

5 O Discusioén de Resultados

low concentration wastewater. These organic components are common
contaminants in industrial waters since they are used as intermediates in the
synthesis of dyes, pesticides, explosives, insecticides, and also they constitute
priority pollutants [24]. These waters are generally treated with chlorine, used
as disinfectant and it reacts with phenol and form chlorophenols. This
derived compound from phenol is a big problem since it is one of the most
toxic pollutants found in industrial wastewaters. For these reasons, benzene
and phenol in dilute aqueous solution were chosen as representative model

compounds for adsorption assessment.

As it is presented in Table 1, phenol is commonly used in this sense [25-92]
but only few experimental aqueous-phase adsorption isotherm data are
available in the literature for benzene [24, 36, 53, 93-96] and toluene [24, 30,
49, 53, 70, 93-95, 97] compared with the large quantity of tests in gas phase
[98]. The importance of the study of this kind of compounds is based on the
fact that they destroy the ozone stratospheric layer, are the precursors of
photochemical oxidants, produce acid rain, affect to the nervous system and
are carcinogenic and mutagenic agents [98]. For this reason, a big number of
studies about the elimination of these compounds have been published [98-

100] using different methods for treating it.

2. EXPERIMENTAL

2.1. Materials

KL was supplied by Lignotech Ibérica S.A. (Spain), and was presented in the
form of a fine dark brown powder. The removal of the inorganic matter

from KL was achieved as follows: batches of 100 g were introduced in 21 of
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water, leading to dark brown suspensions of pH 9.5, and lignin was
precipitated by adding H,SO, until the pH decreased to 1. The precipitate
was gently washed with distilled water until the pH of the rinse was constant
and finally dried overnight at 105 °C. The lignin prepared this way was nearly

mineral-free and was termed demineralised Kraft lignin (KL,).

Two activating agents were used with KL ;: sodium hydroxide (NaOH) with a
99% purity and potassium hidroxyde (KOH) with 85% of purity, both
provided by Scharlau as lentils. Another activating agent was used with KL,

an 85% solution of phosphoric acid (H;PO,) supplied by Panreac Spain.

For the adsorption tests, phenol (Ph) crystals and benzene solution were
supplied by Aldrich with more than 99% of purity. Both organic compounds
were solved in ultrapure water from a Milli-Q Millipore equipment for
preparing 100 ppm solutions that were kept in crystal bottles under a

temperature of 6°C.

2.2. Preparation of carbons

For the preparation of AC with NaOH (AC-Na), sodium hydroxides lentils
were ground and physically mixed with KL, according to a NaOH/ KL,
mass ratio of 3/1. The carbonisation was carried out in a horizontal furnace
and the samples were heated from room temperature to 750°C in a N, flow
of 200 cm’/min. This sample was kept at the final temperature for a
carbonisation time of one hour before cooling down under nitrogen. The
heat rate was established in 5°C/min. Afterwards, the sample was submitted
to atmospheric humidity for two days, during which the alkaline metal

remaining slowly oxidised. Finally, the activated carbon was washed with
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extreme care, first with 1 M HCI, and finally with distilled water until the pH
of the rinse remains constant and close to 6 (a CyberScan PC 510 pH-meter
with a Hamilton-electrode “Flushtrode” was used). After drying in an oven

during 24 hours, a very light activated carbon was obtained.

The preparation of AC with KOH (AC-K) was made following the same
methodology explained before but with different activating conditions: 700°C
of carbonisation temperature, a KOH/ KL, mass ratio of 3/1 and a 400 cm’

N,/min.

In the chemical activation with H;PO, (AC-P), the procedure was different.
KL was mixed with H;PO, a 1.4 acid to lignin weight ratio (P/L) on a wet
basis. The slurry was left for an impregnation time of 48 hours at room
temperature in air, and then transferred to a furnace DUM Model 10CAF
where carbonization was carried out under air atmosphere. The furnace was
heated at 10 °C min™', up to 150 °C, which temperature was held for 1 h to
allow free evolution of water. Afterwards the oven was heated at 10 °C min
up to the final carbonisation temperature, 450°C, which was held for 2 h. To
remove the excess of H;PO, after carbonisation, the activated carbon was
extensively washed with distilled water until a neutral pH was met (a
CyberScan PC 510 pH-meter with a Hamilton-electrode “Flushtrode” was

used). Then, the samples were dried overnight in an oven at 105 °C.

To compare with these activated carbons, three commercial AC was used,
called CAC1, CAC2 and CAC3. These AC are prepared by physical
activation with steam [101] and are provided from Norit Americas Inc. The
properties of all these carbons are shown in Table 2. AC-Na, AC-K, AC-P,
CAC1 and CAC3 are highly microporous AC with high surface area between
900 m*/g and 2900 m*/g. CAC2 has less surface area with less than 30% of
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microporous (0.185 cm’/g in microporous volume respect a total volume of
0.637 cm®/g). All these AC have a high acidic surface character although AC-

Na has also a large quantity of basic groups.

2.3. Characterisation of adsorbates

Surface area and porosity were determined from the corresponding nitrogen
adsorption—desorption isotherms obtained at 77 K with an automatic
instrument (ASAP 2020, Micromeritics). The samples were previously
outgassed at 523 K for several hours. N, adsorption data for P/P, from 107
to 0.99 (in a set of values previously fixed) were analysed according to: (i) the

BET method [102] for calculating the specific surface area, Sy.p; and (ii) the
0 method [103] (using Carbopack F Graphitised Carbon Black as reference
material [104] for calculating the micropore volume, g .., and the

ultramicropore volume, 14 The total pore volume, 174, was calculated

,ultra®

from nitrogen adsorption at a relative pressure of 0.99.

2.4. Phenol (Ph) and Benzene (B) adsorption

Adsorption of phenol and benzene was studied with the six AC presented
before. The properties of these organic molecules used in the adsorption
tests onto the different AC are present in the table 3. As it is showed, both
compounds are very similar in molecular weight and size but the presence of
an OH’ group in the phenol structure gives different polarity compared with

benzene. From this property, benzene presents a highest volatility and less
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solubility in comparison with phenol. Thus, this both components represent

good models for this type of tests.

2.4.1. Kinetic study

For the determination of the time needed for achieve the adsorption
equilibrium, 10 mg of AC was mixed with 10 ml of a 100 ppm solution of
phenol or benzene in several well topped glass flasks. The mixing step took
place for a determined time until a maximum of 7 days to ensure the
equilibrium state at a constant temperature of 25°C. The tubes were attached
perpendicularly with clamps to a horizontal revolving shaft that had a
rotating speed of 2 rpm and the temperature was controlled with an
electronic digital regulator P-Selecta Digiterm-100. Afterwards, 3 ml of
sample were taken and filtered in a regenerated cellulose filter of 0.45 Pm of
pore size to a vial topped. The concentration of the organic compound was
obtained by liquid chromatography in an 1100 Series Agilent chromatograph
with a Hypersii ODS 250 mm column. The dynamic phase was
acetonitrile/water in a trelation of 65/35. The adsorbed quantity (q) was

calculated by the difference between the initial and the final valour.

2.4.2. Adsorption isotherms

For the preparation of the adsorption isotherms, different quantities of
adsorbate (between 1 and 20 mg) were mixed with 10 ml of a 100 ppm
solution of phenol or benzene in several well topped glass flasks. The sample
granulometry was between 63 and 500 Pm of diameter particle. The tubes

were capped and placed in a water bath at 25°C, attached perpendicularly
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with clamps to the horizontal revolving shaft for 8 hours to ensure the
equilibrium. Afterwards, 3 ml of sample were taken and filtered in a
regenerated cellulose filter of 0.45 Pm of pore size to a vial topped. The
concentration of the organic compound was obtained by HPLC, as it has

been explained before.

The adsorbed quantity (q) was calculated by the difference between the

initial and the final valour.

The acidic surface of the AC used in this report provides low pH during the
tests for the AC activated with KOH and H;PO, and not high variations for
the rest of AC. The initial pH of the phenol adsorption test was proximally 7
but due to the acidity character of AC the final pH varies to between 4 (AC-
K and AC-P) and ~6.7 (AC-Na, CAC1, CAC2 and CAC3) depending on the
adsorbate used. In the benzene adsorption tests, the behaviour is quite
similar. The initial pH is 7.7 and the free evolution of the pH goes to 4 (AC-
Kand AC-P) and ~6.5 (AC-Na, CAC1, CAC2 and CAC3).

At lows pH, the acidic compounds prevails in the nonionized form, that have
higher adsorption capacity of organic species than when is present in the
ionized form [24]. This phenomena occurs because the reduction of

repulsions interactions that improve the organic adsorption capacity.

3. RESULTS AND DISCUSION

Experimental adsorption tests realised with phenol and benzene present
similar results. Figure 1 and 2 present the experimental data obtained for ACs

prepared from lignin and the commercial carbons for phenol and benzene
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adsorption, respectively. As it can be appreciated, in both cases the
maximum adsorption capacity is achieved in less than 2 hours. Results
presented only correspond to the first 10 hours of experiments, when the

stability is achieved.

3.1. Kinetic of the adsorption processes

The dependence of the reaction rate on the concentration of the species
present, in form of quantity adsorbed, must be determined by experimental
observation. Although, the functional dependence must be obtained from
the theory and corroborated with the experimental data. One of the most
common general form [105] of the dependence of organic adsorption on the

adsorbate is

-1 = k(q-q)" ©)

Where —r; is the reaction rate that can be expressed as the variation of the
adsorption capacity respect to the time (dq,/dt); £ is the adsorption rate
constant expressed in terms of mass phenol or benzene adsorbed per
adsorbate mass unit and time (g 'mg"' 'min™); ¢, and ¢, are the equilibrium and
instantaneous mass amount of the organic compound adsorbed per carbon
mass unit (mg/g), respectively; #is the contact time (minutes); and 7 is the
reaction order. The reaction order refers to the powers to which the
concentration is raised in the kinetic rate law and gives an idea about how

fast the reaction take place.

Equation 1 can be rearranged as:
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da,
(9. -a,) @

Integrating the general form of Eq. (2) for the boundary conditions t = 0 to

t=tand q, = 0 to q, = q, gives:

log(a, ~)=log(a.) +-=—{logt)+ lodic{n 1)} o

Linear plot of Iog(qe —qt) against Iog(t) gives values of the global reaction

order, n, and kinetic constant, k, presented in Table 4. As it is showed, the
reaction order of the adsorption process is quite similar to a second order
chemical reaction with good correlations (r* > 0.930) of the data for phenol
and benzene adsorptions on the AC studied. For this reason, a pseudo-
second order (equation 4) can be applied for this process, as is well cited in
the literature [24, 54, 64], providing very similar results for constant rates, k

and k’.

— = 5 +—f (4)

The adsorption rate constant points to a faster adsorption rates for phenol
than for benzene in the AC derived from lignin except for CAC2 and CAC3
that are very similar. The AC derived from lignin presents better adsorptions
capacities compared with the commercial carbons in both experiments, with

phenol and benzene.
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Phenol and benzene are small organic molecules with a size of 6 A and 5 A
respectively and is well known that are adsorbed essentially in micropores, as
previous studies has shown for other organic compounds [106]. The highest
phenol adsorption capacity corresponds with the maximum benzene
adsorption capacity that is achieved for AC-Na and AC-K. Both ACs have
the maximum volume of mesopores (0.428 cm’/g and 0.384 cm’/g,
respectively) and micropores (1.018 cm’/g and 1.332 cm’/g, respectively).
Figure 3 shows the adsorption of phenol and benzene on each AC studied as
a function on their microporosity. It can be seen that the organic adsorption

capacity linearly increases with the micropore volume.

3.2. Isotherm tests

From the experimental data presented in Figures 1 and 2, it is possible to
obtain the equilibrium isotherms for the adsorption of phenol or benzene on
the AC studied. Adsorption isotherm is important to describe the interaction
between the solute and the adsorbate and is very important to optimize the

use of adsorbents.

Figure 4 shows the relation between the amounts of phenol adsorption
capacity versus the equilibrium concentration at 25°C. Figure 5 shows the
same data as in Figure 4 but using benzene as solute. In the experimental
data, there is a general agreement that the adsorption isotherms of phenol
and benzene on AC are L-shaped [63]. However, there are many attempts in
the literature to fit the adsorption isotherms to some kind of model. For this
data, three well-known empirical equations were proposed. The first one is

the Freundlich model [38, 54, 63, 73] (Equation 5) that is normally used for
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high concentrations. This method is based on adsorptions variations with
the pressure and considers the decrease of the affinity with the surface

saturation, giving best fit at high concentrations.
qe = kf 'Ce% (5)

where q. is the mass amount of the organic compound adsorbed per carbon
mass unit (mg/g), k; is the Freundlich constant related with the adsorption
capacity (mgwg'), C, is the concentration of adsorbate in solution at
equilibrium (mg1") and n is the empirical parameter that represents the

heterogeneity of the site energies (dimensionless).

The second model is the Langmuir equation [24, 38, 54, 60, 63, 72, 90].
Generally, this model is better than the Freundlich model but not all the
adsorptions fit well with this isotherm (Equation 6) due to the formation of a
monomolecular layer in the adsorbate surface. The fit is better at low

concentrations.

©)

where C,_ and q, are the same parameters as in the Freundlich isotherm. Qo is
maximum amount of adsorbate adsorbed per carbon mass unit (mg/g) and b

is the Langmuir constant related with the adsorption energy (I mg").

This isotherm is the relation between the recovery degree of the solute
particles and the pressure and is based on the velocity of the decrease of

intermolecular interactions with the increase of the distance between the
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adsorptive molecules and the adsorbate. This isotherm consider several
factors: the adsorption is localized, all the active sites on the surface are
power equivalents, there is not interaction between adsorbed molecules and
the limiting reaction step is the surface reaction as in the heterogeneous

catalytic reaction.

The efficiency of adsorption process can be predicted by the dimensionless

equilibrium parameter R,, which is defined by the following equation:

= —1 7
1+bC, %

R
where b is the Langmuir constant (I'mg") and C, the initial concentration of
phenol and benzene compounds (mgi'). When R; > 1, the isotherm is
considered to be unfavourable, linear when R; = 1, favourable when 0 > R;

> 1 or irreversible when R; = 0.

The last model is the Tempkin isotherm [27, 107-110]. The main difference
between these three models is in the variation of the heat of adsorption with
the surface coverage. Langmuir model assumes uniformity, Freundlich
isotherm assumes logarithmic decrease and Tempkin model assumes linear

decrease in heat of adsorption with surface coverage.

Qe = kl'ln(kz) + k1'|n(Ce) 8
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where k; is the Tempkin isotherm energy constant (I'mg') and k, is the

dimensionless Tempkin isotherm constant.

The results of the fitted parameters to the adsorption isotherms are
summarised in Table 5. In general, the experimental data are well correlated
for all the equations. According to the fits obtained, none of those two
equations can be postulated as definitely better to reproduce the equilibrium
data, particularly in the case of phenol. Langmuir fitted well with all the
phenol and benzene data with regression coefficients higher than 0.91.
Freundlich isotherm are quite well related with for all the data except for the
phenol adsorption onto AC-Na (r* = 0.88) and benzene adsorption on CAC2
(" = 0.83). Tempkin gives goods adjustments for all the data except for the
phenol adsorption on CAC1 (* = 0.89).

The maximum adsorption capacity achieve was 33.84 mgg' for phenol in
CAC3 and 21.20 mgg"' in AC-Na, as it is showed in Table 5. For benzene,
the maximum are 38.30 mgg"' in CAC3 and 17.02 mgg"' in AC-Na. These
values also correspond with ones of the highest energetic heterogeneity.
Respect the results obtained with the Langmuir isotherm, the maximum
adsorption capacity for benzene and phenol are achieved for the AC-Na (238
mgg' and 233 mg g, respectively). These values are all quite similar with
values detailed in Table 1, presented before as a summary of the liquid

adsorption test realised by several authors.
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4. CONCLUSIONS

AC obtained with Kraft lignin and chemical activation with sodium
hydroxide, potassium hydroxide or phosphoric acid gives as result, essentially
microporous AC that adsorb larger amounts of phenol and benzene,

compared with the data available in the literature.

The phenol or benzene adsorption data obtained for the AC studied
correspond to a pseudo-second-order reaction with good correlations. The
adsorption rate constant points to faster adsorption rates for phenol than for
benzene in the AC derived from lignin except for CAC2 and CAC3 that are
very similar. The AC derived from lignin presents better adsorptions
capacities compared with the commercial carbons in both experiments, with

phenol and benzene.

The experimental data are well correlated with the three models presented,
Freundlich, Langmuir and Tempkin. According to the fits obtained, none of
those three equations can be postulated as definitely better to reproduce the
equilibrium data, particularly in the case of phenol. Langmuir fitted well the
phenol and benzene data adsorption on all the ACs. Freundlich isotherm is
quite well related with for all the data except for the phenol adsorption onto
AC-Na and benzene adsorption on CAC2. Tempkin gives goods adjustments
for all the data except for the phenol adsorption on CACI.

Maximum adsorption capacity for benzene and phenol are achieved for the
AC-Na (238 mgg' and 233 mg<g', respectively) that are good values
compared with the ones available in the literature. The AC-K and AC-P also

showed high adsorption capacities with values greater than 213 mg-g' and
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106 mgg', respectively, for phenol and 213 mgg1l and 185 mgg’,

respectively, for benzene.
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Table 1. State of the art in the phenol and benzene adsorptions on different
materials in liquid systems.

