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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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Preparac1on y caracterizacion

(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
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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, : ®).

25
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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

1000

BOO
e
gx;

so0 2
2
o

w §
E
2

200

0

0 2000 4000 6000 8000 10000 12000
Time (s)

1000

800
2

so0 @
=
j

w00 8

200 ©

o
~4a-4 L I — — i _ dp
0 2000 4000 6000 8OO0 10000 12000
Time (s)

1000

4800 _
3
&

4600 £
2
]

400 &
§

- 200 b

0
4000 6000 8000 10000 12000
Time (s)

0 2000

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.
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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-
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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
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