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Resumen

Primeramente, en el presente trabajo se estudio el efecto de la incorporacion de zinc en
diferentes zeolitas de canales de 10 miembros (ZSM-5, TNU-9 y MCM-22) y en la zeolita
MCM-68 con canales de 12 miembros para la conversion de metanol a hidrocarburos
(MTH) especificamente en la formacion de arométicos (MTA) y obtener una alta
selectividad a la fraccion BTX (benceno, tolueno y xilenos). Se estudié la correlacién del
método de incorporacion de zinc y las propiedades acidas de las zeolitas con la actividad
catalitica. Las propiedades fisico-quimicas de las zeolitas se estudiaron mediante XRD,
adsorcion-desorcion de N2, desorcion programada a temperatura de NHz, NMR de 27Al,
2Sj y 3P, TGA, TEM y SEM. Se realizé la incorporaciéon de Zn en zeolitas por dos
métodos; intercambio idnico y zinc directamente en el gel de sintesis. En el primer método
las zeolitas &cidas se intercambiaron usando una solucion acuosa de sal de zinc, en el
segundo método la sal precursora se coloca en el gel de sintesis antes del tratamiento
hidrotérmico. La incorporacion de Zn aumentd significativamente la selectividad a
aromaticos totales en comparacién con la zeolita puramente acida. La forma de
incorporacion de zinc, la acidez y la temperatura de reaccion tuvieron una gran influencia
en la actividad catalitica en el proceso MTH. Ademas, se sintetiz0 la zeolita ZSM-5
nanocristalina para mejorar la difusion en los canales de la zeolita y mejorar la conversion
y la selectividad a BTX. La sintesis de zeolita ZSM-5 de tamafio nanométrico resulto
presentar una alta estabilidad y selectividad hacia los aromaticos. Estos resultados
indican claramente que el tamarfio del cristal influye significativamente en la vida atil del
catalizador ZSM-5 y en la distribucién de productos. Por otro lado, las zeolitas T9-15 0.5
Zn y T9-15 0.2 Zn (zeolitas TNU-9) presentaron una conversién de metanol completa
hasta las 9 h de reaccion. La zeolita T9-15 0.5 Zn presentd una selectividad a aromaticos
totales del 32 % y una selectividad del 17 % a BTX a 450° C y 5 min de reaccion. Las
zeolitas TNU-9 (Si/Al 15) presentaron el siguiente orden creciente en términos de
selectividad a arométicos totales: T9-15 0.5 Zn > ZT9-15 > T9-15 > T9-15 0.2 Zn. Sin
embargo, la zeolita MCM-22 presentd mejor selectividad a olefinas ligeras (etileno y

propileno), debido a su estructura de canales y a su moderada acidez.

MISAEL GARCIA RUIZ 3



Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacion en
la reaccion de metanol a aromadticos ligeros (MTA)”

Finalmente se realiz6 la sintesis de materiales AIPO-5 y AIPO-36 doblemente sustituidos
por Si y Zn como funcién acida y funcion aromatizante, respectivamente (materiales
MeAPSO). La incorporacién de Zn y Si tuvo un efecto importante en las propiedades
acidas, texturales y en la morfologia de las muestras. El tamafio de particula tuvo un
efecto significante en la actividad catalitica en la reaccion de MTH en términos de
conversion de metanol y selectividad a aromaticos totales. Se observé que conforme
disminuye el tamafio de particula, la conversion de metanol aumenta haciendo que el
catalizador se desactive en un menor tiempo. La incorporaciéon de Zn mejord la
selectividad a aromaticos totales por el efecto aromatizante del Zn. El material SAPO-5
(conformado por P, Al y Si) al tener un tamafio de particula mas pequefio (1.5 pm)
presenté conversiones completas de metanol a tiempos cortos de reaccion.
Contrariamente, el material Z5 (conformado por P, Al y Zn) present6 bajas conversiones,
pero una selectividad mayor a aromaticos totales (41 %). Por otro lado, el material S5-2
presento una alta selectividad a aroméaticos (58 %) debido a la alta cantidad de Zn y Si.

Ambos metales proporcionaron cierto caracter acido a los materiales.
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Abstract

First, in this work we studied the effect of zinc incorporation in different zeolites of 10-
member channels (ZSM-5, TNU-9 and MCM-22) and in zeolite MCM-68 with 12-member
channels for conversion of methanol to hydrocarbons (MTH) specifically in the formation
of aromatics (MTA) and obtain a high selectivity to the BTX fraction (benzene, toluene
and xylenes). The correlation of the zinc incorporation method and the acidic properties
of the zeolites with the catalytic activity were studied. The physicochemical properties of
the zeolites were studied by XRD, adsorption-desorption of N2, temperature programmed
desorption (TPD) of NHs, 2’Al, 2°Si and 3P NMR MAS, TGA, TEM and SEM. Zn was
incorporated into zeolites by two methods; ion exchange and zinc directly in the synthesis
gel. In the first method the acidic zeolites were exchanged using an aqueous solution of
zinc salt, in the second method the precursor salt is placed on the synthesis gel before
the hydrothermal treatment. The incorporation of Zn significantly increased selectivity to
total aromatics compared to purely acidic zeolite. The form of zinc incorporation, acidity
and reaction temperature had a great influence on the catalytic activity in the MTH
process. In addition, the ZSM-5 nanocrystalline zeolite was synthesized to improve
diffusion in the zeolite channels and improve conversion and selectivity to BTX. The
synthesis of ZSM-5 zeolite of nanometric size proved to have high stability and selectivity
towards aromatics. These results clearly indicate that the crystal size significantly
influences the useful life of the ZSM-5 catalyst and the distribution of products. On the
other hand, zeolites T9-15 0.5 Zn and T9-15 0.2 Zn (zeolites TNU-9) showed a complete
methanol conversion until 9 h of reaction. The zeolite T9-15 0.5 Zn showed a total
aromatic selectivity of 32% and a 17% selectivity at BTX at 450 °C and 5 min reaction.
The zeolites TNU-9 (Si / Al 15) presented the following increasing order in terms of
selectivity to total aromatics: T9-15 0.5 Zn > ZT9-15 > T9-15 > T9-15 0.2 Zn. However,
the MCM-22 zeolite showed better selectivity to light olefins (ethylene and propylene),
due to its channel structure and its moderate acidity.
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Finally, the synthesis of AIPO-5 and AIPO-36 materials doubled by Si and Zn was
performed as acid function and flavoring function, respectively (MeAPSO materials). The
incorporation of Zn and Si had an important effect on the acidic, textural and morphology
properties of the samples. The particle size had a significant effect on the catalytic activity
in the MTH reaction in terms of methanol conversion and selectivity to total aromatics. It
was observed that as the particle size decreases, the methanol conversion increases
causing the catalyst to deactivate in a shorter time. The incorporation of Zn improved the
selectivity to total aromatics by the flavoring effect of Zn. The SAPO-5 material (consisting
of P, Al and Si), having a smaller patrticle size (1.5 um), showed complete conversions of
methanol at short reaction times. On the contrary, the Z5 material (made up of P, Al and
Zn) showed low conversions, but a selectivity greater than total aromatics (41%). On the
other hand, the S5-2 material showed a high selectivity to aromatics (58%) due to the

high amount of Zn and Si. Both metals gave a certain acidic character to the materials.

]
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1. Introduccidn

La conversion de metanol a hidrocarburos (MTH) sobre zeolitas acidas ha atraido
considerable atencion desde su descubrimiento en 1970 por Mobil Corporation.
Dependiendo del producto de reaccion, este proceso tiene varias designaciones MTG
(metanol a gasolina), MTO (metanol a olefinas), MTP (metanol a propeno) y MTA
(metanol a compuestos aromaticos). En este ultimo proceso, los compuestos aromaticos
ligeros (benceno, tolueno y xileno) o fraccion BTX son materias primas esenciales en la
industria quimica organica y petroleoquimica. Estos compuestos aromaticos son una de
las materias primas bésicas de productos quimicos organicos y en la industria de
polimeros. En la actualidad los compuestos BTX se obtienen a partir de distintas
fracciones del petréleo, sin embargo, la escasez de reservas de petroleo implica un
incremento en el costo de los compuestos aromaticos (Wang et al., 2014). La conversion
de metanol en hidrocarburos aromaticos (proceso MTA) es un método alternativo para
satisfacer la demanda de estos compuestos aromaticos, especialmente el p-xileno,
isbmero mas importante industrialmente. El proceso MTA resulta ser una alternativa
benéfica para obtener compuestos BTX a partir de materias primas no fésiles (como el
metanol), debido a que el metanol se obtiene a partir de biomasa residual, captura de
CO2, etc. En este contexto, las zeolitas son conocidas por convertir metanol en
compuestos aromaticos ligeros BTX, debido sus propiedades acidas y selectividad de
forma. El rendimiento BTX se puede mejorar mediante la incorporacion de especies
metélicas en los materiales zeoliticos (como el Zn, Ag, Mg, etc) o mediante el control del
tamano de cristal y la concentracion de sitios acidos, parametros importantes que afectan
de forma determinante tanto a la actividad catalitica como a la resistencia a la
desactivacion. La presente tesis se baso en investigar materiales zeoliticos modificados
y su aplicacién en el proceso MTA. En el presento trabajo se sintetizaron zeolitas con
sistemas de canales de 10 miembros, asi como zeolitas con canales mixtos de 10y 12
miembros. Dentro de las zeolitas de 10 miembros se estudié la zeolita ZSM-5 con
estructura MFI (Mobil Five), la zeolita TNU-9 con estructura tipo TUN (Taejon National
University-nine) y MCM-22 con estructura MWW (Mobil Composition of Matter-twenty-
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two), y con canales mixtos de 10 y 12 miembros se estudio la zeolita MCM-68 con
estructura tipo MSE (Mobil Composition of Matter-sixty-eight). Ademas, se sintetizo la
zeolita ZSM-5 con estructura nanométrica y comprobar el efecto de los nanocristales en

la actividad catalitica.