Type of AC Activating Co mac SeeT Vmicrop qrh qs Ref
agent (ppm)  (mg) (M*/g) (em/g) (mg/g)

AC with 1000 1000 188.2 [24]
microorganism

AC 800 75.8 [25]

100 100 803 - 240  39.0 [20]

ACF 100 500 160.0 [27]

Almond shells H;PO4 80 100 1416 - 9.0  [28]

Arundo-donax H;PO4 78 200 1194 0.660 227 23]

Bagasses Vapour 600 308.0 [29]

Bitumen 100 1114 0.130  218.0 [30]

CO2 500 1200 240.0 [31]

Charsorb 200 - - 156.0 [32]

CP-1300

Coffee grain 20 3.5 [33]

Comercial - 10.6 [34]

Carbon >300 50 197.6 [35]

500 800 2215 [36]

451.7 [37]

100 982 0.304 2917 [38]

250 1790 0.773  300.0 [39]

200 309.0 [40]

50 300 74.2 [41]

500 1200 131.8 [42]

100 50 190.0 [43]

2000 500 142.9 [44]

5106 301.2 [45]

998 2500 188.2 [46]

50 258.8 [47]

400 50000 220.0 [48]

235 100 207.4 [49]

100 80.0 [50]

250 205.0 [51]

2000 188.2 [52]

1505 100 1654 0.651 1318 [53]
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941 50 - - 117.6 [54]

550 800 900 - 221.5  [55]

Coconut shell 498.8 1000 141.2 [50]

998 1000 178.8 [50]

47 50 45.7 [57]

ZnCl, 200 50 210.0 [58]

Vapour 1600 100 571.0 [59]

Corn cobs KOH 50 153.0 [60]

Vapour 1000 50 178.2 [61]

Date pits H3PO4 100 200 166.0 [62]

Eucalyptus 200 100 148.0 [63]
wood

Filtrasotb 500 169.1 [65]
F400

Firwood 94110 100 240.6 [60]

Vapour 94110 100 1131 0.056  831.0 [67]

KOH 200 600 23.1 [68]

KOH 94 100 257.9 [69]

Vapour 100 255.9 [69]

KOH+CO; 200 600 274.8 [70]

Garbage waste Vapour 700 0.280  300.0 [71]

Grain shells 100 209.2 [72]

Graphite 100 310 0.057 85.6 [38]

1000 4.0 [73]

Hydro- 1000 1090 - 112.9 258.0 [74]

Anthrasit H

Lignin H3PO4 10 1459 0.820  170.0 [75]

Molecular 110 100 - - 59.4 1129 [76]
sieves

Moringa 4706 500 235.3 [77]

oleifera seed

husks

Olive mill Vapour+N, 1500 200 91.7 [78]

Pecan shell H;PO4 80 100 1267 - 78 [79]

PET Vapour 100 263.5 [80]

N> 470 50 2259 [81]

Pistachio KOH 94 100 285.2 [69]

Vapour 94 100 242.8 [69]

94110 100 728.3 [82]

Plum kernels 376 257.0 [83]

100 1160 - 257.4 [84]

Pneumatics 180.0 [85]

60 200.0 [80]

Rubber Vapor/ 235 600 106.0 [87]

CO2+tN>

Sludge H>SO4 100 500 3 - 54.0 [88]

H>S0O4 100 42.0 [89]

Soil 1600 - - 0.5 [90]

Straw 100 500 197.6 [91]

Wood 100 30 320.0 [92]
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Table 2. Physical properties of the AC used.

Seer V099 Vameo  Vasper  Vimeso Acidic Groups Basic Groups
(meq H*/gAC) (meq OH-/gAC)
(m*/g) (cm®/g)

AC- 2340 1338 1.018 0.941 0.428 11.9 16.6

Na
AC-K 2920 1583 1332 1.324 0.384 20.4 5.8
AC-P 940 0442 0377 0261 0.118 7.5 0.2
CAC1 1350 0.713 0.458 0.319 0.235 2.6 0.5
CAC2 620  0.637 0.185 0.100 0.407 7.9 1.2
CAC3 1020 0.625 0.334 0.182 0.246 5.0 2.1
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Table 3. Properties of adsorptive molecules.

Molecule  Structure MW Pv’ Tb  Solubility — Size®
(g/mol)  (mmHg) ) (%) A

Ph ' : 94.1 0.4 182 8.3 6

B {} 781 100.8 80.1 0.2 5

MW?. Molecular weight.

Pvb. Vapour pressure at 25°C.

Tbe. Normal boiling point.

Sizea. Size calculated with ACDLABS 8.0.
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Table 4. Kinetic parameters estimated in the adsorption of phenol or
benzene on different adsorbates for an initial concentration of 100 ppm.

Pseudo-second order

General order n (equation 3) (cquation 4)

Adsorbate ;
k 2 e max k
(g mg! min-t) (mg g (g mg’ min™)
Solute: Phenol
AC-Na 24 7.24 0.98 169.2 5.16
AC-K 2.4 1.30 0.96 165.0 1.54
AC-P 2.1 1.19 0.96 60.6 1.24
CAC1 2.5 2.78 0.97 95.7 3.15
CAC2 2.0 0.11 0.99 74.4 0.46
CAC3 2.2 0.02 0.95 95.3 0.42
Solute: Benzene
AC-Na 2.1 0.65 0.95 20.1 0.72
AC-K 1.7 0.34 0.98 19.7 0.13
AC-P 2.2 0.40 0.99 7.9 0.56
CAC1 2.3 0.20 0.94 10.6 0.37
CAC2 2.5 0.17 0.96 8.2 0.39
CAC3 2.5 0.07 0.96 9.5 0.49
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Table 5. Isotherms constants for phenol and benzene sorption onto different
AC.

Freundlich Langmuir Tempkin

k, n t’ Qo b R, k, k, t’

Phenol
AC-Na 2120 2.08 0.99 238.10 0.004 0.7 0.97 37.93 0.57 097
AC-K 1296 1.46 0.96 212,77 0.005 0.7 0.97 48.25 0.39 0.98
AC-P 1173 226 0.95 106.38 0.009 0.5 0.97 24.69 0.30 0.96
CAC1 3248 3.60 0091 105.26  0.009 0.5 0.98 19.58 2.62 0.89
CAC2 2458 4.38 0.97 73.53 0.014 0.4 0.98 12.27 275 0.98
CAC3 33.84 3.09 094 135.14 0.007 0.6 0.98 2644 1.76 097

Benzene
AC-Na 17,02 1.83 0.99 232.558 0.004 0.7 0.99 48.845 0.37 0.98
AC-K 11.63 1.51 0.99 212.77 0.005 0.7 0.97 4536  0.33 0.98
AC-P 570 159 0.97 185.19 0.005 0.7 0.85 39.00 0.12 093
CAC1 3290 225 0.93 212.77 0.005 0.7 0.93 39.81 1.45 0.98
CAC2 1740 234 0.99 76.92 0.013 0.4 0.97 2294 0.78 0.96
CAC3 3830 244 0.93 175.44  0.006 0.6 0.99 36.85 1.82 093
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Captions of the figures

Figure 1. Experimental data for phenol adsorption kinetic on different AC

obtained at 25°C with a initial 100 ppm solution.

Figure 2. Experimental data for benzene adsorption kinetic on different AC

obtained at 25°C with a initial 100 ppm solution.

Figure 3. Adsorption capacities for phenol and benzene on different AC

related with the supermicropore and mesoporo volume.

Figure 4. Adsorption isotherm for phenol on different ACs at 25°C and its

fitted Langmuir isotherm.

Figure 5. Adsorption isotherm for benzene on different ACs at 25°C and its

fitted Langmuir isotherm.
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5.2.4. Polymeric composite membranes based on carbon/PSf

Este articulo se ha publicado en Journal of Membrana Science en 2006 en el
volumen 273, paginas 38 a 46.

Otros trabajos relacionados se presentan en el Anexo F donde se presenta el
J p p
poster “Enzymatic composite membranes based on carbon/polysulfone”
publicado en el congreso Engineering with membranes: medical and
biological applications.
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Abstract

Enzymatic membrane reactors were obtained from polymeric membranes and activated carbon, and used for oligosaccharide purification. The
activated carbon was uzed to adsork the enzyme, directly or via a metal ion as intermediate. We studied the adsorption capacity of two activated

carbons (a commercial carbon and a home-made one) and the formation of the complex. In a second step, we studied the activity of the enzymes

in batch experiments, and analyzed the synthesiz and performance of the membrane reactors. Different kinds of cnzymatic membrane reactors
wers obtained with immobilized solid enzymes. Ourrezults show good agresment betwesn the kinetics of the reactions and the velocity of the fux

across the mermbrane, sincs both reaction and separation were properly achieved. We also determined optimum amounts of enzyme for obtalning
the dssirsd produsts with a low degres of polymenzation and low concentrations of monomer,

© 2005 Elzevier BV, All rights reserved.

Keywords: Enzymatic membrane reactor; Activated carbon; Olizgosaccharides

1. Introduction

Process intensification, in which two unit operations are
combined in a single step, is one of the most promising lines
of research in chemical engineering. In the area of mem-
brane research, this concept means that the reaction and sep-
aration/purification steps are combined in a new single unit.
Thanks to their expected selectivity, enzymatic membrane reac-
tors (EMR) offer great potential in this area. In addition to the
intrinsic advantages of these systems, the process is continuous,
the catalyst component can be re-used and a permeate free of
this compound is obtained [1,2].

EMRs include a membrane thatholds an active enzyvme either
by light or by strong bonding. In this project we have used a
carbon/PSf composite membrane. The carbon acts as the base
surface on which the enzyme bonds [3]. The carbon can hold
the enzyme by one of two methods: by holding a metal ion as
an intermediate (as IMACS [4]) or by adsorbing the enzyme
directly onto the carbon surface. When the metal is used, acti-
vated carbons, whose structure is highly microporous, are able

* Corresponding anthor, Tel.: +34 977 55 96 11,
E-mail address. ricard garcia@r.net (R, Garcia-Vallg),

0376-7383/% — see front matter & 2005 Elsevier BV, Allrights reserved.
doi:10. 1016/) memeet. 2005, 10.01%

to complexate Cu(Il} ions that will act as the intermediate com-
ponent in an IMAC-like structure,

Several publications related to protein binding due to adsorp-
tion processes can be found in the literature. Salins et al. [5]
published an interesting application of this technique to abiolog-
ical process. This technique has also beenapplied to membranes

[6.7].

2. Experimental

Three types of enzyme membrane reactors were obtained.
One contained solid enzyme, which was trapped between two
membrane layers (without chemical bonds). The other two were
prepared with an enzymatic liquid solution, and the enzyme
was bound to the activated carbon or to the pair-activated
carbon—metal system (to obtain a complex). The difference
between these last two reactors was the number of lavers of
the composite membrane. The monolaver EMR was obtained
by adding the complex to the polymeric solution, thus obtain-
ing a homogeneous layer. The two-layer EMR was obtained by
adding the complex over the top of the surface of the polymeric
film (after casting) before precipitation in the coagulation bath
and before the membrane is obtained Fig. 1 shows schematically
these three configurations.
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Solid enzyme

Ligid enzyme

carbon +
membears |orqnm |-urmun- (ot +}
aryme

membtane « cartbon (smatal} « enzyme

Fig, 1. Scheme of the three types of enzymatic membrane reactor synthesized.

2.1. Membrane synihesis

Membranes were obtained by immersion precipitation (phase
inversion) from a polymeric mixture comprising 20% weight
of polysulfone (Sigma-Aldrich, Spain) in di-methyl formamide
(DME, Panreac, Spain) as solvent [8]. The polymer was dis-
solved after 24 h of controlled atmosphere and agitation. The
coagulation bath comprised 50% v demineralised water and 50%
v DME, When composite monolayer membranes were obtained,
the complex was also added to the polymeric solution with a
composition of 0.9%.

The polymeric film was obtained using a casting knife with
a thickness of 200 pum applied over a glass support with a con-
frolled and constant velocity using a K-Paint Applicator (R.K.
Print Coat Instruments Ltd., United Kingdom).

2.2, Activated carbon

Two kinds of activated carbons were used. One of these was
prepared in our laboratories and the other was a Norit Darco
12X40 from Norit Americas Inc. In our laboratories the activated
carbon was prepared by phosphoric acid activation (an 85%
HiPOy solution from Panreac, Spain) of Kraft lignin (provided
by Lignotech Therica S.A.) by varving the carbonization temper-
ature (400-650°C) and with a weight ratio of phosphoric acid
to lignin of P/L =0.7-1.75 [9]. Surface area and pore size char-
acterization were performed using a Micromeritics ASAP2020
gas adsorption surface area analyzer. The specific surface area
of the samples was determined from the nitrogen isotherms at
—196°C and the BET equation. Micropore volume was deter-
mined from the t-plot, mesopore volume from the BIH equation
and total volume of pores was ealeulated with arelative pressure
(plpo) of 0.99.

2.3 Meral

The metal ion used as intermediate in the TMAC-like
structures was copper from a solution of CuCly-2H,0
(Sigma-Aldrich, Spain) with a purity of 99.9% ACS. To study
the adsorption capacity of the activated carbon to the metal, an
atomnic adsorption spectrophotometer (Perkin-Elmer, Spectrom-
eter 3110) was used to determine the copper concentration in
solutions. The experiments were carried out by preparing several
solutions containing the activated carbon and the metal solution
in stirred agitation, and by keeping the temperature and pH con-
stant and controlled. A water bath was used at 25 “C and the pH

was kept constant at 5 using a basic solution of NaOH 0.3M
(Panreac, Spain).

2.4. Enzymes

We used two kinds of enzymes: a solid enzyme made up
of 1 4-beta-xylanase from Sigma-Aldrich (2500 U/g) and a lig-
uid solution made up of a mixture of enzymes (including ara-
banase, cellulase, p-glucanase, hemi-cellulase and xylanase)
from Sigma—Aldrich. To obtain the complex with the liquid
enzyme, solutions containing the activated carbon or the acti-
vated carbon-metal system, and the enzyme solution were agi-
tated for controlled periods.

2.5. Experimenial device

Enzymatic membrane reactors were tested in an experimen-
tal system containing a pump piston, a surge suppressor, a
back-pressure controller (to keep the pressure constant) and
a circular flat membrane module with an effective membrane
area of 15cm®. The pressure was fixed at 9 bars. Fig. 2 shows
the experimental device (Fig. 2a) and the membrane module
(Fig. 2b).

Two different oligosaccharides solutions were tested. A real
sample mixture of oligosaccharides obtained in the laboratory
by acid hydrolysis from nutshells for the EMR containing the
solid enzyme, and a commercial dextrane (Leuconostec, Fluka)
of 200kDa with a concentracion of 1 g/L. approximate for the
EMR containing the liquid enzyme. Oligosaccharides and dex-
tran analysis were performed by gel permeation chromatography
(Agilent). APWXL 88, 12 jum precolumn ( Teknokroma, Spain)
and a G3000PwXL, S8, 6 pm column (Teknokroma, Spain)
were used at 25 °C. Arefractive index detector was used at 30°C
and the mobile phase was a 0.05 M KNO; (Panreac, Spain) solu-
tion.

In this paper, the results are presented in chromatographic
formats related to the logarithm of mass. Table 1 shows the

Table 1
Relation between the size of several compounds and their logari thm of mass

Compound Logarithm of Compound (kDa) Logarithm of
mass mass
Monomer 2256 Dextrane 12 4.064
Polymer DP=3 2,703 Dextrane 50 4,687
Polymer DP=6 2996 Dextrane 150 5.169

Dextrane 1 kDa 3104
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Valve to select the module
to operate with

Circular module

Back-pressure controller

Permeate reservair &— —
(a)

Ensambled module Inlet

Surge suppressor

Valve to empty the equipment

Piston pump

Inlet and retentate reservoir

Retentate outlet Permeate outlet

(b)

Membrane support

Rubber join

Fig. 2. (a) Experimental device. (b) Membrane module,

equivalence between this number and the size of several com-
pounds.

3. Results and discussion
3.1. Enzymatic activity

311 Aciivity of the solid enzyme

The test fluid used to determine the activity of the xylanases
(solid enzyme) was a mixture of oligosaccharides obtained by
acid hydrolysis fromnutshells. Two enzyime concentrations were
tested in bateh experiments and for each concentration the kinet-
ics were studied. The concentrations considered were 8(), 40, 10,
2 and 0.5 g/L. Fig. 3 shows the results for each concentration,
as well as the GPC signal of oligosaccharides at several times.
We can see that when the enzyme concentration decreases, the
activily also decreases. When the activity is high, the main prod-
uct obtained corresponds to the monomer saccharide. This is the
least interesting compound since there are easier ways to obtain
it, e.g. hydrolysis at high temperature. The most interesting com-
pounds, which are the most difficult ones to obtain, are those
with a low and centrolled degree of polymerization, such as the
dimmer and trimmer, ete. These compounds are obtained when
the enzyme activity is low.

When checking the kinetics of the reaction (Fig. 4), we found
that a high percentage of monomer production was carried out in
the first few minutes of the reaction. This is interesting because,
ideally, the velocity of the reaction should agree with the velocity
of the flux across the membrane.

3.1.2. Activity of the liquid enzyme

The test Auid used to evaluate the activity of the liquid enzyme
contained a 200kDa commercial dextrane. As in the previ-
ous case, several enzyme concentrations were tested in batch
experiments: 100, 10, 2 and 0.44mL/L. Fig. 5 shows the chro-
matographic results related to the enzyme and to the dextrans at
several times, for the lowest concentrations.

From the reaction we can see that the signals corresponding
to the products of the reaction increase with time. This indicates
that the reaction occurs, though at a slow rate. Also, our results
indicate that the concentration of the enzyme in this case is not
a critical factor since the reaction rate is similar in all cases.

3.2, Adsorprion capability of the activated carbons

The optimal conditions for the home-made activated carbon
were already determined in a previous study [10]. In that study,
the adsorption results were best with activated carbon produced
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ata carbonization temperature of450 °C and a phosphoric acidto
lignin ratio of P/L = 1.4, We studied how three variables influ-
enced the commercial carbon: the concentration of the metal
in solution, the agitation time (24 and 48h) and the particle
size. The particle size of the home-made activated carbon was
between 30 and 100 pm. The particles of the commereial earbon
were therefore ground and sieved in order to also obtain particles
of similar size to those produced in the lab.

Before the activated carbons were tested and their surface
characteristics were determnined (see Table 2).

Theseresults show that there are small discrepancies between
the results provided by the manufacturer and those obtained with
the BET. These discrepancies could be due to differences in
measurement conditions and type of analyzer, etc. With regard
to the differences in particle size, similar results were obtaned
for all properties, although the smaller particles have a larger
surface area. There are clear differences between the commercial
and the home-made activated carbon. Our results show that the
home-made activated carbon has a larger surface area and a
larger micro pore volume, which indicates that the adsorption
capability is higher.

Enzyme concentration of 80 g/l
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Fig. 3. (Continued ).

The results obtained by keeping the metal solution in contact
with the activated carbon in batch experiments and using the
same variables as before confirmed that there was no variation
with time, since the cooper adsorbed by the carbon was almost
the same for both times, With regard to the concentration of the
metal solution, the best results in terms of loading were obtained
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Table 2
Results of the chamcterization of the activated carbons with the gas adsorption
surfiace area analyzer

Time (h)
0 3 6 9 12 15 18 21 24 27

0 10 20 30 40 S0 60 70 8 90

2 40 E

'f;j 32 E Surface area Total pore Micro pore

g ] fkﬁ/ L o4 g volume {ml'g}  volume (ml/g)
§ | L6 8 Commercial AC 650 0.93 N/A

© ' @ {manufacturer’s data)

f\. 1 o8 & Commercial AC (original 578 +6m'lg  N/A 0.14

5 404 k0.0 g particle size}
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= = (3060 pm particle

Z 29 - E size) )
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b (] carhon

9 o 5

o} e
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E |Ea=wa Time {h) E at high coneentrations, and with regard to particle size, the best
§ o gl § results were obtained with small sizes. Variations in these two
= —a— fogt

—=— 2l parameters do not imply significant variations in results. The
op ol activated carbon, in agreement with the characterization results,
is what really causes different results. The adsorption capability

Fig.4. Kinetics ponding to the production of the inthe it
carried out with the solid enzyme. of the home-made activated carbon is about six times higher
than that of the commercial membrane (see Fig. 6). Taking into
Enzyme concentration of 2ml/| account these results, we performed the following experiments
7000 using the home-made activated carbon.
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5 that the enzyme amount would not be the limiting factor.
All cases showed a reduction in the concentration of the

enzyme, because a part of it was bound either to the activated
carbon or to the activated carbon-copper system. The concen-
tration decreased the most (about 27% in 48 h) when the initial
enzyme concentration was low and with the system containing
activated carbon-copper.
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Fig. 5. Chromatographic results of dexiranes and enzyme cormresponding to the mg of adsorbed ¢ r / g activated carbon

study of the liquid enzyme activity at several enzyme concentrations: (a) 2 mL/L
and (b) 0.44 mL/L. Fig. 6. Results of the metal adsorption capability of the activated carbons.

283



UNIVERSITAT ROVIRA | VIRGILI

PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ . ‘s . . .
ISBN: 978-84-4dEP&ggsion, caracterizacion y aplicaciones de carbones activados O

DL.T.1387-2007

O, Torras et al. / Jowrnal of Membrane Science 273 (2006) 38-46 43

metal, though the difference in absolute terms was low (9 and 0.5 g enzyme in the membrane reactor

11% wversus 4 and 6%). With regard to time, the reduction of 10000
enzyme in the solution was always greater at 48h. It would nlat
therefore be suitable to consider longer times to check whether 8o0p{ |~ — — Fermeste
more enzyme can be bound to the precursors. Finally, with regard
to concentration, results do not show an optimum configuration. = 6000 4
=2
3.4. Enzymatic membrane reactors S 4000 4
5
3.4.1. EMR with solid enzyme 2000 -
To obtain the EMR with the solid enzyme. one polymeric
membrane supported the enzyme after dispersing it over the 0
surface ofthe polymeric film and be fore immersing it in the coag-
ulation bath to obtain the membrane. Another membrane without

00 05 10 1,5 20 25 3,0 35 40 45 50 55

the enzyme was then also obtained. The system involved dispos- (@) Logarithm of mass

ing the two membranes in the module, with the layer containing

the enzyme located between the two membranes. The enzyme 3 g enzyme in the membrane reactor

was therefore immobilized in one membrane and encapsulated 12000
between the two membranes, and could not escape because the nliat
particles were larger than the membrane pores. 10000 | === Rermeeis
The membrane obtained with20% PSfin DMF and in a coag- S
ulation bath containing 50% v DMF and 50% v water has a -
permeate flux of 0.09 L/m? hbar and a molecular weight cut-off g’ 8000+
of 28 kDa, measured with the same dextrane samples [11]. (4]
Twomembrane reactors containing difTerent amounts of solid & 4000
enzyme were prepared. One of these contained 0.5 g of enzyme
and the other contained 3.0 g. Fig. 7 shows the chromatograms 0o
corresponding to the initial sample and the permeate of two o
experiments for each membrane.
These results clearly show that the reaction took place, and — ————— ————
that a separation step occurred. In all cases, therefore, some 9,0 05 1.0 15 2'9 25 30 36 40 45 .60 65
e e 2 e _ (b) Logarithm of mass
reaction compounds with low molecular weights were produced,
and those components with the highest molecular weight were Fig. 7. C graphic results of olig harides corresponding to the per-
removed from the permeate gamph_ With the EMR with the l'(Jrr;am:c of the EMR containing the solid enzyme in two amounts: {a) 0.5 g and
(b)3g.

largest amount of enzyme, the main component produced in
the reaction corresponded to the monomer (in agreement with
the results of the batch study of the enzyme activity). With the
EMR with the least amount of enzyme, monomer formation
was very low and the main component produced was the one
corresponding to a melecular weigh of about 500 Da.

In the retentate we observed that no reaction products were
obtained, which indicates that no reaction occurred, and that the
enzyme was properly immobilized in the membranes (which
was not in contact with the feed).

Finally, the fluxes measured for the membranes tested were
0.11 and 0.12 L/m? hbar, which is in good agreement to the
nominal ones. Note the good agreement between the flux veloc-
ity across the membrane and the kinetics of the reaction. This
does not occur with the commercial polysulfone membranes,
which have larger fuxes (and also larger molecular weight cut-
offs). Fig. 8 shows the results obtained using an EMR from a
commercial membrane, with a permeability of 10 L/m® h bar and
containing 3 g ofenzyme, under the same conditions as the previ-
ouis membrane reactors. Results show that no reaction oceurred.
though the amount of enzyme was high. This clearly indicates

3.4.2. EMR with liquid enzyme

Two types of EMR-containing liquid enzyme were obtained:
one monolayer membrane reactor and a two-layer membrane
reactor. Fig. 9 shows two photographs of the two type of

25000

— |mitia] 2ampla
Permaeats sampls
20000

GPC signal
- 3§ E §

— =3

00 05 10 1.5 20 25 30 35 40 45 50 55 60
Logarithm of mass

that, in this case, the kinetics of the reaction does not correspond
to the membrane flux, which is foo high.

Fig. 8. Ch graphic results of ol

formance of the EMR containing 3 g ofsolid enzyme ina commercial membrane,

scharides corresponding to the per-
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(@)
Fig. 9. (a) SEM micrograph of a pelymeric membrane obtained with 20% PS{and 50% DMF and 50% H: O in the coagulation bath. (b) Phetograph of a two-layer

membrane reactor and {¢) one-layer membrane reactor.

membrane reactors, and a cross-section SEM micrograph of the
structure of all membranes (which do not change ).

For several reasons, the membrane reactors produced with
one layer are those with the greatest potential. First, they
are the most compact because they comprise a single layer
containing the polymeric matrix and the complex-activated
carbon—metal-enzyme (or activated carbon—enzyme). Second,
the enzyme does not significantly affect the sample feed that does
not cross the membrane, so ne reaction products are expected
to be detected in the retentate stream. Third, the morphological
structure of the membrane, determined by the polymeric matrix,
does not change when the complex is added (as shown in SEM
images and in the conclusions of previous studies [11]). Finally,
the presence of the complex throughout the membrane means it
can be used in diffusive processes (without pressure and, there-
fore, without convection) because of the active sites provided by
the complex.

On the other hand, this type of membrane reactor presents the
most difficulties in its synthesis process because of the greater
number of interactions between the components used in the pro-
cess, Specifically, as is demonstrated in our previous studies
[ 11], the interaction between the solvent (DMF) and the carbon
is high. The solvent breaks the carbon particles and may break
part of the complex made up of the activated carbon, the metal
and the enzyme.

Fig. 10 shows the results from using the monolayer mem-
brane reactor with a test fluid containing a 200 kDa commercial
dextrane. These results show that the reaction and the separation
were suceessful. The membrane cut-off is similar to the nomi-
nal one, and two basic reaction products were produced—one
corresponding to a component of 630 Da and one corresponding
to a component of 3200 Da. The signal of the permeate is lower
than the one of the initial sample, but if we examine it alone we
find that the area occupied by the reaction product is 32% of the
total area.

As in the other cases, the retentate stream is free of reaction
produets. The superficial enzyme of the EMR therefore does
not significantly affect the initial sample. The chromatogram
shows that, because of the concentration effect of this stream
after the most dilute sample crossed the membrane, the height
of the signal related to the retentate is slightly higher than that
of the initial sample.

Finally, the flux was 0.06 I/m? hbar, which is slightly lower
than the nominal flux of the membrane.

The two-layer membrane reactor was obtained with the liquid
enzyme. The main advantage of this reactor is the low interaction
between the solvent and the enzymatic complex. These reactors
can be obtained because the complex particles added on the top

—— Initial sample |
Parmeats sample
6000 | — Retentate sample|

GPC signal

15 20 25 30 35 40 45 50 55 60 65
(a) Logarithm of mass

GPC signal

15 20 25 30 35 40 45 50 55 B0 65

(b) Logarithm of mass

Fig. 10. Chromatographic results o fdextranes comesponding to the performance
of the monolayer EMR ining the liquid bound to the activated
carbon—metal system: {a) signals comesponding to the initial sample, retentate
and permeate, (b) signal corresponding to the permeate.
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Fig. 11. Ch graphicresults of dextranes comesponding to the per <
of the two-layers EMR containing the liquid enzyme bound to: (a) activated
carbon and (b} actvated carbon-metal system.,

ofthe filmdo not migrate from the membrane after it is immersed
intothe coagulation bath. Inthese types of membranes, the entire
enzymatic complex is in contact with the initial sample and some
reaction products can be formed on the retentate. Finally, this
method requires a special technique, bothto ensure that the com-
plex deposition over the film is homogeneous and to control the
amount of complex added.

Fig. 11 shows the results of the performance with this sys-
temn. An EMR containing activated carbon-enzyme complex and
another containing activated carbon-metal-enzyme were tested.
Results are similar to those from the monolayer reactors. In
these cases, the signals comresponding to the reaction products
in the permeate are higher but they are also part of the feed com-
ponent, which indicates that the MWCO of the membrane is
higher. This always occurs with the two-layer membrane reac-
tion, which suggests that the presence of the complex over the
top surface slightly modifies the top nanoporous structure of the
membranes. The experiments conducted with these membranes
do not show that, overall, results are better with systems that
contain metal.

4. Conclusions

In this study, several enzymatic membrane reactors were
obtained from polymeric membranes using activated carbon as
support to bind the enzyme directly or using a metal ion as
precursor. Also, enzymatic membranes reactors were produced
without a chemical bond by encapsulating the enzyme between
two membrane layers.

Two types of activated carbons were used: a commercial one
and a home-made one. Characterization results showed that the
surface area was larger for the last one and spectrometer results
obtained after the metal was adsorbed by the activated carbon
show that adsorption capability was alsohigher. It is better, there-
fore, to use the home-made activated carbon.

Using copper to increase the enzyme immobilization with
the activated carbon does not provide better overall results,
though there is a tendency to increase enzyme adsorption. A
more detailed study is needed to obtain more definitive conclu-
si0Ns.

With regard to the membrane reactors, a clear reactivity
was demonstrated in all cases and the separation capability of
the membrane was maintained, though in some cases this was
glightly reduced. The immobilization of the enzymes was also
successful in all cases since they were not detected in any stream
(permeate and retentate). Also, though optimization was not the
aim of this project since it corresponds to future work, there was
good agreement in all cases between the kinetics of the reaction
and the velocity of the flux across the membrane. The optimal
ratio between kinetics and transport did not oceur with commer-
cial membranes, in which the veloeity of the flux is too high and
no reaction oceurs,

With regard to the reactors in which the enzyme was encap-
sulated, although the system cotresponds to the less compact
EMR produced (two layers are required), it is easy to con-
trol the parameters to be considered in the synthesis process
(especially the amount of enzyme), the interaction between
the compounds that take part in the process is low, and the
reactivity levels are satisfactory. In this case, the amount of
enzyme should be carefully controlled to avoid the production of
Monomer.

With regard to the reactors in which the enzyme was adsorbed
by the activated carbon or by the pair-activated carbon metal, the
one made up ofa single layer performs well, since it is compact, it
facilitates diffusive transport, the reactivity is satisfactory with-
out the production of monomer, and it maintains the separation
capability of the membrane almost intact. The one made up of
two layers is easier to produce (because of the fewer interac-
tions between the compounds) and reactivity is higher, but it
loses separation capability and is less compact. For these rea-
sons, the reactive membrane with a single layer has the greatest
potential.

These results correspond to basic research into this type
of enzymatic membrane reactors based on polysulfone and
activated carbon. A more detailed study is therefore needed
to optimize the wvarious parameters. Promising results are
likely, not only in this field of application but also in
others.
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Nomenclature

AC Activated carbon

BET  Gas adsorption surface area analyzer
DMF  Dimethyl formamide

EMR  Enzymatic membrane reactors

GPC  Gel permeation chromatography

MWCO Molecular weight cut off
PSf Polysulfone
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oligosaccharides by activated carbon adsorption

Este articulo se ha publicado en el journal Industrial Engineering Chemistry
Research en 2006 en el volumen 45, paginas 2294 a 2302.

288



UNIVERSITAT ROVIRA | VIRGILI
PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT

VANESSA TORNE FERNANDEZ

ISBN: 978-84-690-7600-2

5 O Discusion de Resultados

DL.T.1387-2007

22594

Ind, Eng. Chem. Res, 2006, 43, 2294—2302

Removal of Lignin and Associated Impurities from Xylo-oligosaccharides by

Activated Carbon Adsorption

Daniel Montané,* Débora Nabarlatz, Anna Martorell, Vanessa Torne-Fernandez, and
Vanessa Fierro

Departament & Enginperia Quimica, ETSEQ—Rovira | Virgili University, dv. Pavos Cdalans 26,
43007 Tarragona (Caralunya), Spain

This paper studies purification with commercial activated carbons of the xvlo-oligosaccharides produced by
the autohydrolysis of almond shells. Almond shells are agricultural residues with a high content of xylan that
are produced abundantly in some regions with a Mediterranean climate. Adsorption equilibrium was measured
in a batch system for three commercial activated carbons using a constant concentration of 20 g/ of crude
xylo-oligosaccharides and loads of activated carbon from 1.5 to 50.0 mg/mL. Adsorption for lignin-related
products was higher than for xylo-oligosaccharides and the selectivity toward lignin adsorption was better
when the carbon was highly microporous and had small mesopore diameters, a low volume of mesopores, a
low concentration of basic surface groups to limit xylo-oligosaccharide adsorption, and acidic surface groups
to favor the adsorption of the lignin-related products. Column tests were performed at a feed rate of crude
xylo-oligosaccharide solution of 6.0 mL/min (35 g/L) in columns packed with 22 g of granular activated
carbon and operated in up-flow mode. Average retention was around 64% for lignin products and 21% for
carbohydrates for the fraction of treated solution collected during the first 2 h of operation (13.1 bed volumes
circulated through the bed). Retention for lignin-derived products was limited because part of them is linked

to the xylo-oligosaccharides.

Introduction

XKylose-based oligosaccharides (xylo-oligosaccharides or xylo-
oligomers) derived from xylan-rich hemicelluloses are carbo-
hydrates with a high potential for novel applications in food
and pharmaceutical products. As they are not metabolized by
the human digestive system, xylo-oligosaccharides can be used
as low-calorie sweeteners and soluble dietary fiber. They act
as prebiotics, providing a sowrce of carbon for the development
of intestinal microflora and probiotic microorganisms,'~4 and
are already used in fortified foods intended for the development
of intestinal microflora.®® In addition, xylo-cligosaccharides
have acceptable organoleptic properties and do not exhibit
toxicity or negative effects on human health. Ethers and esters
prepared from xylan and xvlo-cligosaccharides have been
synthesized and used as thermoplastic compounds for biode-
gradable plastics, water soluble films, coatings, capsules, and
tablets” and also for the preparation of chitosan—xylan hydro-
gels.® Xylo-oligosaccharides extracted by autohydrolysis of
bamboo have recently been found to possess a cytotoxic effect
on human leukemia cells.”

The antohydrolysis of xylan-rich biomass is a suitable process
for the production of xylo-oligosaccharides. It eliminates the
use of important amounts of the chemicals needed in other
extraction processes, such as alkali and acid, and since auto-
hydrolysis takes place in slightly acidic media, many of the side
chains in the backbone xylose chains, such as acetyl, uronic
acids, and phenolic acid substituents, remain in the xylo-
oligosaccharides.!®!! The differential characteristics of the
substituted xylo-oligosaccharides obtained by antohydrolysis
have prompted renewed interest in the development of process
strategies for achieving a high vield of xylo-oligosaccharides

*To whom corregpondence sheuld be addressed. E-rmail:
daniel montane@urv.net. Fhone: (+34) 977559 652, Fax: (+34) 977
558 544,

10.1021/12051051d CCC: $33.50

with consistent reproducibility in purity and composition.
Though xylo-oligosaccharides are the main component in the
nonvolatile products of biomass autchy drolysis, they are mixed
with monosaccharides, ferulic acids, uronic acids, and com-
pounds formed by the partial hydrolysis of lignin, the dehydra-
tion and degradation of carbohydrates, and condensation
reactions. Lignin-derived products are the largest fraction of
the impurities associated with xylo-oligosaccharides. Lignin is
a three-dimensional polymer made of phenylpropane units linked
randomly through alkyl—aryl ether bonds. It acts as a protecting
agent and binder in the cell-wall structure of lignocellulosic
materials. During antohydrolysis, lignin is depolymerized
partially through cleavage of the ether linkages and yields
phenolic monomers and oligomers that are soluble in the
aqueous media. Also, some of the xylose units in the xvlan
backbone are bonded to lignin through ether and ester linkages.
Consequently, some of the xylo-oligosaccharides contain lignin
oligomers linked to the xylose chain. Various impurities from
minor constituents of the lignocellulosic biomass—inchiding
inorganic salts, extractives, and, in some cases, proteins—are
also present.