Por otro lado, se sintetizaron y se evaluaron materiales de tipo aluminofosfato (AIPO)
especificamente el material AIPO-36 con estructura ATS (Aluminofosfato-Thirty six) y el
material AIPO-5 con estructura AFI (Aluminofosfato-five), donde los atomos de P o Al de
la red se pueden sustituir facilmente por Si y Zn, respectivamente, generando acidez. El
objetivo planteado en la presente tesis es la sintesis de AIPO4 doblemente sustituidos,
por Zn como funcién aromatizante y Si como funcion &cida, este tipo de materiales
denominados MeAPSO presentan una potencial aplicacion en la reaccion MTH. En cada
sintesis de estos materiales zeoliticos se emplearan estrategias encaminadas al control
de la acidez y el tamafio de cristal ya que son puntos clave que definen el comportamiento
de los catalizadores en el proceso MTH. Esto se realizé cambiando la proporcion molar
de Siy Zn en lared, y la relacion Si/Al en el caso de las zeolitas, asi como la forma de

incorporacion de Zn, ya sea por intercambio idnico o Zn directamente en el gel de sintesis.
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2. Antecedentes

2.1. Procesos cataliticos en la conversion de metanol

El carbon, el petréleo y el gas natural, son los principales combustibles fosiles en la
actualidad, sin embargo, el aumento en el precio del petrdleo crudo, los problemas de
seguridad energética y los problemas de emisiones de gases de efecto invernadero estan
motivando nuevos esfuerzos para encontrar procesos alternativos para la produccién de
combustibles y productos quimicos con mejores eficiencias energéticas y ambientales
(Bjargen et al., 2007). Desde su descubrimiento por Chang y Silvestri (1977) en Mobil
Central Research en la década de los 70 la conversion de metanol a hidrocarburos (MTH)
usando zeolitas acidas como catalizadores, ha recibido un considerable interés en la
industria como una alternativa cada vez mas importante para obtener diversos

combustibles y productos quimicos (Bleken et al., 2011).

La economia de metanol fomenta la utilizacién de metanol como materia prima para la
sintesis de hidrocarburos y sus derivados para eliminar la dependencia de los recursos
petroleros. El metanol, se puede obtener a partir de syn-gas (gas de sintesis) a base de
combustibles fosiles, por conversion oxidativa directa de gas natural (metano),
gasificacion de carbon o de biomasa. Esto abre la posibilidad de utilizar el metanol para
la generacién de hidrocarburos y conducir a una "economia de metanol" factible (Olah,
2005).

Dependiendo de la topologia del catalizador y las condiciones de proceso utilizadas, se
puede obtener una amplia gama de productos a partir de la reaccion de MTH. Procesos
comerciales o casi comerciales, tales como metanol a olefinas (MTO) (Chen et al., 2005),
metanol a gasolina (MTG) (Cobb, 1995) y metanol a propeno (MTP) (Koempel et al.,
2007) y metanol a aromaticos (MTA) (Ono, 1988) se han desarrollado.

El proceso de metanol a gasolina (MTG) se cataliza utilizando zeolitas de poro medio,
como la ZSM-5, con topologia MFI (Mobil Five). En este proceso, el metanol se convierte
principalmente en hidrocarburos de la gama de gasolina (hidrocarburos mayores de Cs).
Mobil construy6 y comercializé la primera planta de MTG en Nueva Zelanda en 1985, con
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una produccion de 14500 barriles por dia (alrededor del 30% de la necesidad del pais)
de gasolina.

La reaccion de metanol a olefinas (MTO) fue descubierto en los 80s por Union Carbide
utilizando un material de zeotipo de poro pequefio, SAPO-34, con topologia CHA. En
este proceso, el metanol se convierte en alquenos ligeros, principalmente eteno vy
propeno. El tamafio de poro pequefio del SAPO-34 (alrededor de 4 A) restringen la
difusién de grandes hidrocarburos. La reaccion MTO combina el proceso UOP e Hydro
MTO implementado en Noruega. Este ultimo convierte el metanol en etileno y propileno

a una selectividad de carbono de aproximadamente 75 a 80%.

El proceso de metanol a propeno (MTP) se cataliza utilizando el catalizador ZSM-5 (MFI)
fue desarrollado por Lurgi’'s Mega Methanol en Alemania. En este caso, el metanol se
convierte en propeno con algunos subproductos de gasolina y combustibles de tipo Gas
LP (Gas licuado del petréleo). La selectividad de la reaccion se optimiza hacia el propeno
por la alta temperatura y la baja presion empleadas durante la reaccion, asi como el

reciclaje de los hidrocarburos méas pesados.

Excepto por la reaccion MTA, los procesos anteriores se han utilizado en aplicaciones
comerciales, sin embargo, en todos los procesos se usan zeolitas acidas como

catalizadores.
2.2. Proceso de metanol a arométicos (MTA)

Los compuestos aromaticos, como el benceno, el tolueno y los isémeros del xileno
(fraccion BTX), son productos quimicos importantes en la industria petroquimica.
Actualmente, mas del 90% de estos compuestos aromaticos se obtienen por el reformado
de distintas fracciones del petrdleo y son necesarias etapas posteriores de tratamiento,
purificacion o modificacion de la mezcla de aromaticos para obtener los compuestos mas
deseados, por ejemplo, el p-xileno es el compuesto mas valioso entre los isomeros del
xileno (p, m, o-xilenos) debido a que el p-xileno es una materia prima para el acido

tereftdlico en la fabricacion de poliésteres (Miyake et al., 2016). En este sentido, el
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proceso MTA ha atraido una gran atencion, ya que se considera una ruta efectiva para
usar metanol y aumentar la producciéon de BTX, en vista del reciente aumento rapido en

el precio del petréleo crudo, y la creciente demanda de hidrocarburos aromaticos.
2.3. Zeolitas

Las zeolitas son aluminosilicatos cristalinos microporosos de estructura tridimensional
ordenada conformados por canales y cavidades. Su estructura esta constituida por una
red tridimensional infinita formada por unidades primarias de tetraedros TOa4, donde T
puede ser silicio (Si), o aluminio (Al), unidos entre si a través de los &tomos de oxigeno
originando cavidades accesibles a través de poros de dimensiones moleculares (0.3 - 2
nm de diametro) (Xu et al., 2007). Poseen una combinacién Unica de propiedades tales
como alta superficie, alta estabilidad térmica, abundantes sitios acidos y selectividad de
forma lo que explica su amplia aplicacion como adsorbentes, intercambiadores idnicos o
catalizadores (Groen et al., 2005). En la asociacion de zeolitas internacional (1ZA) se
conocen a la fecha aproximadamente 200 topologias de marcos diferentes que tienen
varios tamafios y conectividades de los canales (http://www.iza-online.org/). El alto
namero de estructuras de zeolita tiene un gran impacto en la investigacion de las

propiedades de zeolita y la utilizacion en aplicaciones apropiadas.

Figura 2.1. a) tetraedro TOg; (b) tetraedros TO4 gue comparten un vértice de oxigeno en
comun (Xu et al., 2007)

Los tetraedros TO4 (SiO4 y AlO4) unidas por atomos por oxigeno son las unidades mas
simples en el proceso de formaciéon de un material zeolitico, denominadas unidades

primarias de construccion (SPU). Durante el proceso, los tetraedros se ensamblan
|
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formando unidades secundarias de construccion (SBU) que pueden ser desde anillos
simples a poliedros. Estas unidades de construccion secundarias se pueden ensamblar
de muchas maneras para dar un gran niumero de diferentes tipos de estructuras de

zeolita. La red de tetraedros interconectados constituye el marco zeolita (Xu et al., 2009).

L ]
& §“O )\ e} Unidades primarias de construccion (PBU)

[:7 O d @ O @ Unidades secundarias de construccién (SBU)

Unidades terciarias o poliedros de
construccién

Estructuras zeoliticas

Figura 2.2. Conformacién de zeolitas mediante unidades primarias, secundarias y

terciarias de construccién (Qinhua, 1990)

La composicion quimica de una zeolita puede por lo tanto representarse por una férmula
del tipo:
AlLO,:xSi0,:M,,0:yH,0
Xz2
M = Na*, K*, Ca**, organicos....
Donde “n” es la valencia del cation M, “x” es mayor o igual a 2 y “y” es la cantidad de
agua contenida en los poros de la zeolita. Cuando la carga se compensa por protones,

entonces se forman, en las zeolitas, centros acidos de tipo Bronsted.
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El acceso al espacio intercristalino de los microporos esta limitado por la apertura que se
encuentre en el camino de difusion, por lo que una clasificacion de las zeolitas es en
funcion del tamafio de los microporos, comunmente valorado a partir del numero de
tetraedros que forman el menor anillo de un canal. Una primera clasificacién de las

zeolitas respecto al tamafio de poro se muestra en la Tabla 2.1.