Clearly, therefore, the crude xylo-oligosaccharides produced
by the autchydrolysis of lignocellulosic biomass will contain
large amounts of lignin-derived phenolics, carbohydrate dehy-
dration and condensation products, and ash. For instance, the
content of xvlo-oligosaccharides in the nonvelatile products has
been reported to be 58.3% for almond shells,? 54.8% for rice
husks,* and only 46.3% for barley residues.! Crude xylo-
oligosaccharides must be purified in order to obtain a final
product that is well characterized chemically and structurally,
homogeneous, repetitive, and suitable for food or pharmaceutical
applications. Purification sequences based on liquid —liquid and
solid— liquid extractions, solvent precipitation, and ion exchange
freatments, as well as combinations of these techniques, have
been thoroughly studied.®- Treatment with activated carbon
has been shown to be an effective process for removing

© 2006 American Chemical Seciety
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Table 1. Surface Characteristics of the Clomm ercial Activated
Carbons (NORIT) Used in This Study

Activated Carbong

AC-1 ACZ AC-3
(ROH 0.8)  (PACZ00) (Darco 12 =< 40)
Soet (ML) 1024 (1100 1346 616 (850%)
Fore (mLig) 0,625 0713 0.637
Voo (=08 mm) (mLig) 0132 0,139 0.035
mean pore diam (nm) 2.4 2.1 4.1
iodine munber S60 (10004 1060 ($00%) 635 (800%)
methylene blue (g/(100 g 22.3 (229 410 17.4
pHpz e 2.0 27
Surface Groups (mequin'g)
carbozxyl 02 03 0.4
phenolic 4.2 30 0.3
lactone 0.1 0.0 0.3
carbonyl 0.5 4.6 0.9
bazic groups 2.1 12 0.5

# Table data provided by NORIT.

impurities from carbohydrate products, having been tested for
the detoxification of xylose solutions from the acid hydrolysis
of eucalyptus wood before fermentation to xylitol,'® for the
recovery of xvlitol from the fermented hydrolyzates of sugarcane
bagasse,'® for the selective recovery of ferulic acid from
hydrolyzates of sugar-best pulps,!™? for the separation of
maltopentacse from other malto-cligosaccharides,!® and for the
decolarization of sugar solutions® and xylo-oligosaccharides 2!
However, so far, there has been no detailed study of the
performance of activated carbons for the removal of lignin-
derived impurities from crude xylo-oligosaccharide solutions
or of the characteristics of the carbons that favor the selective
adsorption of lignin-related impurities.

In this paper, we study the performance of three commercial
activated carbons for the purification of xylo-oligosaccharides
by the selective adsorption of lignin-derived compounds and
other impurities. Equilibrium experiments were conducted to
obtain the adsorption isotherms, and the results were comrelated
with the physicochemical properties of the carbons. Continuous
adsorption experiments were conducted in a packed-bed column
to obtain the breakthrough curves for xylo-oligosaccharides and
lignin-derived impurities.

Experimental Section

Materials. Samples of three commercial activated carbons
supplied by NORIT (NORIT, the Netherlands) were tested
for the purification of the xylo-oligosaccharides: ROX 0.8
(AC-1), PAC200 {AC-2), and Darco 12 = 40 {(AC-3). ROX
0.8 is an extruded granular activated carbon used for decoloring
starch hydrolyzates and sugars. PAC200 is a powdered carbon
used for removing taste, odor, and color from water and
industrial process applications. The 12 x 40 carbon is a general-
purpose granular carbon grade used in a variety of applications
including the purification of fine chemicals and food. For the
equilibrium experiments, ROX 0.8 and Darco 12 x 40 were
ground and sieved to 0.2 mm, while PAC200 was used directly.
In the column tests, all the carbons were used as received. The
surface characteristics of the carbons were determined in
samples of pulverized carbon according to the methods detailed
in the analytical methods section (see also Table 1).

Xylo-oligosaccharides were obtained by the autohydrolysis
of grounded almond shells at 179 *C for 23 min. Full details of
the reactor system and the operational procedure have been
provided elsewhere. 2 Xylo-oligosaccharides from two different
reaction batches were used in this study. The first baich
comprised solid xylo-oligosaccharides recovered from the

Ind. Eng. Chem. Res, Vol 43, No. 7, 2005 2295

autohydrolysis solution by spray drying. This procedure removed
water and most of the volatile impurities such as furfural and
acetic acid, leaving dry xylo-oligosaccharides (XOs) that still
contained all the nonvolatile impurities, such as monosaccha-
rides, organic exiractives, lignin-derived phenolics, and inorganic
salts. This sample was used for the adsorption equilibrium tests.
The second batch comprised an XO solution prepared by
autohydrolysis under the same conditions as the first but used
directly for the continuous adsorption tests in packed columms.
It had a total solids concentration of 35.2 g/L.

Adsorption on Activated Carbon. Adsorption equilibrium
was measured in a batch system. A sample of the xylo-
oligosaccharides of the first reaction batch recovered by spray
drying was dissolved in deionized water at a concentration of
20 2/L.. Aliquots of 10 mL of this solution were placed in 20
mL test tubes, and the appropriate amount of activated carbon
was added (from 15 to 500 mg). The tubes were capped and
placed in a water bath at 30 °C, attached perpendicularly with
clamps to a horizontal revolving shaft that had a rotating speed
of 2 rpm. After 24 h, the tubes were removed from the bath
and the mixture was centrifuged at 4000 rpm for 20 min to
precipitate the activated carbon. A sample of the supernatant
liquid was filtered through a 0.22 pan nylon syringe filter, placed
in an encapsulated HPLC vial, and stored at 5 °C until analysis.

Column tests were performed at room temperature (21 £ 1
“(Z) using around 22 g of granular activated carbon packed on
a 55 mL column, with an inner diameter of 20 mm, made of
metacrylate tube and PVC fittings. Activated carbon was
submerged in boiling water for 15 min to remove air and fine
particles and then extracted and poured immediately into the
column, which had previously been filled with water to avoid
entrapping air in the carbon bed. The column had wire mesh
plates at both ends to prevent the entrainment of carbon particles
and was operated in up-flow mode to reduce channeling. The
solution of crude xylo-oligosaccharides from the second reaction
batch was fed at 6 mL/min with a Watson-Marlow 313F
peristaltic pump (Watson-Marlow Bredel, USA), which led to
a residence time of 0.15 h. At the end of the experiment, the
feed was switched to deionized water for 1 h to clean the
column. The product was collected in four fractions—from 0 to
2h {F1, 13.1 bed volumes circulating through the column), from
2 to 4 h (F2, 26.2 bed volumes), from 4 to 5.5 h (F3, 36 bed
volumes), and the washing solution—and the dissclved solids
in each fraction were recovered by lyophilization. Also, samples
of 2 mL were withdrawn from the outlet stream throughout the
experiment, filtered through a 0.22 ym nylon filter, and analyzed
by gel permeation chromatography/high-performance liquid
chromatography (GPC/HPLC) to determine the instantaneous
composition of the product stream, as described below.

Amnalytical Methods. The surface area and porosity of the
activated carbons were determined from their nitrogen adsorp-
tion—desorption isotherms obtained at 77 K in an ASAP 2020
surface analyzer (Micromeritics, USA). The samples were
previously degassed at 523 K for several hours. N, adsorption
data for P/P, from 1077 to 0.99 were analyzed according to (i)
the BET method?? for calculating the specific surface area, Sper
and (i) the oz method® using Carbopack F Graphitized Carbon
Black as reference material to calculate the uliramicromicropore
volume? (pore diameter = 0.8 nm), Fjuwic. The total pore
volume, Fuss, was calculated from nitrogen adsorption at a
relative pressure of 0.99. The average pore diameter was
calculated from the total pore volume and the surface area with
eq 1. The point of zero charge (PZC) was determined by mass
titration.2® Various amounts of activated carbon were added to
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a 10 mL solution of 0.1 M NaCl to obtain mixtures with 0.05,
0.1, 0.5, 1.0, and 10% of carbon by weight. The bottles were
sealed to eliminate any contact with air and stitred ovemnight.
The equilibrium pHs of the suspensions were measured after
24 h of contact time. The PZC value of the activated carbon
was taken as the equilibrium pH of the suspension with the
highest concentration of carbon when the change in pH with
carbon concentration was low. Methylene blue (C)¢H,:CIN;S-
2H;0, MB) serves as a model compound for checking the
adsorption of medium-size organic molecules from aqueous
solutions. A 30 mL portion of a 3.2 mM solution of MB
{Scharlau Chemie, Spain) and approximately 50 mg of activated
carbon were used in adsorption experiments. The solutions were
stirred overnight and filtered to remove the activated carbon in
suspension before analysis. The equilibrium concentration of
MB in the solution was measured by spectrometry at 664.8 nm
in a Dinko Instruments 8500 spectrometer (Dinko Instruments,
Spain). The amount adsorbed was calenlated from the change
in concentration of the solution. The iodine number was
provided by NORIT. The oxygenated acid surface groups were
determined according to the method of Boehm,?é and the basic
groups were determined by titration with hydrochloric acid. A
25 mg portion of carbon was mixed with 25 mL of sach of the
following solutions: 0.1 N sodium hydroxide, 0.1 N sodium
carbonate, 0.1 N sodium bicarbonate, 0.1 N sodium ethoxide,
and 0.05 N hydrochloric acid. The vials were sealed and stirred
for 48 h, and the solutions were filtered. Samples of 5 mL were
taken. These were titrated with 0.05 N HCl or 0.1 N NaOH to
determine the excess of base or acid, respectively. The number
of acidic sites of each type was calculated under the assumptions
that sodium ethoxide neutralizes all the acidic groups (i.e., the
carboxylic, phenolic, lactonic, and carbonyl groups), that NaOH
neutralizes the carboxylic, phenolic, and lactonic groups, that
Na,CO; neutralizes the carboxylic and lactonic groups, and that
MNaHCO; neutralizes only the carboxylic groups. The number
of surface basic sites was calculated from the amount of HCI
consumed by the activated carbon.

- Vo0
d = 4= (1)
P Sepr

Solid xylo-oligosaccharides were analyzed for their ash
content (ASTM D 1102-34 standard method) and for carbohy-
drates, acetyl groups, and lignin. A sample was dissolved in
dejonized water and analyzed (i) by HPLC to quantify the free
monosaccharides (glucose, xylose, and arabinose), acetic acid,
furfural, and hy droxymethyl furfural (HMF) and (ii) by HPLC/
GPC to determine the molar mass distribution. Another sample
of the XOs was dissolved in 4% sulfuric acid and was
quantitatively hydrolyzed at 120 °C for 45 min to convert the
oligosaccharides into their constitutive monomers. The hydro-
Iyzate was analyzed by HPLC, and the amount of xvlo-
oligosaccharides was estimated from the monosaccharides and
acetic acid liberated by the quantitative hydrolysis. Lignin was
measured as the insoluble residue after the quantitative hy-
drolysis (Klason-type lignin) by the TAPPI UM 250 method
for the acid-soluble lignin. The XO solution from the autohy-
drolysis reactor (2nd batch of XO) was analyzed with the same
procedures. HPLC analyses were performed with a Bio-Rad
HPX 87H column at 30 °C (Bio-Rad Laboratories, USA) in an
Agilent 1100 series chromatograph (purchased from Agilent,
Barcelona, Spain). The solvent was 0.005 M H,50, at a flow
rate of 0.5 mL/min. An Agilent 1100-DAD ultraviolet (V)
diode-array detector and an Agilent 1100-RID refractive index
(RI) detector were connected in series. The UV detector was

used to quantify firfural and HMF in the samples that contained
low concentrations of these compounds. The BRI detector was
used for the samples with high concentrations of furfural and
HMF and for carbohydrates. The molar mass distribution of
the xylo-oligosaccharides was determined by GPC using the
same chromatograph and the GPC add-on of the LC Chemsta-
tion software (purchased from Agilent, Barcelona, Spain). The
analyses were performed with a TSKGel G3000PWXL column
{Toso Haas, purchased from Telnokroma, Barcelona, Spain}
at 25 °C using 0.5 mL/min of a 0.05 mol/L solution of KNO;
with 83 mg of sodium azide as solvent and the refractive index
detector. The system was calibrated with xvlose, glucose, and
low-polydispersity standards of malto-oligosaccharides and
dextrans (Fluka). In all cases, the samples were filtered through
a 0,22 yum nylon syringe filter prior to HPLC analyses.

Results and Discussion

Adsorption Equilibrivm Tests. Adsorption equilibrium tests
were developed using a sample of crude xylo-oligosaccharides
cbtained by spray drving of the hydrolysis liquor (batch 1). This
sample comprised 58.3% xylo-oligosaccharide, 5.0% monomer
products (2.4% xvlose, 1.5% arabinose, 0.78% glucose, 0.27%
HMEF, and trace amounts of acetic acid and furfural}, 4.8% ash,
and 16% Klason-type lignin. The remaining 14.9% of the solid
was made up of compounds from the almond shells that were
solubilized during the autohydrolysis reaction, e.g., extractives,
low molar mass phenolics from lignin, and byproducts from
the degradation and condensation of monosaccharides and
furfural, which were not identified with the analytical procedures
we used.

The adsorption of the carbohydrate and lignin-derived frac-
tions of the xylo-oligosaccharides on activated carbons was
tested at 30 °C using a constant concentration of crude xylo-
oligosaccharides of 20 /L in deionized water and concenira-
tions of activated carbon of 1.5, 3.3, 10.0, 16.7, 30.0, and 50.0
g./L. Figure 1 shows the GPC chromatograms of the feed
solution. The UV signal at 254 nm was atiributed to the pres-
ence of compounds derived from lignin and extractives and from
their condensation with furfural, HMF, and other carbohydrate-
degradation products, which accounted for around 30%% of the
mass of the sample. We assumed that the signal of the refractive
index detector was caused mainly by carbohydrates and
inorganic salts (soluble ashes), since they constituted nearly 70%%
of the mass in the crude xylo-oligosaccharides, though all the
species in the mixture contributed to the signal of this nonselec-
tive detector. The retention times for narrow standards of
dextran, malto-oligosaccharides, and xylose are included in
Figure 1 for comparison. The RI signal shows that the xylo-
oligosaccharides had a molar mass below 50 kDa. The most
abundant species had a molar mass of between 1 and 5 kDa.
There was also a small fraction of the mixture with a molar
mass of below 0.15 kDa (xylose). Some of this was inorganic
salts (ashes) that eluted after monosaccharides in this chro-
matographic system. Data from the UV signal revealed two
important facts. First, a significant amount of lignin-derived
products eluted at the same interval of retention time as did the
xylo-oligosaccharides. This was in agreement with the existence
of phenolic side groups such as ferulic acids and lignin
fragments, which are directly attached to the xylan backbone
chains.?” Second, almost half of the lignin-derived products were
eluted at a retention time that was well above that of xylose
{0.15 kDa). These products were low-molar mass phenolics that
eluted from the chromatographic column with a different pattern
from that of oligosaccharides, partly because they may have
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Figure 1. GPC chromatograms (time in log seale) for the xylo-oligosac-
charides remaining in solution in the equilibrium adsorption experiments
af 30 °C and different loads of the AC-1 acfivated carbon. The UV signal
at 254 nm (top) iz cansed by lignin-derived phenolics, while the refractive
index signal (bottom) is mainly atfributed to carbohydrates (oligomers and
I ONOIM e18).

hy drodynamic volumes in 0.05 mol/L. KNO; that are lower than
those of carbohydrates of equivalent molar mass, but mainly
because of adsorption on the gel of the GPC column, which
increases the elution time. Palm and Zacchi’® observed the
adsorption of lignin-derived compounds from wood autohy-
drolysis on the gel of filtration columns.

Figure 1 also shows the GPC chromatograms for selected
samples of the xylo-oligosaccharide solution treated with
AC-1. The low molar mass lignin-derived products, which have
the longest elution times in the GPC system, are preferentially
adsorbed when small amounts of activated carbon are added to
the solution. Figure 1 shows that they were completely adsorbed
when 16.7 g4/L was used. The lignin-products in the range of
the elution time of oligosaccharides were also adsorbed, but
they were still detected even at 50 g4 /L since they are linked
to xzylose in xylo-oligosaccharides. The adsorption of the
carbohydrate fraction was less significant. Below a carbon load
of 16.7 gac/L, only species with a molar mass of below 0.5
kDa were adsorbed. At a higher carbon load, there was a
reduction in the signal of the sample at all molar masses, but
even at 30 g, /L, the total amount of carbohydrates adsorbed
was still below 4(%4. The same qualitative trends were cbserved
for the other activated carbons we tested.
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Figure 2, Eelation between the reduction in the concentrations of lignin-
derived phenolice and carbohydrates at equilibrinm for various loads of
activafed carbon at 30 °C. Error bars are confidence intervals at the 95%
probability level

The reductions in the concentrations of lignin-derived prod-
ucts and carbohydrates (rd;} were calculated from the areas of
the GPC chromatograms by assuming constant response factors
{eq 2), and the amounts of each solute adsorbed were calculated
from a mass balance for the batch system using eq 3, in which
j indicates lignin-derived products or carbohydrates, Co; (g/L)
is the concentration of solute in the feed, &; (g/L) is the
equilibrium concentration of species f in the solution, Ch.;
(g/gac) is the concentration of solute / adsorbed on the activated
carbon at equilibrium, # is the mass of activated carbon (gac),
and ¥ is the volume of the solution (L). Figure 2 shows the
reduction in the concentrations of lignin-derived products and
xylo-oligosaccharides in solution for the three activated carbons
we tested. Lignin-derived products were preferentially adsorbed
over the carbohydrate fraction, especially at low concentrations
of AC when the low molar mass aromatics were adsorbed. For
instance, when 70% of the lignin-derived compounds were
adsorbed, around 80% of the carbohydrates were still in solution.
When over $0%% of these compounds were adsorbed, the
adsorption of carbohydrates dramatically increased.

The adsorption of mixtures of organic solutes onto activated
carbons is a complex process that is determined by the chemistry
of the carbon surface, the interactions between the solutes and
the surface, the interactions of the solutes with the solvent, and
those of the solvent with the carbon surface. The molar mass
of the solute and the distribution of pore diameters of the carbon
also play a significant role in determining the fraction of carbon
surface that is actually accessible to a specific solute. The
preferential adsorption of lignin-derived species over xylo-
oligosaccharides may be attributed to several factors. Lignin-
derived species are substituted phenolic monomers and oligo-
mers that are more hydrophobic than carbohydrates. Xylo-
oligosaccharides will therefore be more stable in water solution
than lignin-derived products especially if, as in activated
carbons, the surface of the adsorbent is predominantly hydro-
phobic.

Average pore diameters were 2.4, 2.1, and 4.1 nm for AC-1,
AC-2 and AC-3, respectively. Table 2 shows that the activated
carbons had a significant fraction of micropores, while Figure
3 shows that the pore volume distribution, which was calculated
with the density functional theory (DFT) model,?® was different
for the three carbons. Most of the mesopore volume in the AC-1
carbon corresponded to pores with diameters from 2 to 10 nm,
and the rest corresponded to large mesopores (30—350nm). The
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Table 2. Freundlich Isotherms: Results for the Adsorption of the Carbohydrate Fraction and the Lignin-Derived Products on Comm ercial

Activated Carboms®

ACHL (ROX 0.9)

AC2 (PAC200) AC-3 (Darco 12 x 40)

Hylo-oliogosaccharides

1004+ 0,13

n
oo LY (g ogtt™710] 0.0148 £0.0046

0.81+0.11
0.0324 & 0.0024

0,66 £+ 0.09
0.0249 £ 0.0054

Lignin-Derived Products

n 0.82 +£0.06
Eyp[ LM (g cghii—1n] 0.145 £0.008

@ Confidence intervals were calenlated at ¢ = 0.05.

0.030
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Incremental pore
volume (cc/g)
o
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o

Pore diameter (nm)

Figure 3. Pore wolume distributions for the three activated carbons nsed
in this study.

A -2 carbon had the largest mesopore pore volume, but it had
more pore volume than the AC-1 in the zone of small mesopores
and a similar amount of large mesopores. Finally, the AC-3
carbon had very low volume in the small mesopore region, and
most of its mesopore volume cotresponded to large pores, from
10to 50 nm. Around half of the lignin-derived compounds and
associated impurities that are present in the crude xylo-
oligosaccharides had a low molar mass (ie., around 0.1 kDa)
and were easily adsorbed in the three activated carbons, since
their entire surface was accessible to these small solute
molecules. On the other hand, xylo-oligosaccharides and some
of the lignin-derived impurities had molar masses from 1to 50
kDa, which is roughly equivalent to an interval of molecular
diameters from 2 to 10 nm. The area available for the adsorption
of the oligomers was therefore dependent on their molar mass:
the larger the molar mass, the lower the area they could access.
This effect should be more important for carbons AC-1 and
AC-2, which have a significant fraction of pores below 10 nm.

However, solute size and the pore diameters are not the only
variables governing adsorption. If we compare the GPC chro-
matograms in Figure 1 for xylo-oligosaccharides and lignin
products at a high concentration of carbon AC-1, we can see
that the reduction in the concentration of high molar mass solutes
was much greater for the lignin products than for xylo-
oligosaccharides. The presence of carboxylic and other acidic
groups on the surface of the carbon has a definite effect on the
adsorption of phenol, since it favors the chemisorption of phenol
but hinders physisorption.?! We may expect the same to be true
for the lignin-drived phenolics present in the crude xvlo-
cligosaccharides. Finally, electrostatic interactions between
charged solutes and the surface of the carbon must also be
considered. The pH of the xvlo-oligosaccharide solution was
5.7 due to the dissociation of the acetyl groups in the backbone
chain of the xylo-oligosaccharides and the carboxyl groups in
ferulic acids and in some lignin-derived products. Since this
pH is below the pH of zero charge of the activated carbons (3
< pHepze = 8.7), we can expect the surface of the carbons to
have a positive charge disiributed among the basic superficial
groups.*! This should create favorable electrostatic interactions

0.82 £0.05
0.184 £0.009

0.62 £ 0.03
0.134 £ 0.007

between the positive surface and the negatively charged solutes
such as the xylo-oligosaccharide chains that contain dissociated
acetyl groups.

d.=1 CeJ
g, =1-— COJ' @)
V
CSBJ . ;(COJ - Ca,;) (3)
lnCSeJZMKernjlnCBJ “h

Regardless of the complexity of the phenomena involved in
the competitive adsorption of mixtures of polydisperse oligomers
with dissimilar chemical structures, simple models can provide
some insight into the factors that have a determining influence
on the selective adsorption of ligninrelated species over xylo-
oligosaccharides. Adsorption equilibrium was modeled through
the Freundlich isotherm, which relates the concentration of a j
solute at equilibrium (C: ;) to the concentration of § adsorbed
on the surface (Cse;). The unit-capacity parameter, &, is a
measure of the degree of strength of adsorption, and s, the site-
energy parameter, is an indication of the heterogeneity of the
surface adsorption sites. The closer the value of #; is to unity,
the more homogeneous is the energy of the surface sites. The
Freundlich isotherm was linearized to calculate the constants
#; and K; (eq 4). Figure 4 shows the linearized isctherms, and
Table 2 shows the best-fit values of #; and K, for the three
activated carbons and their confidence intervals at 95% prob-
ability. Calculations were done using the robust linear regression
algorithm implemented in the rebustfif function of the statistics
toolhox of MATLAB (MathWorks Inc., USA). The isotherm
provided an acceptable description of the adsorption of both
the lignin-derived products and carbohydrates for the three
activated carbons, since the model predictions fell within the
scattering of the experimental data.

Possible correlations between the main properties of the acti-
vated carbons and the parameters of the Freundlich equation
for xylo-oligosaccharides and lignin-derived products were
analyzed. Figure 5 shows that the unit-capacity parameter for
xylo-oligosaccharide adsorption (£xo) increased with the meso-
pore volume of the activated carbon, while the site-energy
parameter increased linearly with the concentration of basic
surface groups. The carbons with more developed mesoporous
structures had more surface area available for the adsorption of
xylo-oligosaccharides with larger molar mass, thus giving higher
values for the wmit-capacity parameter of the Freundlich
isotherm. Also, the higher the number of basic surface groups
on the surface, the stronger the electrostatic interactions between
the dissociated acetyl groups of the xylo-oligosaccharide chains
and the positively charged surface, thus increasing the site-
energy parameter #xp for xvlo-oligosaccharides adsorption. The
Kip parameter for the lipnin-derived phenolics grew with the
total concentration of acidic superficial groups. In studies on
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Figure 4, Freundlich izotherms for the adsorption of lignin-derived
phenolics (open symbols) and xylo-olisosaccharides (golid symbols) on the
three activated carbons at 30 °C.

phenol adsorption from acidic water solutions, the increase in
the unit-capacity parameter with the concentration of acidic
surface groups has been explained by the existence of two
parallel routes: physical adsorption and acid-catalyzed chemi-
sorption.*® We may expect the contribution of chemisorption
to the overall adsorption of the low molar mass phenolics present
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in the complex mixture of ligninrelated products to become
more important as the number of acidic surface groups increases,
thus increasing K r. In contrast, the site-energy parameter, #1p,
did not have a clear correlation with the concentration of acidic
surface groups. Promoting the surface acidic groups by oxidation
of an activated carbon reduces the adsorption of phenol from
aqueous solution.*! More acidic groups should favor chemi-
sorption, but they lower physical adsorption becanse the acidic
groups act as electron acceptors and lower the m-electron density
in the carbon planes, thus decreasing the interaction between
the aromatic rings and the carbon basal planes. Since physical
adsorption is the dominant mechanism, the overall consequence
is lower phenol adsorption and a decrease in the site-enerpy
parameter, #, of the Freundlich isotherm.?® In our case, it seems
that #1p increased for activated carbons sith more acidic surface
groups, though the values of arp for AC-1 (0.82 £ 0.06) and
AC-2 (082 £ 0.05) were statistically the same even if they
had different concentrations of acidic surface groups (6.0
mequiv/g for AC-1 and 7.9 mequiv/g for AC-2). This behavior
may be caused by the different nature of the predominant acidic
groups in each carbon, which were manufactured from a variety
of raw materials using different methods of activation. Phenols
are the main acidic group in AC-1 (4.2 mequiv/g), while in
A -2 the main group is carbonyls (4.6 mequiv/g). The relative
importance of the chemisorption and physical adsorption paths
will therefore be different in each carbon due to the different
acidity of these groups. Finally, no direct correlations of the
Freundlich parameters with other properties of the activated
carbons such as the surface area or the total pore volume were
observed.

On the basis of the analysis of the Freundlich isotherms, the
purification of xylo-oligosaccharides will require activated
carbons with unit-capacity and site-energy parameters that are
low for xylo-oligosaccharides and high for lignin-derived
products. The AC-1 carbon, with a K1p/Kx0 of 9.8 £ 3.6, had
a slightly better ratio of unit-capacities than AC-2 (5.7 £ 1.8)
and AC-3 (5.4 £ 1.4), while the ratio #Lr/xo did not present
significant differences due to the large scattering of the results
(0.82 £ 0.17 for AC-1, 1.01 & 0.20 for AC-2, and 0.94 £ 0.20
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Figure 5. Variation in the constants of the Freudnlich isotherms of lignin-derived compounds and wylo-oligogaccharides (&pp) with the sarface properties

of the activated carbons The lines only indicate frends.
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Figure 6, Adsorption ofthe erade xylo-oligosaccharides from reaction batch
2 on an AC-1 activated carbon column: brealdhrough eurves for carbo-
hydrates (%) and lignin-derived products (O,

for AC-3). In general, a suitable activated carbon should have
small mesopore diameters, a low volume of mesopores, and a
low concentration of basic surface groups to limit xvlo-
oligosaccharide adsorption. It should also be highly microporous
and have acidic surface groups to favor the adsorption of the
lignin-related products (high £ p).

Column Tests. Column tests were performed with the ROX
0.8 granular activated carbon (AC-1). This carbon was selected
becanse of its slightly better selectivity toward lignin adsorption
and because it was readily available in granular form and more
suitable for column packing than AC-2 and AC-3. The latter
contained fines and caused problems during operation due to
the entrainment of carbon particles and because it led to larger
pressure drops across the bed. Figure 6 shows the breakthrough
curves for an experiment performed using the second batch of
xylo-oligosaccharides solution directly. The solution was fed
at 6.0 mL/min, and a column loaded with 22.0 g of activated
catbon was used. The activated carbon was rapidly saturated
with carbohydrates. Retention for carbohydrates was only 1%
after 60 min (6.55 bed volumes circulated), while retention for
lignin-derived products was over 60%. After 180 min (19.6 bed
volumes), the column was completely saturated with carbohy-
drates and retention was 0.2% but it was still 30%% for lignin
products. Figure 7 shows the GPC chromatograms for samples
of the effluent taken at selected times during the experiment.
The lipnin-derived products of low molar mass were completely
adsorbed on the columm during the first 45 min of the
experiment, which corresponds to 4.91 bed volumes of feed
circulated through the column, but the high molar mass fraction
of lignin products associated to carbohydrates was not adsorbed
completely even when the volume circulated was small (2.18
bed volumes). The carbohydrate fraction had low adsorption,
and there were few differences in the degree of adsorption with
molar mass. The fraction collected during the cleaning of the
carbon bed with deionized water contained both carbohydrates
and lignin-derived species. The latter were detected in the
washing stream even after 60 min of cleaning (6.35 bed volumes
of water), which suggests that they were strongly adsorbed on
the surface of the carbon.

The fractions collected during the experiment were lyophi-
lized to recover the xylo-oligosaccharides (F1, 0—2h; F2,2—4
h; F3, 4—5.5 h; F4, washing, 5.5—6.5 h). The dry product was
weighed to calculate the yield and analyzed for ash, klason
lignin, monomers, xylo-oligosaccharides, and the molar mass
distribution. Table 3 shows that the average concentration of
nonvolatile soluble products decreased from 35.2 g/L in the feed
to 25.2 g/L in the product collected from the column outlet
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Figure 7. Adserption of the crmde rylo-oligosaccharides from reaction batch
2 en an AC-1 activated carbon column: GPC chromatograms (time in log
scale) for the xyleo-olizosaccharides remaining in solution, The UV szignal
at 254 nm {fop) iz cansed by lignin-derived phenolics, while the RI signal
(bottom) is mainly afiributed to carbohydrates (xylo-oligosaccharides and
MONomers).

during the first 2 h of the experiment. Analysis of the recovered
product shows that monosaccharides and xylo-oligomers were
partially adsorbed on the carbon, but the highest adsorption was
for lignin-related products and for furfural and HMF, which
were almost completely removed from the solution. The product
fractions collected afterward (F2? and F3) showed a dramatic
decrease in the capacity of adsorption of the column for
carbohydrates, although some retention capacity was still
observed for furfural, HMF, and lignin-derived species.

The retention for carbohydrates, mainly xylo-cligosaccharides
but also monosaccharides, was calculated by integrating the RT
signal of the GPC chromatograms of the feed and the samples
taken during the experiment, whereas the retention for lignin
and carbohydrate-degradation products (furfural and HMF) was
calculated from the signal of the UV detector at 254 nm.
Retentions for fractions F1—F3 were 20.2, 0.7, and 0.5% for
carbohydrates and 64.3, 30.2, and 16.0% for lignin, in ac-
cordance with the preferential adsorption of lignin products over
carbohydrates we observed earlier. The retentions were also
calculated from the mass and composition of the nonvolatile
products recovered by lyophilization of the fractions F1, F2,
and F3. The resulis were close to those caleulated from the GPC
chromatograms, especially for carbohydrates.

295



296

UNIVERSITAT ROVIRA | VIRGILI
PREPARACION, CARACTERIZACION Y APLICACIONES DE CARBONES ACTIVADOS
PREPARADOS A PARTIR DE LIGNINA KRAFT
VANESSA TORNE FERNANDEZ

ISBN: 978-84-4dEP&ggSIon, caracterizacion y aplicaciones de carbones activados O

DL.T.1387-2007

Ind. Eng. Chem. Res, Vol 45, Mo, 7, 2006 2301

Table 3. Adsorption on an AC-1 Activated Carbon Column: Composition of the Lyophilized Samples of the Product Fractions Collected
during the Experiment and Retentions Calculated for Xylo-oligosaccharides and Lignin-Related Products (Xylo-oligosaccharide Solution from

Reaction Batch 2)

collected fractions

feed FL{0—2h) F2i2—4h) F3d-35h
avg cone of dissolved products for the fraction (g/L) 332 252 336 339
Composition (3% of the Dissolved Products in the Feed)
glucose 1.76 175
®yloss 3.935 2.81 3.96 397
arabinose 361 2,58 3.58 3357
acetic acid 3.89 174 373 385
fur fioral 0.85 0.01 0.40 0.87
hydroxymethyl firfural 0.43 0.03 0.26 0.3%
xylo-oligosacchar ides 57.8 46.0 593 584
lignin-related products 6.85 2.90 5.55 585
ash 9.02 T.66 T.36 T.60
other (by difference) 11.8 678 0,49 9,84
Retention (% of Feed)
caleulated by integration of the GPC chromatograms {data in Figare 7)
wylo-oligosaccharides (RI signal) 202 07 0.3
lignin-related products (UV signal) 64,3 302 16.0
caleulated from the yield and chemical analysis of lyophilized samples
#ylo-oligosacchar ides® 22,5 0.5 0.9
lignin-related products? 63.9 236 11.4

« Inchiding monosaccharides, acetlc acld, and ash. ® Including firfural and HMF.

Vegas and co-workers have investigated several sequential
treatments for the removal of extractive- and lignin-derived
compounds from the aqueous solutions of crude xylo-oligosac-
charides of barley residues'® and rice husks.!* Afier three
sequential extraction stages with ethyl acetate, 6.2% of the
carbohydrates and 338.2% of non-carbohydrates were removed
from the solution in the case of rice husks, while for barley
residues removal was 15.9% for carbohydrates and 32.9% for
exiractives- and lignin-related products. These values are close
to those we obtained for fraction F2. Further processing of the
ethyl acetate-extracted solutions with a strong anion-exchange
resin increased the removal of non-carbohydrates to 78.2 and
54.0% for rice husks and barley residues, respectively, while
carbohydrate removal was 22.2 and 20.4%. Our results from
the F1 fraction indicate that treatment with activated carbon
provides better results than extraction with ethyl acetate and
that it may even produce a similar degree of removal of non-
carbohydrate compounds to extraction combined with treatment
with anion-exchange resins.

Conclusions

The treatment with activated carbon of raw xzvlo-oligosac-
charide solutions obtained by autohydrolysis of lignocellulosics
is a feasible option for the removal of extractives- and lignin-
derived compounds and carbohydrate-degradation products. The
selective adsorption of lignin products over carbohydrates has
been observed for three commercial activated carbons at slightly
acidic pHs. Selectivity toward lignin adsorption was higher when
the carbon was highly microporous and had small mesopore
diameters, a low volume of mesopores, a low concentration of
basic surface groups to limit xylo-oligosaccharide adsorption,
and acidic surface groups to favor the adsorption of the lignin-
related products. Further studies into the tailoring of the surface
properties of the carbons in order to improve selectivity and
adsorption capacity for lignin-products, and into the regeneration
of spent carbon beds, are under way.
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6 O Conclusiones Generales

6. CONCLUSIONES GENERALES

La preparacion de CA a partir de diferentes tipos de agentes activantes acidos
(H,PO,) o basicos (NaOH y KOH) a partir de lignina Kraft como material
precursor, da como resultado carbones microporosos con altas areas
superficiales, con rendimientos a carbén razonables y con buenas
propiedades para ser utilizados en la descontaminacion de efluentes liquidos
0 gaseosos.

Conocer el efecto que la variaciéon de las condiciones de operaciéon produce
es muy importante para poder controlar las caracteristicas finales del
producto, que depende de la aplicacion que se le quiera dar. Para ello, es
importante conocer el mecanismo de activacion quimica que tiene lugar. En
el caso de la activacion con acido fosférico y a partir de datos experimentales,
se han explicado los procesos reactivos que tienen lugar durante la pirdlisis
mediante una serie de reacciones de pseudoprimer orden, como resultado de
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la simplificacién de los multiples procesos reactivos involucrados en la
descomposicion térmica que se ajusta correctamente a los escasos datos
bibliograficos obtenidos.

El mecanismo de reaccién que se propone se compone de dos etapas. En
primer lugar, la mezcla entre la lignina y el acido fosférico dan lugar a un
complejo generado por la reaccidon entre el acido y los sitios reactivos de la
lignina que puede durar aproximadamente una hora a temperatura ambiente y
que se finaliza antes de comenzar el proceso térmico.

Posteriormente y una vez se comienza con la pirdlisis de la muestra, se
produce la conversiéon del exceso de acido en P,O; después de haberse
eliminado por completo el agua presente en la mezcla. La formaciéon de este
compuesto esta involucrada con el desarrollo de la estructura interna de la
muestra ya que actia como proteccion de la estructura y cuando
seguidamente se evapora y produce la combustioén de la muestra. Finalmente,
la pirdlisis completa del complejo generado en el primer paso, da lugar al CA
definitivo y volatiles con lo que se acaba de desarrollar la estructura interna
del producto final.

Una vez determinado los fenémenos que se producen en la activacion
quimica, es necesario conocer como afectan las condiciones de operacion a
las propiedades finales del carbon.

En el caso de la activacion con H,;PO,, los parametros estudiados son tres: el
tiempo de impregnacion, la temperatura de activacion y la cantidad de acido
empleado.

Por un lado, la reaccién de impregnacion se completa en una hora y tiempos
mayores no tienen ninguna influencia en la producciéon de carbén, al igual
que la realizacién de isotermas localizadas durante el proceso pirolitico.