Tabla 2.1. Clasificacion de las zeolitas en funcién del tamafio de poro

. Numero de Diametro de _
Tamafo de poro Ejemplos
tetraedros poro (A)
Pequefio 8 ~4.0 Erionita, Zeolita A
Mediano 10 ~5.5 ZSM-5, ZSM-11
Grande 12 ~7.0 Zeolita Y, 3, Mordenita
Extragrande >12 >7.0 AlIPOs-8, VPI-5

2.4. Aplicaciones de las zeolitas

2.4.1. Catalizadores

Una de las mas importantes aplicaciones de las zeolitas es como catalizadores en la
industria quimica y petroquimica, debido a que son materiales que presentan una gran
superficie especifica, gran cantidad de sitios &cidos, contienen didmetros de poro
uniformes en toda su estructura, buena estabilidad térmica y propiedades de tamiz
molecular. Las zeolitas son empleadas como catalizadores principalmente en procesos
petroquimicos como el craqueo catalitico, en la produccién de arométicos y derivados
como: etilbenceno, cumeno, p-xileno; en la produccion de olefinas (Sherman, 1999) y en
procesos de quimica fina (Corma y Agustin, 1995). Tamiz molecular es un término
genérico que comprende materiales solidos microporosos cristalinos de diversas
composiciones (Stocker, 2005). La propiedad mas importante de las zeolitas es actuar

como un tamiz de dimensiones moleculares.
|
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2.4.1.1. Selectividad de forma

Una de las aplicaciones mas importantes de las zeolitas en el campo de la catalisis es la

llamada selectividad de forma. El concepto de selectividad de forma en la catalisis de

zeolita se introdujo en la década de 1960: la transformacion quimica de las moléculas

depende del espacio disponible dentro de los poros de la zeolita (Csicsery, 1971).

El tamafio y disposicion de los canales y cavidades condiciona los reactivos,

intermediarios de reaccion y productos que se pueden encontrar en el interior de estos

materiales y cuales pueden difundir al exterior y es clasificada en tres categorias
(Csicsery, 1984).

(i)

(ii)

Selectividad de la forma del reactivo (Figura 2.3). Si se dificulta la difusién de
las moléculas reactivas mas voluminosas dentro de los poros, las moléculas
menos voluminosas reaccionaran preferentemente. El caso limite un reactivo
con diametros cinéticos mas grandes que el diametro de la zeolita no difunden
o lo hacen mas lentamente y por lo tanto no tiene acceso de los sitios activos,
por lo tanto, no sufriran transformacién. Este tipo de selectividad también se

llama selectividad al tamafio molecular.

Figura 2.3. Ejemplo de selectividad de forma del reactivo (Cejka et al., 2010)

Selectividad de la forma del producto (Figura 2.4). Los reactivos se adsorben
dentro del marco de la zeolita y entre los diferentes productos formados dentro
de los poros solo difunden hacia el exterior aquellos compatibles con las

aberturas de los poros. Los otros experimentan una reaccion adicional a las

MISAEL GARCIA RUIZ 14



Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacion en
la reaccion de metanol a aromadticos ligeros (MTA)”

especies menos impedidas, que se desorben, o moléculas mas grandes
permanecen atrapadas en los poros y contribuyen a la desactivacion del
catalizador (coquizacion).

@/ <O~ —
;\ ©_/%

Figura 2.4. Ejemplo de selectividad de forma del producto

(i)  Selectividad de forma de estado de transicion restringida (Figura 2.5). En este
caso, la selectividad esta ligada a la dificultad o imposibilidad de formacién de
ciertos estados de transicion voluminosos, debido a la falta de espacio
existente en los centros activos de la zeolita. De esta manera, entre las
diferentes vias de reaccion posibles, solo se realizan aquellas o aquellas que
involucran un estado de transicidbn estéricamente compatible con las
dimensiones del poro cercano al sitio activo, mientras que las otras estan
inhibidas. En este tipo de selectividad no depende del tamafio de cristal de la

zeolita, solo depende del tamafio de los canales y cavidades del sdlido.

) L -0 —

..... —\-ﬁ

NN
) % @ O —>é> Sin productos

Figura 2.5. Ejemplo de selectividad de estado de transicién restringida
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2.5. Propiedades de las zeolitas

Las zeolitas presentan una gran diversidad y una amplia versatilidad en cuanto a sus
propiedades derivadas de su diversidad estructural y de composicion. Las propiedades

caracteristicas mas relevantes de las zeolitas son:

2.5.1. Intercambio i6bnico

En las zeolitas, la sustitucién isomoérfica de Si** por APF* genera un exceso de carga
negativa que es compensada por cationes situados fuera de la red. Estos cationes
poseen generalmente una gran movilidad y es posible intercambiarlos por otros. Una
ventaja de las zeolitas frente a otros intercambiadores i6nicos es que estas presentan
una red tridimensional y no sufren modificaciones estructurales después del intercambio
(Townsend, 1991). La capacidad de intercambio depende de la carga negativa presente
en la red y por lo tanto por la cantidad de aluminio sustituido en la estructura. El
intercambio i6nico es una herramienta muy util en la modificacion controlada de las
propiedades de las zeolitas, especialmente en las propiedades acidas y a su
comportamiento como tamiz molecular lo que implica su uso como catalizador o soporte
(Garcia Martinez y Pérez Pariente, 2002). Una caracteristica comun de las zeolitas es el
reemplazo de iones de metales alcalinos (como el sodio) por protones (H*). Este
intercambio se lleva a cabo reemplazando los iones metalicos por iones NH** mediante
el intercambio de la zeolita sddica con una solucion de NH4CIl, comunmente a 80 °C,
seguido de una calcinacién para eliminacion de las sales de amonio resultantes a 550 °C

en atmosfera de aire como se muestra en la figura 2.6.
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Zeolita sédica Intercambio Zeolita amoniacal Calcinacion 4h Zeolita protdnica
; NH,Cl, 4h, 80 °C . 550 °C en aire
M NH, W
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Figura 2.6. Proceso de intercambio de una zeolita sddica con iones amonio (zeolita

amoniacal) y posteriormente es calcinada para obtener una zeolita 4cida (protonada)

2.5.2. Adsorcién

Debido a la presencia de canales y cavidades en el interior de la estructura y una red
microporosa, las zeolitas presentan una elevada superficie especifica y una alta
capacidad de adsorcién. Estos canales son de tamafio uniforme debido a la estructura
cristalina, permitiendo el acceso Unicamente a moléculas de tamafio inferior al del poro
(correspondiente también a la propiedad de tamiz molecular). Lo que permite que las
zeolitas sean utilizadas tanto en proceso de purificacibn como en procesos de

separacion.

2.5.3. Propiedades acidas

Entre las propiedades mas importantes de las zeolitas con respecto a su uso como
catalizadores esta su acidez superficial. Como se menciond anteriormente, la presencia
de elementos tetravalentes en la red, como el aluminio, generara una carga negativa en
la red, la cual serA compensada por especies catidnicas K*, Na*, NH*, etc. que se
encuentra dentro de los poros de las zeolitas. Cuando los cationes que compensan la
carga de la red anibnica son protones, se comportan como centros &cidos de tipo
Bronsted, como se ilustra en la Figura 2.7. La incorporacion del aluminio a la red

sustituyendo al silicio en algunas posiciones T, genera una carga negativa, que si esta
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compensada por un proton, da lugar a un grupo hidroxilo puente Si-OH-Al capaz de ceder
el protén. Por lo tanto, la acidez depende de la relacion Si/Al en la zeolita. Se ha
demostrado que la fuerza acida de los puentes hidroxilos en especies de Si-OH-Al
aumenta a medida que disminuye el contenido de Al, es decir, cuando aumenta la
relacion de Si/Al proporcionado sitios acidos tipo Bronsted con mayor fortaleza
(Barthomeuf, 1994). Asi, en principio, el nUmero de centros acidos en una zeolita sera
igual al nUmero de cationes trivalentes que contenga la red (Teketel et al., 2014). Por lo
tanto, cuanto mayor sea la cantidad de AI** que hay en la red, mayor sera el nimero
potencial de centros acidos de las zeolitas. Estas propiedades acidas, les confieren a su
vez, propiedades cataliticas a las zeolitas. Ademas, dichos materiales aportan
selectividad de tamafio y forma, dado que los centros acidos se encuentran en una red

de canales y cavidades.

+ +

H H

| |
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Figura 2.7. llustracion de sitios acidos tipo Brgnsted en una zeolita

De esta manera, el numero total de centros acidos en una zeolita depende de la relacion
Si/Al en lared, o de forma mas general, de la relacion M**/M3* (Li et al., 2008). En general,
la fuerza &cida de los sitios acidos Bronsted depende de la fuerza del enlace OH. Dichos
centros son capaces de donar protones. Por otra parte, las zeolitas también pueden
poseer sitios de Lewis en la estructura, lo que inevitablemente afectara las propiedades
cataliticas de la zeolita. Dichos sitios activos estan asociados con especies de aluminio
extrared y son capaces de aceptar electrones. Se forman en zonas de los materiales en
las que existen especies aceptoras de electrones como el aluminio tricoordinado, esto se
observa en la figura 2.8 (Pinilla, 2016). Razonablemente, los sitios de acidos de Lewis
son mas prominentes en los materiales con alto contenido de Al o en las zeolitas

sometidas a tratamientos térmicos o vapor de agua (Fang et al., 2017)
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Figura 2.8. llustracion de sitios acidos tipo Lewis en una zeolita

Ademas de ser catalizadores con una acidez fuerte Bronsted, las zeolitas presentan una
alta estabilidad por lo que tienen aplicacion en procesos de cragueo, isomerizacion,
alquilacion y aromatizacion debido a su selectividad de forma. Por estas caracteristicas
las zeolitas se consideran catalizadores eficientes para la conversion de metanol a
hidrocarburos (MTH).