Respecto a la relacion entre la cantidad de acido fosférico afiadido y la de
lignina Kraft, existe un maximo en el cual se produce la reaccion completa de
la lignina, situado en valores entre 0.8 y 1.0, y es a partir de este valor, no se
producen cambios en el proceso de pirdlisis que afecten a sus propiedades
mas importantes. A relaciones mayores de 1.4 comienza a disminuir el area
superficial BET y el volumen total de poros promovido por el agresivo
ataque del 4cido fosférico. El uso de acido fosférico en exceso produce
oxidos de foésforo que protegen la estructura del carbon de la oxidacion
externa y cuando esta especie se evapora a temperaturas mayores de 580°C, el
carbon se oxida totalmente en aire mientras que en presencia de nitrégeno, la
produccion de carbén se mantiene constante.
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Por ultimo, el aumento de la temperatura de activaciéon de 400°C a 600°C
produce un decremento en el volumen de ultramicroporos pero un aumento
de la microporosidad total y es a esta temperatura, 600°C, donde se encuentra
un optimo para el desarrollo de la porosidad en este tipo de procesos. A
partir de este punto, seguir aumentando la temperatura conlleva la reduccién
del volumen total de poros y de area superficial BET debido al colapso y al
exceso de oxidacion del material.

Por tanto, excepto el tiempo de impregnacion, el resto de parametros tienen
una importante influencia en las caracteristicas finales del CA. La
disminucién de superficie BET viene acompafiada de un descenso
considerable del rendimiento a carbén y se puede concluir que el valor
optimo respecto al desarrollo de la porosidad a una temperatura de 450°C
esta entre 1.2 y 1.4. El efecto del tiempo de impregnaciéon es menos
importante aunque su aumento provoca una ligera disminucién del area
superficial y del volumen total de poros. Este efecto tiene mas importancia
cuando se utilizan también altas temperaturas debido a la descomposicion de
los enlaces entre el carboén y los fosfatos y polifosfatos.

A parte de las condiciones de operacion, otro factor que puede afectar a las
condiciones finales del CA es la cantidad de cenizas que contiene la lignina
Kraft, tal y como se suministra, en comparacién con su uso una vez
desmineralizada, es decir, después de proceder a un pretratamiento acido.

Los analisis realizados por SEM y por espectroscopia de infrarrojo
demuestran que el proceso de desmineralizacion de la materia prima produce
un aumento en la polimerizaciéon de la lignina y reduce la interaccién entre
ésta y el acido fosférico. De esta manera, se ven afectadas las propiedades
finales del AC-P de tal forma que al aumentar la temperatura de pirdlisis,
aumenta el rendimiento a carbén, la aromaticidad, el area superficial y la
cantidad de grupos superficiales en los CA preparados a partir de LK,
mientras que la tendencia es opuesta para los CA preparados a partir de LK.

En el caso de la activacién quimica con NaOH y KOH, el uso de hidréxidos
alcalinos en este tipo de procesos esta desarrollando un incremento de
interés, por esta razon la posibilidad de preparar CA microporosos a partir de
lignina Kraft desmineralizada y KOH o NaOH es parte fundamental de esta
memoria.

En este caso, las condiciones de operaciéon estudiadas son cinco: la
temperatura de activacion, la relaciéon entre agente activante y precursor, el
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tiempo de impregnacion, el flujo de nitréogeno empleado como atmosfera
dinamica en el proceso y por tltimo, la velocidad de calentamiento.

La temperatura de activaciéon es uno de los parametros que mas influencia
tiene en este tipo de activaciones. A medida que ésta aumenta y
esencialmente a partir de 750°C, los carbones pasan de ser esencialmente
microporosos a aumentar la cantidad de mesoporos, ya que a altas
temperaturas se produce el colapso de la estructura interna provocando la
transformacion de los poros mas pequenos en poros mayores. A partir de
700°C, se produce un desarrollo pronunciado de la quimica de superficie. En
el caso de la acidez, este aumento viene dado por la presencia de fenoles,
alcoholes y carbonilos, aunque depende del tipo de hidréxido empleado
como agente activante.

La relacién de la cantidad afiadida de agente activante y lignina Kraft tiene un
efecto muy marcado en la produccién de carbon y en el area superficial BET.
El aumento de este parametro, disminuye el rendimiento a carbén obtenido
ya que la reacciéon de activaciéon se ve favorecida y por tanto, se generan mas
volatiles que a su vez desarrollan la estructura interna. El aumento de
hidréxido incrementa el contenido de especies oxigenadas en la superficie del
carbon favoreciendo su oxidacion y desarrollando tanto la acidez superficial,
fundamentalmente mediante fenoles, alcoholes y carbonilos, como la
basicidad superficial.

El tiempo de activacion no tiene una influencia destacable, ya que
principalmente favorece la descomposicion de sales superficiales dando lugar
a Oxidos de carbono que colaboran al desarrollo de la estructura interna de
los este tipo de AC. En este caso, no hay un efecto claramente definido sobre
el desarrollo de la quimica superficial ya que si es cierto que se produce un
aumento general de la basicidad, el desarrollo de la acidez depende del agente
activante utilizado. El uso de hidréxido de potasio favorece el desarrollo de la
acidez mediante fenoles y lactonas pero si se utiliza hidréxido de sodio, la
acidez disminuye.

El caudal de nitrégeno empleado no es un factor importante en la activacion
con hidréxidos. Su funcién principal es la de facilitar la eliminacién de los
volatiles que se generan durante el proceso térmico aunque si se aumenta de
manera pronunciada, y a temperaturas bajas, provoca también la eliminacion
de agente activante (hidréxido y otras especies como 6xidos de carbono y
agua) disminuyendo ligeramente la activacion. La quimica de superficie se ve
afectada de igual manera, produciendo variaciones poco significativas de la
acidez y la basicidad superficial.
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Respecto a la velocidad de calentamiento, su aumento produce
disminuciones en el area superficial ya que durante el proceso de activacion
térmica, el hidréxido se funde y la superficie especifica aumenta, el tiempo de
contacto con el carbon es menor y disminuye la activaciéon producida.

En general, los factores que influyen en mayor manera en los parametros de
estudio son la temperatura de activacion y la relaciéon de la cantidad entre
agente activante y lignina Kraft que maximizan el area BET hasta 3000m*/g
aproximadamente, con un volumen de microporos de 1.5 cm’/g, a 700°C y
una R de 3.

Finalmente, una vez se tienen caracterizados los CA preparados por
diferentes métodos, estos se pueden aplicar en el campo mas adecuado. Una
de las principales aplicaciones de estos carbones esta en la adsorcion de
contaminantes, como metales pesados o componentes organicos en sistemas
liquidos.

En este campo, los carbones preparados a partir de la activacién quimica con
acido fosférico, también poseen una desarrollada acidez superficial,
caracteristica que combinada con su buena PSD, asegura una adsorcion
favorable de iones metalicos en solucion. La temperatura de carbonizacién es
el factor que afecta de manera mas significativa ya que, como se ha visto
anteriormente, cambia la porosidad del material y degrada la acidez
superficial. Las condiciones de preparacion del AC-P maés adecuadas para
maximizar la adsorcion de cobre (65 mg Cu/g) son de 500°C de temperatura
y una P/L de 1.4.

Optimizar la producciéon de AC-Na para maximizar su capacidad de
adsorcion de componentes organicos es posible mediante técnicas
estadisticas para el disefio de experimentos. La técnica seleccionada fue la
Metodologia de Respuesta de Superficie debido a que agrupa técnicas tanto
matematicas como estadisticas que resulta de gran ayuda cuando se analizan
sistemas donde hay una variable respuesta, la adsorciéon de azul de metileno,
que se ve afectada por varias variables. Como resultado, se obtuvo un carbén
activado que adsorbe mas azul de metileno que los carbones comerciales
utilizados para comparar a unas condiciones de 783°C, un contenido de
lignina Kraft desmineralizada en la mezcla inicial del 26.4 %, empleando 200
cm’ N,/min. A estas condiciones, la capacidad de adsorcién obtenida fue de
940 mg AM/g CA, la cual se correlaciona con el volumen de microporos de
las muestras analizadas y, en menor manera, con la quimica de superficie,
influencia que depende de la naturaleza acida o basica del compuesto
organico empleado.
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Para el estudio de la eliminaciéon de componentes organicos en efluentes
liquidos, fenol y benceno, la quimica de adsorciéon obedece a una reaccién de
pseudo segundo orden la cual es mas favorable para el fenol que para el
benceno. Los CA que se han empleado como adsorbatos en estos analisis
son tres carbones derivados de la lignina Kraft y activados con los tres
agentes activantes presentados en este estudio, NaOH, KOH y H,PO,. No
se puede determinar que modelo de adsorcién, Freundlich, Langmuir o
Tempkin, describe mejor el proceso fisico que tiene lugar ya que los tres
proporcionan buenos ajustes. Las capacidades de adsorciéon maximas que se
alcanzan han sido de 170 mg fenol/g y 20 mg benceno/g para el carbon
activado con NaOH, 165 mg fenol/g y 20 mg benceno/g para el carbén
activado con KOH y 60 mg fenol/g y 8 mg benceno/g para el carbén
activado con H,PO,.

Sin embargo, estos carbones pueden tener otro campo de aplicacion como es
el de aditivo en membranas o la purificaciéon de oligosacaridos. Asi, el AC-P
también se ha utilizado para obtener membranas poliméricas compuestas,
etapa previa a la obtencién de reactores de membranas enzimaticos,
utilizando el carbén inmovilizado en la matriz polimérica para adsorber
enzimas directamente, o a través de un metal, cobre en este caso, gracias a su
buena capacidad de adsorciéon. A pesar que existen muchos ambitos de
aplicaciéon para este tipo de membranas, en este caso particular, se han
utilizado para obtener y separar azucares de muy bajo peso molecular
(cercanos al del mondémero) a partir de aztcares de tamafio superior.

El uso de AC-P en las membranas permite buenas capacidades de separacion
cumpliendo con el objetivo especificado, y a pesar de que localmente se
obtuvo mejor adsorcién de enzima con el uso del metal, no se pudo concluir
que en general, la utilizacion de éste implicara mejores resultados. En este
sentido, son necesarios mas experimentos.

Por ultimo, el uso de catbones comerciales en el tratamiento de xilo-
oligosacaridos obtenidos a partitr de la autohidrdlisis de materiales
procedentes de biomasa es factible ya que permite eliminar componentes
derivados de la lignina y extractivos. Este proceso debe llevarse a cabo
mediante adsorbatos con pH acido y de gran superficie especifica, es decir,
muy microporosos y con mesoporosidad poco desarrollada. Las
caracteristicas del carbéon necesario para llevar a cabo este tipo de
operaciones se adecuan a los carbones obtenidos para la realizacion de esta
tesis. Por tanto, en los siguientes pasos a seguir en este campo de
investigacion parecen adecuados el uso de AC-P, AC-K y AC-Na.
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%MLy,

a
a,
qpp
a

w

AT
Hm

A

AA, AAS
AC, ACs
AC-K
AC-Na
AC-P
ACF
AgA
ATD
Atm
ATR

=

BDDT
BET

S0

o

) [72]
o

=
ae]

DO0OO00O00

)
=

Porcentaje de masa pérdida debido a la reaccion entre el acido
fosférico y la lignina

Factor de referencia usado en el método Oy

Coeficiente de reaccion

Orden de reacciéon para la activacion de la lignina
Orden de reaccion para transformacion de agua
Incremento de temperatura (°C)

Micrémetros

espectroscopia de absorcién atémica

Carb6n Activo

Carbon activado quimicamente con hidréxido de potasio
Carboén activado quimicamente con hidréxido de sodio
Carboén activado quimicamente con acido fosférico
Fibras de carbén activo

Agente activante

Analisis térmico diferencial

Atmésfera utilizada durante el proceso de pirdlisis
Reflexién total atenuada

Constante de Langmuir referente a la energfa de adsorcion
(1/mg)

Codificacion segin Bruneaur, Deming, Deming y Teller

Teoria de Brunauer-Emmett-Teller

Grados centigrados

Cantidad de carbono (%)

Normalidad del filtrado residual

Concentracion de la especie j en el equilibrio
Concentracion de soluto en la alimentacion
Concentracion de la especie j adsorbida en la superficie
Concentracion en el equilibrio (mg/1)

Concentracion del complejo lignina-acido fosférico
Concentracion de acido fosforico
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Cys Concentracion de agua
CA Carbon Activo
CEC Capacidad de intercambio de cationes (meq/g)

d

d_p Diametro medio de poro

DAD Detector de diodo

df/dt Velocidad de reaccion de la disminucion de la fracciéon masica
inicial restante en el sélido

DFT Teotia de la densidad funcional

DMF dimetilformamida

DR Ecuacién de Dubinin-Radushkevich

DRX Difraccién de rayos X

c

E, Energia de activacion (kJ/mol)

Eo Energia caracteristica entre el nitrégeno y el carbén (k] /mol)

EMR Reactor enzimatico de membrana

Fraccion de masa inicial restante en el sélido

£ Fraccion de masa inicial restante en el sélido al final de la
termogravimetria

fiiCal Valor calculado de f en un momento i

£ Valor experimental de f en un momento i

fic Fraccion de masa inicial de carbon activo restante en el sélido
final

f; Fracciéon de masica de la especie j respecto a la masa inicial de la
muestra

fip Fraccion de masa inicial de lignina restante en el sélido final

£, po Fraccién de masa inicial de lignina en el sélido inicial

for Fraccién de masa inicial de acido fosforico restante en el sélido
final

oo Fraccion de masa inicial de 6xido de fésforo restante en el
solido final

£, Fracciéon de masa inicial de agua restante en el solido final

£ Fracciéon de masa inicial de vapor restante en el sélido final

Fraccién de masa inicial de agua en el solido inicial
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g

g Gramos

Zic Gramos de carbon activado

GA Gases ligeros

GPC Cromatografia de permeacion de gel

Adsorcién inicial
Constante de Freundlich relacionado con la intensidad de

':T‘U‘b‘

adsorcion

h Horas

H Cantidad de hidrégeno (%)

H Tipo de carbén con pH basico

HK Método de Horwath-Kawazoe

HMF Hidroximetil furfural

HPLC Cromatografia liquida de alta precisién

1

IMAC Técnica de cromatografia de afinidad con i6n metalico
inmobilizado

IR Espectroscopia de infrarrojo

ISO International Organization for Standardization

IUPAC International Union of Pure and Applied Chemistry

k Constante de reaccioén

k Parametro de Langmuir relacionado con la intensidad de
adsorcion

K Grados kelvin

K Factor de frecuencia (1/s)

ke, K Constante de Freundlich relacionado con la capacidad de
adsorcion

ki p Constante de Arrenhius para la volatilizacion de la lignina
activada

k, Constante de Arrenhius para la volatilizacion del agua

kD Kilodalton

kg Kilogramo
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1

1 litro

L Lignina

L Tipo de carbén con pH acido

Lo Amplitud media de los microporos (nm)
LK, KL Lignina Kraft

LK, Lignina Kraft desmineralizada

LP Complejo lignina-acido fosférico

LP Productos derivados de la lignina

m

m Masa de carboén activado

M Molaridad (moles/litro)

Moo Masa residual al final de la termogravimetria
M, Masa inicial de la muestra

my, p Masa inicial de lignina activada
m,, Masa inicial de agua

mp Masa de lignina activada

m, Masa de agua

MB Azul de metileno

mequiv Miliequivalentes

mg Miligramos

min Minutos

mM Milimolar

ml, mL Mililitro

MW ¢ Masa molar de carbon activo
MW, Masa molar de la especie j

MW, Masa molar aparente de la lignina
MW, Masa molar de acido fosforico
MW, Masa molar de 6xido de fosforo
MW, Masa molar de complejo lignina-acido fosférico
MW, Masa molar de vapor

MWCO Peso molecular del cut-off

n

N Cantidad de nitrégeno (%)

N Normalidad (equivalentes/litro)
n(i) Nuamero de puntos
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o, Constante de Freundlich

nm Nanoémetros

NOC Componentes organicos no i6nicos
o

@) Cantidad de oxigeno (%)

P Cantidad de fésforo (%)

P/L Relacion masica entre acido fosférico y materia prima
P/Po Presién relativa

PA Acido fosférico

PAS Detector fotoacustico

pH Concentracion de iones [H']
pHp,c Potencial de carga cero

pK Constante de equilibrio dcido-base
PO Oxido de fésforo

POS Evaporaciéon de 6xido de fosforo
PSD Distribucién de tamafio de poros
PSt Polisulfona

PVC Polivinilo clorado

Q, Constante de Langmuir referente a la capacidad de adsorciéon
qe Cantidad adsorbida en el equilibrio (mg/g)

Qne > I Cabal de nitégeno (cm’/min)

q, Cantidad adsotrbida en un tiempo t (mg/g)

r

R Relacion masica entre agente activante y materia prima
t Velocidad de calentamiento (°C/min)

R, Parametro de equilibrio de Langmuir

rd, Reduccion de la especie |

RI Indice refractivo

RID Detectro de indice refractivo

RMN Resonancia magnética nuclear

rpm Revoluciones por minuto

RRIFT Reflectancia difusa
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S

S Cantidad de azufre (%)

Spir Area superficial efectiva (m*/g)
SEM Microscopia electronica de barrido
t

t Tiempo (h 6 min)

T Temperatura (°C)

Ta, T.,, Temperatura de activacion (°C)
TEM Microscopia electronica de transmision
TG Termogravimetria

TP, tow Tiempo de activacion (h)

TPD, TPDR  Desorcién a temperatura controlada

u

uv Ultravioleta

| 4

A% Volumen

Vors Vior Volumen de microporos calculado segin  Duvinin-
Radushkevich (cm®/g)

V acroporo Volumen de macroporos (cm’/g)

V pesoporo Volumen de mesoporos (cm’/g)

V picroporo Volumen de microporos (cm’/g)

Vo Voo View  Volumen total de poro (cm’/g)

Va micro Volumen de microporo calculado por el método O (crn3 /g)

O super Volumen de supermicroporo calculado por el método Oy

(cm’/g)

Ve Volumen de ultramicroporo calculado por el método Qg (cm’/g)

VO Volatiles

w

\4 Agua

WS Agua evaporada
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z
X Indice de iodo
M
X, Parametro de Langmuir relacionado con la maxima capacidad
de adsorciéon (mg/g AC)
XO(s) Xylo-oligosacarido(s)
XPS Espectroscopia fotoelectronica de Rayos X
XRF Fluorescencia de rayos X
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Compuestos quimicos

C

C,.H,CIN,S 2H,0

CO
CO,
Cu (II)

CuCl, 2H,0

H,
HCl
H,0
HPO,
H,PO,
H,P,O,

Hﬂ+ ZPﬂO 3n+1

H,SO,
He

L

K
K,CO,
KNO,
KOH
K,0O

Na

NaCl
Na,CO;,
NaHCO,
N3, O

NaOC,H;

NaOH
Na,S
Na,SO,

P,0O;
/n
7ZnCl,

Carbono

Azul de metileno (cloruro)

Monoéxido de carbono
Diéxido de Carbono
Cobre (II)

Cloruro de cobre dihidratado

Hidrégeno

Acido clothidrico
Agua

Acido metafosforico
Acido fosférico
Acido pirofosférico
Acido polifostoérico
Acido sulfirico
Helio

Yodo

Potasio metalico
Carbonato de potasio
Nitrato de potasio
Hidréxido de potasio
Oxido de potasio
Nitrégeno

Sodio

Cloruro de sodio
Carbonato de sodio
Bicarbonato de sodio
Oxido de sodio
Etoxido de sodio
Hidroéxido de sodio
Sulfuro de sodio
Sulfato de sodio
Oxigeno

Oxido de fésforo
Zinc

Cloruro de zinc
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ANEXOS

Anexo A.
Use of Kraft lignin for Cu(Il) removal in industrial water.