2.6. Zeolitas con aplicacion en el proceso MTH

Entre los diversos tamices moleculares utilizados en el proceso MTH, la zeolita ZSM-5
es la mas atractiva y las mas reportada actualmente, ya que presenta una alta estabilidad
y una gran densidad de sitios acidos responsables de la generacién de olefinas y
aromaéticos ligeros (Niu et al., 2014; Conte et al., 2012). Por otro lado, es otra estrategia
para mejorar la selectividad de los productos deseados mediante la incorporacion de
especies metalicas. En particular, las especies de metales activas utilizadas para la
aromatizacion (proceso MTA) del metanol incluyen principalmente Zn (Bi et al., 2014),
Ga (Lopez-Sanchez et al., 2012), Ag (Inoue et al., 1995) y Sn (Xin et al., 2013). Sin
embargo, en este proceso existen dos retos fundamentales por resolver. Por una parte,
de entre los tres isomeros de xileno, la selectividad hacia el compuesto mas deseado, el
para-xileno, es insuficiente para evitar procesos de isomerizacion posteriores. Por otra
parte, en esta reaccion, al contrario de lo que ocurre en el caso del proceso MTG
(methanol to gasoline), que también emplea ZSM-5 como catalizador, el catalizador se
desactiva en tiempos de reaccion relativamente cortos. Se ha demostrado ampliamente
gue Zn especies y especies de Ga podrian aumentar considerablemente la selectividad

de BTX en la reaccion de MTA en comparacion con otras especies de metales. El papel

MISAEL GARCIA RUIZ 19



Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacion en
la reaccion de metanol a aromadticos ligeros (MTA)”

esencial de las especies Gay Zn puede estar asociado en gran medida con su capacidad
de deshidrogenacion (Jia et al., 2017).

Las especies de zinc pueden introducirse en diversas zeolitas mediante diversos
meétodos: por impregnacion humeda incipiente, intercambio i6nico y directamente en el
gel de sintesis (Gabrienko et al.,2017). El método de preparacion tiene una influencia
importante en el estado de existencia de las especies de zinc, la interaccion entre los

iones de zinc y los sitios acidos, y el rendimiento catalitico en MTA (Jia et al.,2017).

Por otra parte, se estudian estructuras con potencial interés por presentar sistemas de
canales combinados de 10 y 12 miembros, por ejemplo, las zeolitas MCM-68 (MSE),
TNU-9 (TUN) y MCM-22 (MWW).

2.6.1. Zeolita ZSM-5

La zeolita ZSM-5 es un catalizador &cido altamente estudiado en proceso de
petroquimica y por lo tanto en reacciones de aromatizacién de metanol debido a su
estabilidad hidrotérmica, a su excelente selectividad de forma y a una estructura cristalina
adecuada para una alta actividad catalitica (Su et al., 2016 y Wang et al., 2016). Gran
parte del éxito de la zeolita ZSM-5 se atribuye a la presencia de sitios de &cidos fuertes,
gue son responsables de la actividad catalitica en el proceso MTH, y de los microporos
del anillo de 10 miembros (MR) que se intersectan (5.5 x 5.1; 5.3 x 5.6 A), que tienen en
cuenta la selectividad de la forma y la resistencia a la deposicion de coque exhibidas
sobre este catalizador (Kokotailo et al., 1978). En general, se considera que los sitios
acidos fuertes en la zeolita ZSM-5 son los sitios activos para la aromatizacion con

metanol.

Las zeolitas ZSM-5 modificadas con metales como Zn son catalizadores bifuncionales
altamente eficientes para convertir olefinas en compuestos arométicos a partir del

metanol. En los Ultimos afios se han conseguido algunos logros importantes, como la
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estabilidad catalitica de la reaccion de MTH se puede mejorar mediante la generacion de
mesoporos (Kim et al., 2016) o la sintesis de zeolitas nanométricas (Konno et al., 2013).

2.6.2. Zeolita TNU-9

TNU-9 (estructura TUN) es una zeolita de poro medio con un complejo sistema de
canales tridimensional. Su estructura es anéloga a la de la zeolita ZSM-5 (MFI) con
respecto a su proyeccion hacia abajo del eje b. Sin embargo, la conectividad y
distribucion de los canales en la estructura TUN son mas complejas que las de la
topologia de MFI. La zeolita TNU-9, es una nueva zeolita con sistema de canales 3D de
10 anillos rectos distintos (5.2 x 6.0 y 5.1 x 5.5 A), fue sintetizada previamente por Suk
Bong Hong et al.,, en 2007. La forma acida TNU-9 exhibe una alta estabilidad
hidrotérmica, acidez fuerte y selectividades de forma (nicas para las reacciones
catalizadas por acido de hidrocarburos monoaromaéticos, como la desproporcion de

tolueno y la isomerizacion y desproporcion de m-xileno (Kubu et al., 2010).

2.6.3. Zeolita MCM-22

La zeolita MCM-22 (cédigo MWW), sintetizada por primera por vez por Mobil en 1990
(Rubin y Chen, 1990) es un tamiz molecular que se cristaliza como laminas o placas
delgadas y tiene una estructura de cristal Unica e inusual. Puede verse como un
apilamiento de capas dobles unidas por puentes de oxigeno individuales. La zeolita
MCM-22 posee tres sistemas de poros independientes, el primero estd formado por
grandes supercajas cilindricas (7.1 x 7.1 x 18.2 A) entre las capas, el segundo esta
formado por 10 canales sinusoidales (4.1 x 5.1 A) y el dltimo est& ubicado en la superficie
externa, cubierto con bolsillos de 12 miembros (7.1 x 7.1 x 7 A) (Leonowicz et al., 1994).
Debido a la peculiar estructura de los poros, la zeolita MCM-22 se ha aplicado en muchos

procesos cataliticos y se considera un catalizador potencial en la reaccion de MTO.
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Los tres sistemas de poros contienen grupos OH de puente, es decir, sitios acidos. Por
lo tanto, en cada uno de ellos pueden ocurrir transformaciones catalizadas &cidas de
varios reactivos, con grandes diferencias en velocidad, selectividad y estabilidad. Las
propiedades selectivas de forma de los tres sistemas de poros MCM-22 (incluida su
actividad y estabilidad) se establecieron previamente para la transformacion catalizada
de varios reactivos: los tres isomeros de xileno (Laforge et al., 2003) la mezcla de tolueno-

propeno (Rigoreau et al., 2005) y el metilciclohexano (Matias et al., 2008).

2.6.4. Zeolita MCM-68

La zeolta MCM-68 (cédigo MSE) es un tipo de aluminosilicato creado por los
investigadores de Mobil en 1997 y se publicé por primera vez como patente en 2000
utilizando diyoduro de dipirrolidinio (TEBOP(I)2) como agente director de estructura (ADE)
(Calabro et al., 2000). Es una zeolita con un sistema tridimensional de 12 x 10 x 10
canales, que incluye un canal recto de 12 anillos (6.4 x 6.8 A) que se cruza con dos
canales de 10 anillos independientes (5.2 x 5.8 y 5.2 x 5.2 A) que se cruzan entre si
(Douglas et al., 2006; Shibata et al., 2008). La zeolita MCM-68 tiene una super jaula
cilindrica (anillos de 18 x12 miembros), a la que solo se puede acceder a través de
canales de 10 anillos, que puede difundir especies de estados de transicion de tamarfos
cinéticos gran (Baerlocher, 2007). Las caracteristicas de la zeolita MCM-68 estan
atrayendo la atencién porque solo hay unas cuantas zeolitas que contienen sistemas de

canales tridimensionales con poros grandes.

Las zeolitas MCM-68 se han utilizado como catalizadores en diferentes reacciones, como
oxidacion con fenol (Sasaki et al, 2014), alquilacién de compuestos aroméaticos (Shibata
et al., 2009), desproporcién de etilbenceno (Ernst et al., 2005) o tolueno (Zilkova et
al.,2009), craqueo con hexano (Inagaki et al., 2013) y reaccion de dimetil éter a olefinas
(Inagaki et al., 2013).
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2.7. Zeolitas de tamano nanomeétrico

Como se mencion0 anteriormente, en reaccion de MTH la estabilidad y actividad
catalitica de las zeolitas acidas se puede mejorar mediante la generacion de mesoporos
(Koohsaryan y Anbia, 2016) o la sintesis de zeolitas nanométricas (Wan et al., 2016) esto
debido a una baja eficiencia de difusiébn en microporos en zeolitas acidas convencionales.
En recientes trabajos, se ha trabajado mucho para disefiar zeolitas con estructura
jerarquica para mejorar la difusion de reactivos y facilidad de acceso a los sitios activos.
Los nanocristales de zeolita con un tamafio de cristalito mas pequefio y mayor area de
superficie externa exhiben longitudes de difusibn mas cortas, mejorando asi la difusion
molecular y por lo tanto la optimizacion de las propiedades &cidas de la zeolita para

mejorar la actividad catalitica (Miar, 2016).

Al disminuir el tamafio del cristal, las rutas de difusion del reactivo y las moléculas del
producto dentro de los poros se vuelven mas cortas, y esto puede resultar en una
reduccion o eliminacion de difusion no deseadas (Ji et al. 2017). Recientemente, los
investigadores han confirmado que el ZSM-5 nanocristalino muestra una buena
resistencia a la deposicién de coque y un excelente rendimiento catalitico en la reaccion
de MTG (Gabrienko et al., 2017).

2.8. Zeotipos: Aluminofosfatos

Inicialmente las zeolitas tienen composicion exclusivamente de aluminosilicato, sin
embargo, en las redes zeoliticas, tanto el aluminio como el silicio pueden ser sustituidos
por otros elementos susceptibles de formar redes tetraédricas de 6xido, originAndose asi
un nuevo tipo de materiales llamados zeotipos. Dentro de este grupo se pueden destacar
los materiales microporosos aluminofosfatos (AIPOa4), sintetizados por primera vez por
Wilson et al., en 1982. Este tipo de materiales consisten en una red microporosa que esta
formada por unidades tetraédricas de AlO4 y PO4 que estan unidas de manera alterna

(Bennett et al., 1986) (Figura 2.9). Este tipo de materiales poseen estructuras analogas
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a la de las zeolitas. Lok et al, en 1984 descubrieron los denominados
silicoaluminofosfatos (SAPO), mediante la incorporacion de silicio en la red AIPO4 por
sustitucion isomoérfica. Messina et al., en 1985 obtuvieron una serie de
metaloaluminofosfatos que denominaron MeAPO, y contenian en su estructura fosforo,
aluminio y un tercer catidon metalico (V, Co, Mg, Ga, Fe, Zn, etc.). Por otro lado, hay otros
materiales denominados MeAPSO, donde se incorpora Zn y Si, reemplazando al Al y P,
respectivamente. Estos materiales se estudiaron en el presente trabajo, donde se intuye
gue el Zn actia como un agente aromatizante y el Si como un agente acido para catalizar
la reaccion MTH. Los materiales de tipo SAPO, MeAPO y MeAPSO poseen estructuras
similares a la de las zeolitas pero con distinta compaosicion (estructura analoga). De esta
manera poseen la misma topologia que las zeolitas, pero los centros Bronsted generados
presentan una acidez moderada comparados con los que se generan en la red de la
zeolita. Por lo que presentan nuevas propiedades fisicoquimicas que estan vinculadas a
Su composicion unica y tienen aplicaciones potenciales en catdlisis, adsorcion e

intercambio idnico (Xu et al., 2008).
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Figura 2.9. Estructura de un AIPO4 (Weckhuysen et al., 1999)

Los materiales MeAPSO pueden considerarse catalizadores potenciales para la reaccion
de MTH, debido a la presencia de Zn y Si en la estructura. En este estudio, se compara
la actividad catalitica de dos tipos de estructuras llamadas MeAPSO-5 (AFIl) y MeAPSO-
36 (ATS). Cabe mencionar que estos zeotipos propuestos no se han utilizado
previamente en la reaccion MTH, especificamente para el proceso MTA.
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2.8.1. Sustitucion isomaorfica

La sustitucion isomorfica puede definirse como el reemplazo de un elemento en una red
cristalina, por un heteroatomo con radio catidnico y requisitos de coordinacion similares,
de tal manera que pueda acomodarse en la misma posicion del elemento de la red al que

sustituye (Martens et al., 1990).

Los materiales AIPO4, como ya se ha mencionado, estan formados por la unién de
tetraedros alternados de AlOs4 y POs, y son eléctricamente neutros por lo que no
presentan centros acidos Bronsted. La sustitucién isomorfica es un proceso que tiene
lugar en los materiales zeoliticos y que permite la obtenciébn de zeotipos de
composiciones variadas. Ademas, puede dar lugar a la generacion de acidez en este tipo
de materiales. El elemento al que un heteroatomo sustituye en una red aluminofosfato

dependera principalmente del estado de oxidacién de dicho heteroatomo.

En los materiales silicoaluminofosfatos (SAPO) pueden considerarse como el AIPO4
correspondiente al que se introduce silicio en la red. En los SAPO, la sustitucion de Al(lII)
o P(V) por Si(IV) va a generar una carga negativa en la estructura que puede ser
contrarrestada por protones y por lo tanto introduce acidez en el material. Por lo tanto,
en los materiales SAPO, el nimero de centros acidos esta relacionado con el mecanismo
de incorporaciéon de atomos de silicio en el material. El nUmero y la fuerza de los centros
Bronsted en los materiales AIPO4 dependeran de los mecanismos de incorporacion de

silicio en la red (Martens et al., 1990).

Martens y sus colaboradores propusieron tres mecanismos de sustitucion (SM) que
pueden tener lugar en una red AIPO4 garantizando que no se formen redes con carga
positiva 0 con una carga negativa demasiado elevada.

En primer lugar, cuando los &tomos de Si se incorporan en el marco de un hipotético
AIPO4 en los sitios de fosforo (mecanismo SM2), se generara un sitio acido tipo Bronsted
por cada &tomo de Si. Otra posibilidad es la sustitucion simultanea de un par de atomos
de Aly P por dos atomos de Si (mecanismo SM3). En este caso no se genera ninguna
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carga. La combinacion del modelo de sustitucion 3 y 2 (SM3 + SM2) propuesto por
Makarova et al., en 1992, genera la formacion de “islas de silicio” donde los 4&tomos de
silicio estan unidos entre si a través de los oxigenos donde estos silicios estan ocupando
los sitios del Al'y P en la estructura del AIPO4. Por otro lado, un metal divalente como el

Zn, puede sustituirse por atomos de Al*3 por el mecanismo SM1.

Por lo tanto, las propiedades &cidas de los materiales SAPO depende en gran medida
del contenido de Si ordenado en la red, gracias a esta propiedad se pueden obtener
catalizadores con un namero variable de centro activos con diferente fuerza acida que
pueden llevar a cabo ciertas reacciones de catalisis acida (Marchese et al., 1993). Por
eso es importante controlar la sintesis de estos materiales y poder obtener catalizadores

con contenido controlado de silicio en la red.

La formacion de las denominadas “islas de silicio” (Figura 2.10) se debe a la combinacion
de SM2+SM3 generando cargas negativas en la red que, cuando se compensa con un
protén, da lugar a la formacion de un sitio &cido Si-OH-Al. Cuando el silicio incorporado
rodeado de al menos por un atomo de Al en la primera esfera de coordinacion tetraédrica
proporciona un sitio acido, es decir, que cuanto menor sea el niumero de atomos de Al
vecinos al &tomo de Si el sitio tendra una mayor fortaleza écida (del Val et al., 1995). Por
lo que segun el entorno de cada atomo de Si, en la isla de silicio tiene influencia en su
acidez y por lo tanto en su actividad catalitica. La acidez de estos sitios aumenta en el
orden: Si (OSi)3(OAl)> Si(OSi)2 (OAl)2> Si (OSi) (OAl)z> Si (OA)4 (Barthomeuf, 1994). Por
el contrario, los atomos de Si** en ambientes de solamente siliceos (Si(OSi)4) dentro de
islas de SiO: similares a las zeolitas no tienen propiedades acidas en absoluto, entonces,
la acidez total de los catalizadores de SAPO (numero y fuerza de sus sitios) con un

contenido de Si dado, esta controlada por el tamafio de las islas de SiO-.
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Figura 2.10. Atomos de aluminio sustituyendo a silicios en las regiones de “islas de
silicio” (Pinilla, 2016)

Si se requiere una mayor acidez, seré necesario optimizar la formacion de estas islas de
silicio en la estructura, puesto que los centros acidos en el borde de las islas presentan
una fuerza acida mayor (Briend et al., 1993). El nUmero y la fuerza de los centros acidos
en los SAPO van a determinar sus aplicaciones como catalizadores. Sus aplicaciones

principales son procesos de refino y procesos de conversion, en petroquimica.
2.8.2. Aluminofosfato AIPO4-5

AlIPOs-5, reportado por primera vez por Wilson et al., en 1982 tiene una estructura
tridimensional con simetria hexagonal (Figura 2.11), que contiene canales
unidimensionales orientados en paralelo al eje ¢ y delimitados por anillos de 12 miembros
gue comprenden AlOs4 alternante y tetraedros PO4 (0.73 x 0.73 nm) (Finger et al.;
Hartmann et al., 1999). AIPO-5 es una estructura estable y eléctricamente neutra capaz

de soportar temperaturas por encima de 600 °C, que solo muestra cambios menores en
|
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el eje cristalografico después de la calcinacion y la deshidratacion (Choudhary et al.,
1988).

N S

X

Figura 2.11. Representacion de la estructura de AIPO-5 (Weckhuysen et al., 1999)

Debido a la similitud estructural con las zeolitas y la acidez moderada, SAPO-5 se ha
probado como catalizador en varias aplicaciones, por ejemplo, en la conversion de
metanol a olefinas (Terasaka et al., 2015), la alquilacién de tolueno y la isomerizacion de
xilenos (Wang et al., 2003). El material SAPO-5 también ha sido utilizado como
adsorbente para la eliminacion de diferentes gases de diversos tamafios moleculares,
incluyendo N2, CO2, CHs y H20 (Martin et al., 1998).

En este trabajo, se sintetizaron materiales MeAPSO-5 formados en presencia de N-
metildiciclohexilamina (MCHA) usado como agente director de estructura (ADS), con
heteroatomos de Siy Zn para la reaccion MTA. El compuesto MCHA, es propuesto como
ADS para materiales AFI y evitar fases de tridimita (TRI) y chabazita (CHA). La fase
principal de AFI, presenta dificultades en la preparacion de la fase de AFI puro, como lo
demuestra Sanchez-Sanchez et al., en 2003 donde usa este agente de direccién de
estructura, N-metildiciclohexilamina (MCHA), para la produccién de AIPO-5 microporoso

y sus variantes sustituidas con heteroatomos.
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2.8.3. Aluminofosfato AIPO4-36

AIPO-36 con la topologia estructural ATS se caracteriza por canales elipticos
unidireccionales (6.5 x 7.5 A) con aberturas de 12 anillos. La incorporacion por sustitucion
isomorfica de cobalto, magnesio, manganeso, silicio, titanio, vanadio y zinc en el marco
de AIPO4 puede generar centros cataliticamente activos y producir catalizadores
heterogéneos creando sitios acidos Bronsted (Akolekar et al., 1998). Estas
caracteristicas proporcionan un potencial de AIPO-36 dopado con heteroatomos
(MeAPO-36) como catalizador en areas como el cragueo de n-butano y la formaciéon de
aromaticos (Kumar-Saha et al., 2005). Hasta el momento, no se ha preparado un material
en forma de aluminofosfato puro (SAPO-36), debido a que se necesita la presencia de
un metal divalente utilizando una plantilla de tripropilamina (TPA).