Anexo B.
Activated carbons prepared from Kraft lignin by phosphoric acid
impregnation.

Anexo C.
Removal of Cu (II) from aqueous solutions by adsorption on activated
carbons prepared from Kraft lignin.

Anexo D.
Uptake of Cu(Il) and Zn from aqueous solution by Kraft lignin.

Anexo E.
Highly microporous carbons prepared by activation of Kraft lignin
with KOH.

Anexo F.
Enzymatic composite membranes based on carbon/polysulfone.

Anexo G.
Influence of the ash content on the microporosity of activated carbons
derived from Kraft lignin.
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ANEXO A

USE OF KRAFT LIGNIN FOR CU (II) REMOVAL IN
INDUSTRIAL WATER.

9™ MEDITERRANEAN CONGRESS (POSTER).

BARCELONA - CATALUNYA (2002).
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20D BIOPOLYMERS GROUF

USE OF KRAFT LIGNIN FOR Cu(IT) REMOVAL IN INDUSTRIAL WATER

E. Novellon, V. Fierro*, V. Torné, R. Garcia-Valls, D. Montané

Departament d'Enginyeria Quimica. Grup de Biopolimers Vegetals. Escola Téenica Superior d'Enginyeria Quimica. Universitat Rovira 1
Virgih. Campus Sescelades 43007 Tarragona, Espafia. e-mail:vlierrof@etseq.urv.es Tel. 977558546

The presence of heavy metals in industrial wastewater is one of the EXPERIMENTAL
major sources of aquatic pollution since they are non biodegradable and
eccumulate in living tissues, thus becoming concentrated througheut
the food chain.

150 mg of lignin are added to each 250-m|
Erlenmeyer flask containing 150 ml of

The Kraft process produces a residue call as black liquors composed by
lignin (30-40%) and other inorganic compounds, after evaporation black
liguors are burnt to recover ener?y and the remaining inorganic
reactants. The separation of Kraft lignin could be an alternative to
incineration since lignin is a bountiful and reneweble resource that can
be used as feedstack for the fabrication of complexing agents as it can
contain active sites (carboxyl, hydroxyl, sulfonate or amine groups)
responsible for the complexation of metal ions.

deionized water. Varying amounts of Cu(IT)
Chloride (pa. quality from Aldrich) are
added to each flask and maintained under
stirring for 24h at 25°C, The resulting
Cu(II) concentration is analyzed by atomic
absorption (AA). The amount of adsorbed
copper is obtained by calculating the
difference of each concentration before
and after adsorption,

Experimental set up

The purpose of this work is to test the ability of a commercial lignin
(Kraft lignin - Curan 1052 provided by Lignotech Ibérica S.A.) os a
complexing/edsorption agent to remove copper ions.

RESULTS
40 Comparasion of adsorption capacity of Cu(II) onto varius adsorbents
o e P4 Maximun Cu(II) removal is obtained at pH=6 Adsorbent Qg (mg g) Reference
E‘ 20 7;/" " Palymerized onion skin 7.55 Kumar et al. 1981
% T s 2:((-591!?}1 q-‘:gium copocity Rice hull 5.58 Suemitsu et al. 1986
10 mg/l) equilibrium concentration Melon seed husk 59 Okieman et al. 1989
i Sl ing/a) ovserption sopacity Red mud 15.0 Zouboulius et al. 1993
0 B s i Fly ash 0683 Viswekarma et al. 1989
o 50 100 150 200 Ash treated with NaCl 14.54 Hawash et al. 1994
. Fe(TIT)/Cr(ITT) hydraxide 22.94 Namasivayam et al. 1994
(mg/1) Peanut hull carbon 53.65 Periasamy et al. 1995
Soyabean hull 89.52 Marshall et al. 1995
12 Bituminous coal 6.47 Singh et al. 1957
10 e pH Q, (mg/g) b (/mg) n Ry Aspergillus niger 11 Kapoor et al. 1997
£ g pHE Crab shel| 55.88 An et al. 2001
5 - 4 935 0.11 096 050 Coirpith carbon 625 Kadirvelu et al. 2001
g 5 N 5 1938 013 0.99 029 Kraft lignin (pH=6) 27.4 This work
2 6 2740 0.18 0.99 0.17 Kraft lignin shows an intermediate capacity for Cu(II) removal
[
0 100 200  Cu(II) removal data fit adequately the
Ce tng/) Langmuir isoterm
CONCLUSIONS

This study shows that lignin is a good agent for removing Cu(II). As it is used without further modification, its application in the treatment of
polluted water could be commercially viable.
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ANEXO B

ACTIVATED CARBONS PREPARED FROM KRAFT
LIGNIN BY PHOSPHORIC ACID IMPREGNATION.

CARBON (POSTER).

OVIEDO — ESPANA (2003).
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Activated Carbons Prepared from Kraft Lignin by Phosphoric
Acid Impregnation

V. Fierro, V. Torne, D. Montané and J. Salvadé

Departament d' Enginyeria Quimica, ETSEQ, Universitat Rovira i Virgili, Avinguda dels Paises Catalans 26, Campus Sescelades,
Tarragona 43007, Spain e-mail:vfierro@etseq.urv.es Tel: +34 977 55 85 46 Fax: +34 977 55 85 44

Lignin can be used as precursor for activated
carbon as it has been reported on physical
activation of eucalyptus Kraft lignin by CO, partial
gasification' and on chemical activation of this
precursor by using zine chloride?, However, the use
of ZnCl, has declined due to the environmental
problems® and phosphoric acid is preferred as
activating-dehydrating agent.

Here we examine the influence of preparation
conditions (carbonization temperature, phosphoric-
lignin weight ratio and impregnation time) on the
carbon vyield, surface area and pore size
distribution,

RESULTS AND DISCUSSION

EXPERIMENTAL

Lignin Analyses (wt %)

Proxi [t % humi tal fus "
Moisture 14.45 Corbon  59.46
Ash 980 Hydrogen 507
Volatile matter 44.93 Mitrogen 005

Fixed corbon® 3112 5

ulfur 215

Obygens 3327

Impregnation

Carbonization

*Extimated by dotferamce

Washing

P/L=07-175

PAL = weight ratss f phoaphoric scid 1o lignin

T= 400-650°C
under air atmosphere
for 2h

until neutral pH

Surface area and pore size characterization were performed using a Micromeritics
ASAP2000 gas adsorption surface area analyzer. The specific surface area of the
samples was determined from the nitrogen isotherms at -196°C and by using the BET
equation. Micropore volume was determined using t-plot, mesopore volume using the BJH
equation and total volume of pores was calculated at a relative pressure (p/p®) of 0.99.

/ Effect of the carbonization temperature

Increasing carbonization temperature carbon yield decreased

1800 L 400

the aebrvnted corbons wifh the corbenization

\ temperaturs (P/L214 and 1h impregration tme] Impregnation feme)

S T
1400 A . ] - PR I Y,
- . i, P
g = * e T
“mi200 o ”5 & 100 ,ﬁ:::--.::.:: e
R LY - TN
F oo L ¥ mi 320
E
500 k. P10
400 ] 00
M0 400 800 600 700 e 0z o4 o6 08 1
RET s fics aree amd 1abbh yiald evolation of Metrogen sdsorstion satl of activated carbose

prepered at differest temperetures (P/L:14 ond 1h

from 49% at 400°C to B% at 650°C.

e Sger increased between 400 and 600°C, with a maximum of more
than 1350m?g! at 600°C. At higher temperatures the surfaces
areas were considerably reduced.

N, isotherms approached type I (Langmuir) with small upward
bending at higher pressure, indicating an essentially microporous
character with some contribution of wider pores.

//_ Effect of the phosphoric/lignin (P/L) weight ratio

P/L ratio strongly affects the pare\

1400

BET garface arwa s Efboon yiald of he
setivated corbons as & function of the P/L
rtie (TH4B0°C and Lh impregnetion time)

and Lk impregnation fime}

o
14, adsorption isotherms b sctivated carbone
impregrated with different P/L ratos (T=450°C

1200 e -
™ i ’
<1060 - g
am - g = Bis
el M T 5 l" ;.” |1 Il- L"
400 ° 100 r - 0+
05 1 13 z o ez o4 o8 08 1 0 178

a2 & function of 1

Migro- ), mees- (ul,

1 *}{ 14

he F/L ratia (T=AS0°C and

impregration time)

structure,

Low P/L ratics promotes the creation of
[ | micropores whereas P/L>10 slightly affect
to the pore size distribution,

P/L ratio has a clear effect on the total
volume of pores, there is a optimum for the
od mecrapores ) e development of porosity at P/L=1.2,

o

Effect of the impregnation time

~ L

1400 4,

=
& goa

-2 1200 4" % .Eo.a

. b e

¥ 1000 { o 04

Increasing impregnation times reduces BET surface areas md\
the total pore volume,

Impregnation time also affects to the pore size distribution of

activated carbons,

J

200 e v go,a i,,| il = The effect of impregnation time is more important at high
s00 or——1 | carbonization temperatures due to decomposition of phosphate
W e i hmﬁ: s a8 :::u":p:;llymphosphh bridges crosslinking parts of the carbon
Evolation af the eurtace aree with the impregnation Micre- 1), mesc- (8], ond macropoross i8] volume sx =
tima (P/L214) function of the impragnation tese [T2600°C and P/l 14!
CONCLUSIONS

Pyrolysis of lignin impregnated with phospheric acid preduces essentially microporous activated carbons.
A carbonization temperature of 450°C together with a P/L ratio of 1.2 and low impregnation times produce activated carbons with high

specific surfaces areas and reasonable yield.

REFERENCES
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ANEXO C

REMOVAL OF CU (II) FROM AQUEOUS SOLUTIONS BY
ADSORPTION ON ACTIVATED CARBONS PREPARED
FROM KRAFT LIGNIN.

CARBON (POSTER).

OVIEDO - ESPANA (2003).
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Removal of Cu (II) from Aqueous Solutions by Adsorption on
Activated Carbons Prepared from Kraft Lignin

V. Fierro, V. Torne, D. Montané and R. Garcia-Valls

Departament d'Enginyeria Quimica, ETSEQ, Universitat Rovira i Virgili, Avinguda dels Paisos Catalans 26, Campus Sescelades,
Tarragena 43007, Spain e-mail:vfierro®etsequrv.es Tel: +34 977 55 85 46 Fax: +34 977 55 85 44

The presence of heavy metals in
industrial wastewater is one of the
major sources of aquatic pollution since

they
accumulate in living tissues.

This work was undertaken to study the
feasibility of the
activated carbon produced from Kraft
lignin by chemical activation' with
phosphoric acid for the removal of

heavy metal cations from water
solutions, The influence of
carbonization temperature and

phespheric acid to lignin weight ratio on

are

non  biedegradable

EXPERIMENTAL

Lignin Analyses (wt.%)

and Proximate (st humid basis)

Elemental jwt %, ash mnd maisture frea)

Moisture 14.45 Corbon 5946
Ash 9.50 Hydrogen 507
Valatile matter 44.93 Mitrogen 005
Fixed carbon® 3112 215

Oxygen® 3327

utilization of

Cu adsorption are analyzed,

“Tetmaied by Sarence

RESULTS AND DISCUSSION

The Langmuir mode! was applied to the
experimental equilibrium date:
Gl = VX K+ /X,

X, and K in are parameters related to
the maximum adserption capacity and
intensity of adsorption, X, was used to
study the effect of T and P/L ratio on
Cu adsorption.

The Langmuir isotherm model describes
satisfactorily Cu odsorption on the
carbon prepared from Kraft lignin.

&
5
34
3
5’ R« 0.998
1
] ™ - -
om0

100 150 200 250
Ce (mg/M)

Langrmuir isatherm for the sorphion of Cu
on carbion prepared of 450°C and P/L3L4
{Cu initie) concentratien: 10-290 ppm)

|Effect of the P/L ratio (T= 450°C)

4

The specific surface area of the carbons was
determined from the nitrogen isotherms at 77K and
by using the BET equation. Micropore volume was
determined using t-plot, mesopore volume using the
BJH equation and total volume of pores was
caleulated at a relative pressure (p/p°) of 0.99.
Cation exchange capacity (CEC) was measured, after
adding NaOH in excess, by titration with HC| and
expressed in meq H" g™,

Functional groups increase with P/L
i g ratic but the value remains
L : proximately constant from P/L=1.0.
w2 As HPO, reacts with the hydroxyl
i groups of lignin it would exist a
1 maximum in the P/L ratio and so a
maximum in the phosphorous-
° c ining acids attached to the
0.5 1 1.5 2 surface
PiL
&0 1800
The high CEC together with the no » ® — 1000
existence of dif fusional 'E 3
limitations in carbons at P/L=175 3§ —7. . 10
explain the slight decrease in %04 % =f [l
copper adsorption even if the Sz w00 F
surface area decreased greatly wd 500
from 959 mig! at P/L=14 to 704 9 . . o
még! at P/L=1.75. 0.8 L 15 3

CONCLUSIONS

As temperature

phosphate  and polyphosp
bridges acting as crosslinking
parts of the carbon structure
decompose and it also could affect
to surface phesphorous compounds

increases
P

that are degraded.
™ 1600
“ T 1400
ga] v e
“ wgn” s |00
an ¢ - [ 1000 'i
2 W LY a
[ 800
° 80

300 400 500 400 700
T(*0

Adsorption of Cu on carbon
proceeds via a pseudo-second
order mechanism

t/g,= 1/h+1/q, t

where h is the initial sorption, q, is
the equilibrium sorption capacity
and the rate constant k can be
determined experimentally from
the slope and intercept of a plot of
t/q, versus t being h = k g%

Impregnation

Carbonization

P/L=0.7-1.75

T= 400-650°C
under air atmosphere
for 2h

until neutral pH

varying amounts of Cu(IT)
_ stirred for 24h at 25°C
Cu(IT) analysed by AA

_Effect of the carbonization temperature (P/L=1.4)

0 400 500 600 700
T %
The concomitant effects of T on
the CEC and on BET surface
explain  the existence of a
maximum in Cu adsorption for
activated carbons prepared at
temperatures between 450 and
550°C. At temperatures higher
than 600°C, the shrinkage of the
structure together with the
decreasing tendency of CEC with
temperature would explain the Cu
adsorption observed.

L -
ol o
g ¥ = 0,039 + 0,086
R RY = 0599 »
¥ -
B ¢ 4
4 I’ ¥ = 0.032x + 0.066

l -~ R = 0.999

0

[ 20, o 100 150

Poeude-seeond order sorption kineties for the
sorption of Cu™ fons &b 300 K end initiol
concantrations: €, = S0ppm: m , £, ¢ K0pp

Activated carbons produced from Kraft lignin can be tailored to have a high surface concentration of acidic groups and a pore size
distribution favorable for adsorption of metallic ions from solutions. Carbonization temperature strongly affects to metal adsorption by
changing porosity distribution and degrading phosphorous-acidic groups. The P/L ratio does not influence the amount of copper adsorbed if
the added phosphoric acid is enough to allow the complete reaction of lignin.

Pyrolysis of lignin with phosphoric at temperatures about 500°C and P/L ratio of 1.0 produces activated carbons with a favorable pore size
distribution and enough surface acidic groups for removal of copper ions.

REF'

EREMCES
[1] V. Fierro, V. Tarnd, D. Montané, J. Sobvods elso in Carbon'03. Ovieds {Spain) 2003,

ﬁ CARBON2Z(03

PAL= weight retia of phasphuric asid fa g

150 mg carbon/150 ml water
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ANEXO D

UPTAKE OF CU(II) AND ZN FROM AQUEOUS
SOLUTION BY KRAFT LIGNIN.

4TH EUROPEAN CONGRESS IN CHEMICAL
ENGINEERING (POSTER).

GRANADA - ESPANA (2003).
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Uptake of Cu(II) and Zn from Aqueous Solution by Kraft Lignin

6.Nastrunisku, V. Fierro*, V. Torné, R. Garcia-Valls, D. Montané

Departament d'Enginyeria Quimica, ETSEQ, Universitat Rovira i Virgili, Avinguda dels Paisos Catalans 26, Campus Sescelades,
Tarragona 43007, Spain e-mail:vfierro®etseq.urv.es Tel: +34 977 55 85 46 Fax: +34 977 5585 44

Kraft lignin (KL) is produced upon wood pulping with a NaOH +
Na,5 solution. The lignin fraction of wooed is solubilized

in

EXPERIMENTAL

chemically madified form, representing the main component of
the black liquors, which are seperated from cellulose. These
black liquors bear a very high pellution
concentrated by evaporation, they serve primarily as in-house
fuel required for the recovery of chemicals. The separation of
KL could be an alternative to incineration since lignin is o
bountiful and renewable resource and represents an attractive
field for future industrial chemistry.

The presence of heavy metals in industrial wastewater is one of
the major sources of oquatic pollution since they are non
biodegradable and accumulate in living tissues, thus becoming
concentrated throughout the food chain. Therefore, their
immobilization is a question of primary interest. Lignin contains
octive sites (carbexyl, hydroxyl, suifenate or emine groups)
responsible for the compl of metal ions. The advantages
of using lignin are it low toxicity and the re-use of a residue in
the production chain, which may reduce pollution levels.

load and once

RESULTS AND DISCUSSION

Kraft lignin (KL) was provided
by Lignotech Iberica S.A.
Elemental cnalysis was carried

out in an EA1108 Cerle Erba

Elemental

Analyzer.

proximate analysis was carried

out following ISO s

150 mg of lignin are added to each 250-ml Erlenmeyer
flask containing 150 ml of deionized water. Varying
emounts of Cu(IT) Chloride (p.o quality from Aldrich)
are added to each flask and maintained under stirring
far 24h at 25°C, The resulting Cu(II) concentration is
onalyzed by atomic obsorption (AA). The emount of
adsorbed copper is obtained by caleulating the
difference of eoch concentration before and ofter

adsarption.