En el presente trabajo se plantea la aplicacién catalitica de AIPO4 doblemente
modificados, primeramente, sustituir AI** por Zn?* como funcién aromatizante, seguido de
P5* por Si** para la generacion la acidez de Bronsted (Roldan et al., 2007). El Zn puede
acomodarse en cantidades relativamente grandes en las redes tipo aluminofosfato
(AIPO4), mientras que Si proporciona caracter acido dependiendo de su mecanismo de

incorporacion por sustitucion isomoérfica.
3. Justificacion

Los compuestos arométicos ligeros BTX son sustancias quimicas muy importantes en la
industria de la medicina, perfumeria, colorantes, etc. Actualmente, mas del 90% de estos
compuestos aromaticos se obtienen por distintos métodos que emplean petroleo crudo,
como la reformacion, craqueo y alquilacion (Fahim et al., 2010). Una de las principales
desventajas de este tipo de procesos es la amplia cantidad de productos que generan,
lo que hace que sean necesarias etapas de separacion o modificacion de la mezcla de
aromaticos para obtener los compuestos mas deseados, como por ejemplo el para-

xileno, lo que, evidentemente, encarece aun mas el proceso.
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En los ultimos afios, la conversion de metanol en aromaticos ligeros (proceso MTA) ha
generado un gran interés debido a que ofrece una alternativa en principio eficaz para
obtener este tipo de compuestos quimicos a partir de una materia prima mas sostenible
y renovable como el metanol (Quan et al., 2014). Y al mismo modo permita eliminar la
dependencia que existe del petrdleo en vista de que este recurso sera mas escaso y de
menor calidad, contribuyendo asi a la produccion sostenible de productos quimicos

basicos.

El proceso MTA es una via alternativa para la obtencion de altas fracciones de aromaticos
ligeros. Esta proporciona una elevada selectividad a dichos productos, especialmente el
p-xileno, el isbmero mas importante debido a su gran aplicacion industrial. Una de las
principales ventajas de este proceso es que el metanol es producido de diferentes
fuentes; principalmente del gas de sintesis que parte de multiples recursos tales como,
el carbono, gas natural y biomasa (Niu et al., 2014).

4. Estado del arte de catalizadores empleados en el proceso MTHYy MTA

La aromatizacion del metanol también ha despertado un gran interés. Ono et al., en 1992
investigan el efecto de la carga de Zn en el rendimiento catalitico de Zn/ZSM-5 en la
reaccion de aromatizacién del metanol, y se verificé el papel esencial de las especies de
Zn en la mejora de la selectividad a los compuestos aromaticos. En comparacion con la
matriz ZSM-5, la introduccion de Ag, Cu y Ni incremento la selectividad de productos de

compuestos aromaticos de C6 a C11 en un factor de dos o0 mas.

Existen diversos factores propios de los materiales zeoliticos que influyen en la actividad
catalitica del proceso MTA, entre los que destacan la acidez y el tamafio de cristal. El
tamafio de cristal se refiere a la dimension de una sustancia soélida con un ordenamiento
periédico de atomos, iones o moléculas que presenta un diagrama de difraccion. La
variacion del tamafio cristalino es una via para el control de los caminos difusionales de
estos materiales. La reduccién del tamafio cristalino, en general, provoca una mejor
accesibilidad del reactivo a los centros activos y una mejor difusiéon de los productos

formados, esperandose que esto mejore el rendimiento hacia aromaticos ligeros BTX,
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asi como la resistencia a la deposicion de coque (Quan et al., 2014). Pinilla et al., 2015
demuestran previamente que existe una relacion entre el tamafio cristalino y el tempo de
vida media de los catalizadores. Por una parte, la elecciéon del agente director de
estructura (ADE) puede implicar cambios de tamafio (Alvaro, 2012), asi mismo, también
se han observado variaciones en el tamafio por el empleo de diferentes fuentes de los
elementos que forman la red (Alvaro et al., 2014), o por la seleccion de determinadas
condiciones de sintesis, tales como el empleo de un tiempo de sintesis menor (Pinilla,
2016). De esta manera se pueden obtener materiales con un tamafio de cristal
ligeramente menor, pero sobre todo, con mayor volumen de poro intercristalino y mayor
superficie externa. Esto facilita la accesibilidad de las moléculas de metanol a los centros

acidos, causando que los catalizadores se desactiven mas lentamente (Alvaro, 2012).

Sin embargo, so6lo se han descrito unas pocas investigaciones en relacion con la mejora
de la selectividad para los hidrocarburos aromaticos. Para la transformacion de metanol
en aromaticos ligeros (BTX), es necesaria la presencia de un catalizador sélido &cido de
tipo zeolitico. Dentro de estos materiales, la zeolita HZSM-5 se ha utilizado ampliamente
como un catalizador para las reacciones de aromatizacion debido a su selectividad de
forma, alta actividad, y buena estabilidad en reacciones de aromatizacion (Cejka et al.,
2005). En los ultimos afios, la conversion de MTA sobre materiales zeoliticos modificados

con metales esta atrayendo cada vez més atencion.

Choudhary et al., en 1996 y Song et al., en 2004 consideran que los sitios acidos fuertes
de la zeolita HZSM-5 funcionan como sitios activos para la produccién de compuestos
aromaticos ligeros, sin embargo, dichos sitios provocan la formacion de coque que da
origen a la desactivacién del catalizador. Por lo tanto, sitios acidos con fuerza media son
idéneos para evitar la formacion de coque, pero también da lugar a la pérdida de actividad
de aromatizacion de metanol. Por lo que la estabilidad del catalizador esta estrechamente

relacionada con la distribuciéon de sitios acidos en el catalizador.

Catalizadores zeoliticos, como el de tipo MFI, con especies de Zn muestran un mayor

rendimiento de aromatizacion. Especificamente, Bi et al., 2014 estudian la zeolita HZSM-

MISAEL GARCIA RUIZ 31



Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacion en
la reaccion de metanol a aromadticos ligeros (MTA)”

5 modificada con varias sales precursoras de Zn: sulfato de zinc, acetato de zinc, nitrato
de zinc y cloruro de zinc. Las zeolitas modificadas se prepararon por el método de
impregnacion humeda con 5 % en peso de Zn. En dicho trabajo se muestra que el tipo
de sal de Zn afecta directamente la fuerza y la distribucién de sitios &cidos tipo Bronsted
en la superficie del catalizador. Los resultados muestran que los catalizadores
preparados con sulfato de zinc (ZnSOa4) presentan la mejor actividad catalitica en BTX,
con un rendimiento de 77.9 %, sin embargo, este rendimiento baja a 60 % a las 2 h de

reaccion.

De manera similar, Quan et al., 2014, evallan la zeolita nano-HZSM-5 con una relacién
Si/Al de 50 modificada con Zn, logrando un rendimiento BTX de 67.7 %, con 0.5 % en
peso de Zn. Ellos demuestran que la eficiencia de este catalizador se relaciona con la
concentracion y distribucion de sitios acidos y un tamafio de cristal pequefio, que mejora
la difusion de aromaticos ligeros. Por otro lado, Inoue et al., 1995 informan que un
catalizador de Ag/ZSM-5 muestra un rendimiento a aromatico del 80 %, pero solo el 40
% pertenece a la fraccion BTX. Asi mismo el catalizador presenta una baja estabilidad,
desactivandose a las pocas horas. En otro estudio, Ni et al., 2011 evaltan una zeolita
ZSM-5 con Zn preparada mediante sintesis directa. Este catalizador presenta un largo
tiempo de vida de 160 h y una tasa media de formacion de coque de 0.2 %/h, sin
embargo, el rendimiento BTX es menor al 50 % y baja a 32 % después de 160 h. En el
mismo afio, Youming et al., 2011 realizan un estudio similar, en donde incorporaron de
Lay Zn a la zeolita HZSM-5 por el método de co-impregnacion. Demuestran que el
Lantano resulta ser un buen promotor que aumenta la selectividad a la fraccion BTX y
prolonga la vida del catalizador, inhibiendo la formacion de coque. El mejor catalizador
resulta ser el preparado con la composicién de 0.6% La 0.8% Zn/HZSM-5 logrando una
selectividad BTX del 56.6 % a 437 °C tras 4 h de reaccion. Todos estos trabajos
concuerdan con lo reportado por Lopez Sanchez et al., 2012, en donde mencionan que
la impregnacion de una zeolita conduce a la formacion de nanoparticulas de metal (Zn,
Ag o Ga) u 6xido de metal, ya sea dentro o fuera de los canales de la zeolita y maximiza

la selectividad a productos aromaticos ligeros.
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Los catalizadores con diferentes especies de Zn en zeolitas HZSM-5 pueden ser
preparados por diferentes métodos que incluyen impregnacion, intercambio i6nico,
mezcla fisica con ZnO, y sintesis directa. Dependiendo del método de preparacion las
propiedades de texturales y acidas pueden variar de gran manera. Niu et al.,, 2014
encuentran que la distribucién de los sitios acidos y la naturaleza de las especies de zinc,
asi como el rendimiento catalitico en MTA estan influenciados de manera significativa por
el método de preparacion para la introduccién de zinc en la zeolita. Por ejemplo,
catalizadores de Zn/ZSM-5 preparados por sintesis directa (con Zn en el gel de sintesis),
debido a su tamafio de particula pequefio presentan tiempos de vida mas largos en la
reaccion MTA, casi el doble que la zeolita HZSM-5 acida. Como se ha mencionado
claramente se comprueba que la adicion de Zn favorece la formacién de compuestos

aromaticos ligeros con altos rendimientos a los productos BTX.

Con base a la informacion anterior, se comprueba que la zeolita ZSM-5 es un catalizador
prometedor en la aromatizacion debido a su estabilidad hidrotérmica, estructural y su
fuerte acidez, sin embargo, en comparacién con las zeolitas ZSM-5 convencionales, se
ha comprobado las zeolitas nanocristalinas presentan ventajas como una mejor difusion,
asi como una gran superficie externa, lo que mejora la actividad catalitica y la vida util

del catalizador (Taufiqgurrahmi et al., 2010).

Existen pocos reportes publicados sobre zeolitas nanocristalinas para la conversion
catalitica de metanol. Por ejemplo, Rownaghi y Hedlund en 2011 demuestran que
nanocristales ZSM-5 uniformes conducen a una mayor capacidad de conversion y
selectividad hacia aromaticos en comparacion con los cristales mesoporosos de ZSM-5.
De manera similar Wan et al., en 2016 comprobaron la actividad catalizadores
nanocristalinos de ZSM-5 donde obtuvieron 100 % de conversion de metanol en el
proceso MTG. Ellos demuestran que la formacién de nanocristales promovieron la
reaccion de aromatizacion y disminuyeron la formacién de coque, lo que aument6 la vida

util del catalizador.
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A pesar de estos trabajos realizados, en cuestion a la reactividad y estabilidad del
catalizador HZSM-5 modificado para la reaccion de MTA, el rendimiento BTX es
generalmente bajo, con una rapida desactivacion del catalizador. En este contexto, Ni et
al., 2011 mencionan los parametros claves a estudiar en la actividad catalitica de zeolitas
en la reaccibn MTA; primero tratar de evitar la desactivacion del catalizador por la
deposicion de residuos carbonosos y segundo estudiar el efecto de la localizacién de las
especies metdlicas en la superficie externa o bien en el interior de los canales de las

zeolitas.

Debido a la rapida desactivacion que sufren los catalizadores estudiados, se establece
como objetivo el estudio de la influencia del empleo de distintas estrategias de sintesis y
relacionar sus propiedades fisicoquimicas de los materiales con el fin de obtener a
materiales con propiedades tales que los hagan mas resistentes a la desactivacion. Se
implementan estrategias, tal control de la acidez, tamafio de cristal, variar el método de
incorporacion de Zn y tipo de topologia con el fin de obtener zeolitas activas en el proceso
MTH. Este tipo de estudio, no se ha reportado anteriormente en la literatura por lo que

resulta ser un tema sobresaliente en el estudio de la conversién catalitica de metanol.

Como se mencion6 anteriormente los materiales MeAPO y MeAPSO no han sido
estudiados en este tipo de reacciones, a excepcién de silicoaluminofosfatos (SAPO)
como es el SAPO-5 y SAPO-34. Especificamente, el SAPO-5 ha sido previamente
reportado por Terasaka et al., 2005 en el proceso MTO. En su estudio obtuvieron
predominantemente propeno seguido de butenos con la conversion completa de metanol
usando materiales SAPO-5 con diferentes materiales de morfologia. Por el otro lado el
SAPO-34 ha sido ampliamente estudiado en el proceso MTO por Alvaro en 2012 y Pinilla
en 2016. Ellos demuestran que el SAPO-34 es altamente activo y selectivo en el proceso
MTO mostrando una selectividad excepcionalmente alta, con selectividades reportadas

para olefinas C2-C4 superiores al 80%.

Con base en estos antecedentes, en este trabajo se plantea el estudio de catalizadores

zeoliticos, con un disefio controlado de sus propiedades quimicas y estructurales para
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mejorar la selectividad, estabilidad y resistencia a la desactivacion de los catalizadores
en el proceso MTH.

5. Objetivos
5.1. Objetivo general

Relacionar la actividad catalitica de la reaccibn de metanol a arométicos (MTA) con
zeolitas y AIPOs doblemente modificados con el método de incorporacion de Zn, asi

como con el tamafio de cristal y la acidez de los materiales.

5.2. Objetivos especificos

» Conocer la variaciéon de la selectividad a diferentes productos (olefinas,
arométicos entre otros) asi como con la conversién de metanol de zeolitas de
canales de 10 y 12 miembros modificadas con Zn (ZSM-5, TNU-9, MCM-68 y
MCM-22).

»  Relacionar las variaciones de acidez y de las diferentes formas de incorporacién

de Zn en las zeolitas con la actividad catalitica.

> Sintetizar zeolitas ZSM-5 con estructura nanocristalina y evaluar su actividad
catalitica en la produccién de arométicos BTX y comparar su actividad con una

zeolita ZSM-5 convencional.

> Determinar la influencia de la cantidad molar de Zn y Si en materiales AIPO-36
y AIPO-5 en la produccion de productos de compuestos aromaticos, olefinas y

otros productos.

> Caracterizar las zeolitas y zeotipos obtenidas por diferentes técnicas como
XRD, Fisisorcion de N2, TGA, NMR de 2°Si, 2’Al y 3P, Desorcion a temperatura
programada (TPD-NHs), TEM, SEM y XPS.
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6. Metodologia

6.1. Reactivos utilizados

En esta primera seccion se indican los reactivos quimicos que han sido empleados en el
desarrollo cada parte del trabajo de investigacion.
e Tetraetil ortosilicato (TEOS, 98%, Sigma Aldrich),
e Hidréxido de aluminio hidratado (Al(OH)s, Sigma-Aldrich),
e Acetato de zinc dihidrato (Zn(CH3COO)2-2H20, 99% Sigma Aldrich),
e Tripropilamina (TPA, 99%, Sigma Aldrich),
¢ N-metildiciclohexilamina (MCHA, 99%, Sigma Aldrich)
e Acido fosférico (HsPO4, 85 wt. % en H20, Aldrich).
e Hidréxido de sodio (98 %NaOH, Sigma Aldrich)
e Aluminato de sodio (41 %Al203, 37 wt.% Na20),
e Hidroxido de tetrapropil amonio (1 M TPAOH, Acros Organics, 8 mL),
e Bromuro de tetrapropil amonio (TPABr 98 wt.%, Sigma Aldrich)
e Etanol absoluto (99.8%, Sigma-Aldrich)
e Nitrato de zinc hexahidrato (Zn(NO3)2¢6H20 grado reactivo, 98%, Sigma-Aldrich).
e Silice fumante (Aerosil 200, Degussa)
e Biciclo [2.2.2]oct-7-ene-2,3,5,6-tetracarboxilic dihadride (> 95.0%, Sigma-Aldrich)
e Hexametilenimina (HMI, 99 %, Sigma Aldrich)
e Silice coloidal (40% de suspensién en H20, LUDOX HS-40, Aldrich)
e Nitrato de aluminio nonahidratado (Al(NO3)39H20 reactivo ACS, 98%, Sigma-
Aldrich),
e 1,4-dibromobutano (99%, Aldrich)
e 1-metilpirrolidona (97%, Aldrich)
e Metanol, HPLC 99,9% (Sigma-Aldrich)
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6.2. Sintesis de zeolitas (aluminosilicatos)

En este apartado se describen los procedimientos generales que se han seguido para la
preparacion de los materiales zeoliticos (ZSM-5, MCM-22, TNU-9 y MCM-68) obtenidos

durante la tesis.

6.2.1. Zeolita ZSM-5

6.2.1.1. Sintesis de zeolita ZSM-5 por sintesis hidrotérmica

La zeolita sédica ZSM-5 se sintetiz6 a partir de una composicion molar de xSiO2-yAl2Os3-
0.2TPABr-0.09Na20-zZn0-35H20. Donde x/y representa la relacion molar Si/Al y z
representa la cantidad de zinc (0 y 0.01 moles). En una sintesis convencional, se disolvié
aluminato de sodio, hidréxido de sodio (y Zn (NO3)2 « 6H20 como fuente de zinc en su
caso) en agua desionizada y, una vez disuelto, se afiadié bromuro de tetrapropil amonio
(TPABr) como agente de direccion de la estructura (ADE). Finalmente, se afadio silice
fumante como fuente de silice, el gel se agitd durante una hora temperatura ambiente. El
gel de sintesis se coloc6 en una autoclave de acero inoxidable con funda de teflon, a 160
°C en condiciones estaticas durante 72 h. El sélido se recupero por filtracion, se secé a
70 °C, se molié y se calciné a 550 °C durante 8 h en una atmédsfera de aire. Las muestras
de Na-ZSM-5 calcinadas se intercambiaron con una solucién de NHsNOs 1 M a 80 °C
durante 4 h, seguido de calcinacién a 550 °C durante 6 h para intercambiar iones Na* por

protones. El esquema de sintesis se representa en la Figura 6.1.
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durante 2 horas a temperatura ambiente, posteriormente el gel fue colocado en una
autoclave de acero inoxidable revestidos con teflon y se calenté a 160 °C durante 11
dias, tanto en condiciones de agitacion a 60 rpm (A) y en condiciones estéticas (S).
Después de este periodo de tiempo, la autoclave se retiré del horno, se enfriaron en hielo
y el sélido se filtré y se lavo con agua desionizada. El producto se sec6 a 110 °C durante
la noche y se calciné a 550 ° C durante 20 h en atmosfera de aire. El esquema de sintesis

es el mismo que la figura 6.1.