Lignin Analyses (wt.%)

Proximate (wr.%, humid basis}) __ El | (wr%, ash end maistre free)
Maoisture 14.45 Carbon 59.46
Ash 9.50 Hydrogen  5.07
Vaolatile matter 44953 Nitrogen 0.05
The Fixed carbon® 3112 Sulfur 215
e Oxygen® 33.27

* Estimated by difference

Experimental set up

Cu and Zn adsorption onto KL increcses with pH
from 4 to 6 and the linear plot of & /g, versus &,

i €9, = 148, b) + €0, q,=kC,™ showed that both cbeys the Langmuir model.
= * . R, that is defined by
0 . »pHes 13 3 —_—— R =1/(1+bCy)
Cu Em - - e ms| g | A in this study O <l for both metals and at the pH
. " b b ha s 3 o ao o r range of this study.
S e L 55 "Q; i ! At pH = 6 the maximum Cu{IT) removal is of 27.4
] L] 0 mg/g KL whereas reached the maximum Zn removal
) %0 100 1% 200 [ 0 100 130 2 1 2z 3 4 5 & was39.22 mg/g lignin. A previous work [1] reported
& e C. (mgm ne a maximum of Zn* adsorption of 73.24 mg/g lignin
at 30°C but in that case the lignin was intensively
“0 20 + purified and washed.
. el 15 e )
Zn § el IS L The adsorption did not followed the Freundlich
n 2 20 * PR T S0 g i M model as well as the Langmuir model. K, and n were
* o 5 . P A r determined. According te Treyball [2], n values
e " AN = e between 1 and 10 represents beneficial adsorption.
LR ¢ ] The toble shows that n increases with pH and it is
o 20 100 180 200 L] 50 100 180 20 1 2 3 4 5 & aolwoys between 1 and 10 for the adsorption of both
& e & (mg me. metals.
%0
Langmuir constants Freundlich constants " cusd
pH Qo(mg/g) b(U/mg) R R K n R el o
Cu 4 9.35 011 0.086 096 282 393 090 &% o Cu=132n
5 19.38 013 0073 099 1012 416 089 g e L]
L] 27.40 0.18 0.053 099 1415 6.57 096 o ‘:"'é‘r’z"
Zn 4 6.16 0.08 0117 099 104 261 096 K s separanssl
] 20.37 007 0126 094 444 313 0.80 LER 2
6 3922 005 0155 1.00 1121 442 089 a
‘.m T il £ Frmsdich et retl e rple L L - T p = m .
m’] m?"..‘.":’? ©, imgiy
a e Zn odsorbed ot equilibrium versus the equilibrium concentration ot pH=6 for adsorption
of Zn and simulteneous adsorption of Cu and Zn at Cu/Zn (w/w) equal to 1/3 ond 2/3.
The dota fit adequately de Langmuir adsorption model. The maximum Zn
removal when Cu is incorporated to the solution decreases from 39.22 10 32.3
and 19.3 for Cu/Zn (w/w) equal to 1/3 and 2/3 respectively.
CONCLUSIONS

This study shows that lignin is a good agent for removing Cu(IT) and Zn. The adsorption of metal depends on pH of the solution and maximum metal
uptake is obtained at pH=6, Langmuir and Freundlich parameters shows that Cu(IT) and Zn adsorption on KL are faverable.
As KL is used without further modification, its application in the treatment of polluted water could be commercially viable.

REFERENCES
n
[2]

5K Sirivastava, A K. Singh, A, Sharma, Environmental Technology 1994, 15, 353,
R.E Treybal, Mass Tronsfers Operations, 37 edn, McGrow, New York, 1980
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ANEXO E

HIGHLY MICROPOROUS CARBONS PREPARED BY
ACTIVATION OF KRAFT LIGNIN WITH KOH.

7™ INTERNATIONAL SYMPOSIUM ON THE
CHARACTERIZATION OF POROUS SOLIDS (POSTER).

AIX-EN-PROVENCE - FRANCIA (2005).
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Highly microporous carbons prepared by activation of
kraft lignin with KOH

R CtSEQ |oonetcron V. Fierros, V. Torné-Ferndndez and A. Celzard®

Highly microporous carbon materials with high
apparent BET surface areas (up to ~ 3000 m? g°')
were obtained by heat treatment of mixtures of
demineralised kraft lignin (KL,) and KOH. The
effects of five parameters: temperature of
activation (T), KOH/KL, ratio (R), nitrogen flow
rate (f,), time of activation (1) and heating rate
(r) on carbon yield, surface area, pore volume and
pore size distribution were investigated,

@ Departament dEnginyeria Quimica, Universitat Rovira | Virgili, Campus Sescelades, 43007 Tarragona, Spain
5 Laboratoire de Chimie du Solide Minéral, UMR CNRS 7555, Université Henri Poincaré, 54506 Vandoeuvre-|és-nancy Cédex, France

EXPERIMENTAL

-

_ T

—— [ Corbonpreparation | washing |——s [ characterisation |

1msgllgmmzld-w 500, 700, 800 or 900 °C Proximate and ultimate anclyses
edditian until pH = 1 , 2:1, 31, 41 or 501 (physical mixture) SEM studies
nuhmgnf the precipitate oo 400, 600 or BOO mifmin Surfoce area (BET) and pore volume (Vogy, o)

drying overnight ot 108 °C Pore size distribution (HK method)

L0°C min
RESULTS
Proximate and ultimate analyses of KL and KL, (wt. %) @ Effect of activation parameters on both Sger and carbon yield
00 800
Procinate Anabsi (wi%, dylbess)  Ukimate Arsbyais (wt %, dal) 3000 |9 L 2000 &) iy
Fixed Carbers  Vilatile satter  ash g H N s 0o %00 =’ . 0 & _ 2500 "’"" o &
KL 364 28 1w ®s 51 01 22 m|\3 i‘m i a l,: %ZM . . E
KL w1 el 02 658 59 00 05 78 & 900 £ e 10 § g 1500 e p
* Eatismated by dillerunce 1000 e £ ¥ o L) £ £
d 3 5
KL has a high esh content, basicolly Na and Ca combined with 5 and C inside the 00 - 1 200 4 ]
phase Na,C0,, 2 Na,50,. Lignin demineralisation is very effective: ash content a o @ " z
was reduced from 11.1 1 0.2 % ite 00 7 qagy 800 1006 ] 5] g i
® Typaofudsorpﬂonimums[hlzmm 00 »o0
w000 4 ! - 2000 { 9 - "
£ z ) e e etz = -— N
oo 3m st 5200 [ E
= o = g ol -imo - i § 2000 :i
4 = i35S -:"f?”‘”"' - §o - § ¢ 1%00 . » |ny
e F Y 1000 £ %000 5
&0 et st ss s smmane " 3
i 3 200 1 500 1 200 ko
- G = o ! o
00 02 04, 08 08 1D L L 10 o G, teesminf 0 00 o 1 ym 2 3

prepared at 500 °C and with R=1 have on essentially microporous charocter. As T ond R
increase, the knee of the isotherms widens, indicating o widening of the pores. Carbon
repared at 900 °C shows o hysteresis loop, evidencing a well-developped mesoporasity.

flow removes part of the cctivant: carbon yield increases and 55, decreases. The
wvariation of t or r (not shown here) slightly modifies the octivated carbon produced

EII the isotherms are of type I (Langmuir), cheracterising microporous solids. Carbons { T and R have the most morked effect on both carbon yield and 5;.1. Increasing the N, W

@ Effect on both pore volume and pore size distribution

E e af Vam T R E : ¢} ‘F -ni
=1 T i g =’ B i S
L] ot R ein L1 e ) = —ny
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The total pore volume incresses with but, af fempe: Pore valumes within the whole pore diameter ronge ore reduced forR> 3
Inigher than 700°C, micropores progressively widen fa form mesoperes. ircreesing R increcses the froction of wider pores.
1] I 1 23
E:" _*"; = §!,} E}m
= ~ Vam [ i - 000 ac et - J— Vuse » s
‘5 1. Lo e : 1 ‘ ‘s 1 - . s . Vim
i) == LN Ly ” well Il - e
o8 Sosd | Vi 05 o8
v, ‘ o
i = [ = £ LS I B Ve
o 100 00 00 Ci : 8 i o ’ ] i ] 3 o ] w0 =
fix (eimin) L) ]
M, flow does nat change the PSD but decrecses the rumber of pores. I of octivation time is encugh to octivate the corbon, An increcse of the heating
rate from 5 ta 10 “C/min produces o lewering of the pore volumes.
CONCLUSIONS
1 s study evidenced the possibility 2 The most relevant parameters were found to be 3 Medifying the experimental
of preparing hlghlv microparous activation temperature and mass ratic KOH/lignin.  conditions easily leads to a range of )

active carbons from demineralised
Kraft lignin, using KOH in suitable
experimental conditions.

active carbons, from almost purely
microporous to mesoporous.

Thus, the best materials (surface area ~ 3000
m?/g, micropore volumes ~ 15 cmi/g) were
obtained at 700 °C and KOH/KL, = 3.

=g
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ANEXO F

ENZYMATIC COMPOSITE MEMBRANES BASED ON
CARBON/POLYSULFONE.

ENGINEERING WITH MEMBRANES: MEDICAL AND
BIOLOGICAL APPLICATIONS (POSTER).

CAMOGLI - ITALIA (2005).
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Enzymatic composite membranes based on carbon/polysulfone
Carles Torras, Vanessa Torné, Vanessa Fierro, Daniel Montané & Ricard Garcia-Valls

ricard.garcia®urv.net, +34.977.55.96.11
Wood Biopolymers Group
Department of Chemical Engineering
Escola Técnica Superior d'Enginyeria Quimica
Universitat Rovira i Virgili
WBG@G Av. Paisos Catalans, 26. 43007 Tarragona (Catalonia - Spain)

Introduction

Versafile materials that have selective properties are of high interest. The objective of these materials is their application in
membrane selective reactors. In these reactors, the separation and reaction steps are combined in a single unit. In order to
aobtain an optimized reactor, the base material (support) is of great importance. In this work, the support is o composite
polysulfone membrane that contains activated carbon.

Methods and materials. Micromesifics ASAP 2020 Membrane module and oplimization

« Membranes. Obtained from PSf (20%w) by immersion precipitation.
Solvent: DMF, Non-solvents: IPA & H20.

« Activated carbon. From residual lignin with carbonization at 450°C.
Characterized by Micromeritics ASAP 2020.
|gos adsorption surface area analyzer).

¥ Enzyme. Xylanase (from Sigma-Aldrich), 2.5 u/mg.

«» Fluid: Oligosaccharides from acid hydrolysis of nuts shells up to 40kDa.

4» Experiments carried out in a flat membrane module.

1. Membranes, activated carbon & composite membranes.

¢ Membranes: Cut-off range: 20-600 kDa.

¥ Activated carbon.
Type | (Langmuir). Microporous character [0.41 em¥/g).
BET surface area: 1047 m?/g, Total volume pores: 0.51 cm¥/g, 2. The activity of the enzymes

» Composite membranes. Addition of 0.9% w AC. 4¥ Conditions to obtain chains of 2/3 monomers:
Membranes morphology & performance do not change. Enzyme conceniration: low/very low. Reaction time: 0-5'

tom soverot
e e

e e fpr— aue fo the enryme octiity

Enzyma concontintien ef 0.5 g1 Ensyme concentration of 10 g1

3. The membrane reactor

+» Enzyme was immobilized over the composite

membranes. — |

¥ Results show evidence of separation and reaction. =7 A\ 3

« With @ membrane of 40kDa MWCO and with low - -1 &

amounts of enzyme, a retention of 20% for a sugar i g ps \ - | .

size of 17kDa was obtained and also, the permeate  § [y b

contains mainly cligosaccharides of DP=3, This = = | r

evidences a good equilibrium between the kinetics o —ee Te— ‘

of the reaction and the separation. S L 1) 3

« With an enzyme concentrafion too high, the kinetics R s s LB :

is not adequate and monomers are mainly obtained. L
Conclusions, references & acknowledgements ¢

< 4
¥ Activated carbon does not change the morphology and the performance of the membranes. 2%
+ Membranes capable to held a separation and reaction process have been successful obtained. g !‘

+» Although an optimization should be done, the kinetics of the reactions is consistent with the kinetics of the separation.
« The immobilization of the enzyme on the carbon-metal complex is in process.

8

« C. Torras & R. Garcio-Valls. Quantification of membrane morphology by interpretation of scanning electron microscopy
images. Journal of Membrane Science, 233 (2004) 119-127.

¥ L. Ballinas, C. Torras, V. Fiemo & R. Garcia-Valls. Factors influencing activated carbon-polymeric composite membrane
structure and performance. Journal of Physics and Chemistry of Solids, 65 (2004) 633-637.

FISHIA | VHIADY

(koul) yPoue 500z Ao 9151

C. Torras acknowledges the Rovira i Rovira University for a doctoral scholarship. This work has been supported by the
Spanish Ministry of Science and Technology, project PPQ2002-04201-C02.
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ANEXO G

INFLUENCE OF THE ASH CONTENT ON THE
MICROPOROSITY OF ACTIVATED CARBONS DERIVED
FROM KRAFT LIGNIN.

CARBON (POSTER).

COREA (2005).
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Influence of the ash content on the microporosity of
activated carbons derived from Kraft lignin

w ets En 00D PO GRAr_

2 s

Vanessa Fierro®, Vanessa Torné® and A. Celzard®

Departament dEnginyeria Quimica, Universitat Rovira i Virgili, Campus Sescelades, 43007 Tarragona, Spain
Laboratoire de Chimie du Solide Minéral, UMR CNRS 7555, Université Henri Poincaré, 54506 Vandoeuvre-lés-nancy, France

This work focuses on ACs produced from the |
decomposition

thermal

of mixtures

of

orthophosphoric acid (PA) and either as-
received Kraft lignin, KL, or demineralised
one, KLy The yield, surface area and porosity
were determined, and the effect of the
demineralisation process was investigated.

RESULTS AND DISCUSSION

Proximate Analysis (wt %, dry basis) Ultimate Analys-s {wt %, daf)
€ H o

Fixed Corbon Volatile mat. _ash
KL 36.4 525 11 59.5 5.1
KLy 39.7 0.1 02

* Eatimated by difference

| 1L bas an ash content (11.1% dof basis) that is nearly remaved (0.2% daf basis) |

| after the treatment with Hy50,.

SEM images of lignins

0.1

22 333
558 59 00 05 278

EXPERIMENTAL

Carbon preparation

-

100 g lignin in 2 L of water:
H; 50, oddition until pH = 1
washing of the precipitate:
drying overnight ot 105 *C

IR analysis of lignins

L od

%
corbanisation in air atmasphere for 1h

3600 00 100 000 IF00 MDD

Surfoce ereo and
Ny physical adserption
IR

SEM

acid-washing are the reduction of hydroxyl
groups and the elimination of corbonates.

An intense band in KL, spectrum centered ot
1729 em!, which indicates C=0 (ketones,
aldehydes or carbexyl groups) not essociated
to aromatic rings, oppeored after ocid

. washing,

H-K distributions

" The most impartant changes introduced by. \

Waalenght jcm ) E 10
a} il
e B4
Carbon yield and Seer DR model B .
— . ‘E 44
KL particles (left) have o rounded shape with | 00— 1300 s Vi Ei g 24
widely open volumes inside. After acid washing, | = g4 +° Swee=+ k1m0 m mel | 5 =
| Kl ; particles (right) are much I:uggxrﬂdﬂmfp = - f \\' G Raw ligninar corbon 50 T T g
3 601 . P powrg ;g gg: 12;2:_ 1’2 " 03 04 05 06 07 08 0
] | E X . * w (nm)
SEM images of carbons g 4 MME s00 051 189 15 £ 10
o 204 F 300 = e
We ligni s carbon, E 84 b S00 %
0 T Y Y 9 400 045 191 14 2
W w0 S0, 60 M0 500 040 179 17 = ¢
Faai) 600 037 176 17 & 4
-~ £ B
Carbon yield decreases with increasing T, and is always higher for carbans E * L“-\
; from KL. Opposite evolutions of Sue; with T, were found, depending on the =0 T —T T T
(Carbons from KL octivated ot 400 °C. After | precursor, The parameters calculated by epplying the DR method are also 03 04 05 06 07 O0F 09
carbonisation, the original shape of the affected. Carbons from KL, have a smaller micropore volume, and wider pores. W (nm)
|p¢|-iir.|es is lost and a porous structure is 5
revealed. = 1o
: Pore volumes F: 42 60
" £ a7 07 7
Van Krevelen diagram i a6{™ - Vo E 064 b ¥ ]
] A 4 i - 01 . = 49
z E‘Js4 '//.— Vit st !::_ t . * Voss =
2 s Taa] = % 0 ¢ Veu| 2 2]
E 02 il §o:] y . e s S0 =
[ /,/ ERTR * Ve ? o1 B - e ] 03 04 05 06 07 08 09
= 014 > - - - - :E 0 - - s w ()
¢ % w0 4w %0 e 70 W0 A0 S0 60 W
0 T r Tua(C) Tua “Far ACs from KL, the amount of pores at
02 0.3 04 05 |

O/C atomic ratio

The ACs become more aromatic when T,

Increases. ACs produced from KL are

more aromatic than those from KL,
|_aromaticity increases with T,...

ACs from KL, have I!ig-hcr micrvé‘wt volumes ot 400 C. However, their |

pore volumes decreese with increasing T, contrary to those from KL

** | CONCLUSIONS

L

ALFAIl 0414 FAFI

surfoce chemistry are affected by the
remaoval of the mineral matter. Carbon yield is
higher for activated carbons pre|
activation of the raw Kraft lignin (KL) and such
ACs also show o higher aromaticity.

mifg.
the AC prepored from KL at 600 °C.

0.37 nm is always higher and increases with
Teer ACs from KL, show o wider mean pore
size, and a decrease of porosity of width |
037 nm is observed when ACs were

\ prepmod at 600 °C, |

@ cobon yield, surface area, porosity and @ The activated carbons prepared by activation of @ The different characteristics of

demineralised one (KLJ) ere essentially
microporous with surface ereas higher than BOO
The highest surfece area determined in
this work, of nearly 1200 m*/q, corresponds to

the ACs are due to the deminero-
lisation process, which produces
lignin polymerisation and reduces
its ability to react with PA.
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