6.2.4. Sintesis de la zeolita TNU-9

La zeolita TNU-9 se sintetizé en condiciones hidrotérmicas siguiendo el procedimiento de
Hong et al., 2007 usando 4-bis (metilpirodinio) pentano (1,4-MPP) en forma de bromuro
como agente de direccion de estructura (ADE) el cual fue preparado, purificado y
caracterizado segun lo reportado por Hu et al., en 2014. Esta sal de amonio cuaternaria

se almacend en un desecador para su uso como ADE.

En una sintesis tipica, Al(NO3)3-9H20 y NaOH se disolvieron en agua desionizada en un
recipiente de teflon, y la mezcla se agité vigorosamente durante 2 h. El ADE (1,4-MPP)
se afiadid y una vez disuelto, se afiadi6 silice fumante como fuente de silice, el gel se
mezcld vigorosamente durante 2 h mas a temperatura ambiente. El gel se coloc6 en
autoclave a 160 °C con agitacion continua a 60 rpm durante 10 dias. El gel de sintesis
final tenia la siguiente composicion molar: xSiO2: 11Na20: yAl:Os: 4.5 (1,4-MPP):
1200H20, donde x/y representa la relacion molar Si/Al. El sélido se recupero por filtracion,
se secO a 70 °C y se calcino con corriente de aire a 550 °C durante 10 h para eliminar el

ADE orgénico ocluido.

Por otro lado, la sintesis de zeolitas TNU-9 sustituidas con zinc se realizé utilizando el
procedimiento anterior, sin embargo, la composicion final del gel fue 30 SiO2: 11 Naz0:
xZnO: yAl203: 4.5 (1,4-MPP): 1200H:0, donde x es la cantidad en moles de 6xido de zinc

colocado en el gel de sintesis usando acetato de zinc dihidrato (Zn(CH3COO)2-2H20
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como sal precursora de Zn. Para estos geles, la cantidad de ZnO se varié para una
relacion x/x+y de 0.33 y 0.16, que corresponde a 0.5 y 0.2 moles de ZnO,

respectivamente.

6.2.5. Sintesis de la zeolita MCM-68

MCM-68 zeolita se sintetiz6 de acuerdo con lo reportado por Hao et al., en 2018. El ADE
(TEBOP?*(I)2) se sintetiz6 exactamente siguiendo el procedimiento informado [16] a
partir de biciclo [2.2.2] oct-7-eno-2,3:5,6-tetracarboxilico anhidrido disponible por Aldrich.
La composicion de gel fue de xSi02:0.1TEBOP?*(I-)2:0.375KOH: yAl(OH)s: 30H20,
donde x/y representa la relacion molar Si/Al. En una sintesis tipica, silice coloidal, agua
destilada y Al(OH)s se mezclaron y se agitaron a temperatura ambiente durante 10 min,
luego se afiadio KOH a la solucion y se agité durante otros 15 min. Posteriormente, se
afiadié TEBOP?*(I"). y la mezcla se agit6 durante 2 h. Luego, el gel se transfiri6 a una
autoclave revestida con teflon de 50 mly se colocé en un horno a 160 °C durante 14 dias
en condiciones estaticas. El producto solido obtenido se separd por filtracion, se lavd
varias veces con agua destilada y se seco durante la noche. El MCM-68 como se sintetizo

se calcind en un horno de mufla a 650 ° C durante 6 h para eliminar el ADE.
6.2.6. Preparacion de zeolitas modificas por intercambio iénico de Zn

Las zeolitas soOdicas se convirtieron en zeolitas acidas (protonicas) por reflujo con
solucion de NH4sNOs 1 M a 80 °C durante 4 h (el intercambio de realiz6 dos veces),
seguido de filtracion y secado a 70 °C durante una noche. Finalmente la muestra se
calcino a 550 °C durante 4 h con flujo de aire. Las zeolitas acidas sintetizadas
previamente se intercambiaron con una soluciéon 0.025 M de Zn(NO3)2:6H20 a 80 °C
durante 4 h. La zeolita se filtro, se lavd y se sec6 a 70 °C, finalmente el polvo resultante
se calcind a 550 ° C durante 4 h con flujo de aire. En la Tabla 6.1 se enumeran los
resultados de las sintesis realizadas y sus condiciones e igualmente la sintesis se

esquematiza en la Figura 6.1
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Tabla 6.1. Condiciones experimentales para la sintesis los materiales zeoliticos ZSM-5,

TNU-9, MCM-68 y MCM-22

. Método de
Zeolita Relacion Si/Al CdondJC|on_es incorporacién Clave
e sintesis
de Zn
o, Intercambio nano
25 Agitacion i6nico HZNnZ25-i
25 Agitacion '”t‘?fc‘?‘mb'O nano HZ25
idnico
ZSM-5 25 Estatico ~ Mercambio 7nzo5
ibnico
25 Estéatico N/A HZ25
50 Estatico Gel de sintesis HZ500.01
Zn-G
30 Agitacion Gel de sintesis M22-30A-G
30 Estatico Gel de sintesis M22-30S-G
30 Estatico Gel de sintesis ZM22-30S
30 Estatico Gel de sintesis ZM22-30S-G
MEM-22 30 Agitacion ~ 'Mtercambio - y55 30a
i6nico
50 Agitacion N/A M22-50A
50 Estatico N/A M22-50S
- Intercambio
MCM-68 11 Estatico i6nico ZM68-11
15 Agitacion N/A T9-15
15 Agitacion ~ ntercambio ZT9-15
i6nico
15 Agitacion Gel de sintesis T90.52Zn
15 Agitacion Gel de sintesis T90.22Zn
TNU-9 30 Agitacion N/A T9-30
30 Agitacion ~ntercambio 71 3,
i6nico
50 Agitacion N/A T9-50
50 Agitacion ~'Mtercambio ZT9-50
ibnico

A= Condiciones de sintesis en agitacion

S= Condiciones de sintesis en estatico

G=Zn incorporado como gel de sintesis
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6.3. Sintesis de materiales AIPO doblemente sustituidos por Zny Si
(MeAPSO)

6.3.1. Sintesis de materiales MeAPSO-36

MeAPSO-36 se sintetizd6 de acuerdo con el procedimiento reportado por O’Brien et al.,
en 2007. Los geles se prepararon usando &cido fosférico, hidroxido de aluminio hidratado
y tripropilamina como ADE. La relacion molar fue igual a 1.0 P: y Zn: 1-y Al: x Si: 0.8 TPA
:10 H20.

En una sintesis tipica, Hs3PO4 y Al(OH)s-xH20 se disolvieron en agua desionizada con
agitacion continua durante 15 min. Tras disolverse, se afiadio lentamente acetato de zinc
dihidratado (Zn(CHs-COO)2-2H20) a la solucion con agitacion vigorosa hasta que se
consiguio un gel homogéneo. Finalmente, el ADE se afadi6é al gel gota a gota con
agitacion vigorosa durante 1 h. El gel de sintesis se colocé en una autoclave inoxidable
revestido con Teflén (PTFE) y se calentaron durante 18 h a 160 °C. Posteriormente, el
sélido resultante, se lavo con agua destilada y se secé a 100 °C durante una noche. Las
muestras preparadas se calcinaron a 550 °C durante 6 h bajo un flujo de aire.
Anteriormente, la muestra se calenté a una velocidad de 1 °C/min bajo un flujo de N2 y
se mantuvo durante 1 hora a 550 °C bajo esa atmdésfera. El esquema de sintesis de

muestra en la Figura 6.2.

Primero, la relacion molar de zinc (y) se modifico entre 0 y 0.15 moles, manteniendo
constante la cantidad de silicio en los geles (x). Complementariamente en una segunda
etapa, la cantidad de zinc que se incorporé en los geles de sintesis (y = 0.1) se mantuvo
constante el contenido de silicio (x) agregando entre 0 y 0.25 moles. La composicion del

gel y las condiciones de sintesis se presentan en la Tabla 6.2.

]
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6.3. Las muestras se sintetizaron en las condiciones similares que los MeAPSO-5, sin

embargo, la temperatura de sintesis fue de 175 °C por 4 h (Figura 6.3)

Tabla 6.3. Materiales MeAPSO-5 sintetizados

Muestra Denotacién Moles de Zn (y) Moles de Si (x)
A5-0.02 Zn-0.15 Si S5-1 0.02 0.15
A5-0.15 Zn-0.15 Si S5-2 0.15 0.15
A5-0.05 Zn-0.02 Si S5-3 0.05 0.02
A5-0.05 Zn-0.05 Si S5-4 0.05 0.05

A5-0.15 Si (SAPO-5) S5 - 0.15
A5-0.04 Zn (ZnAPO-5) Z5 0.04 -

6.4. Caracterizacion de las zeolitas y zeotipos

Los solidos microporosos obtenidos fueron caracterizados empleando diversas técnicas
para conocer sus propiedades fisicoquimicas. El estudio completo de las propiedades de
los materiales sera clave a la hora de comprender su comportamiento catalitico en el

proceso MTH.

Los patrones de difraccion de rayos X de las muestras preparadas se registraron en un
difractémetro PANalytical X’Pert Pro, empleando la radiacion Ka del cobre (A=1.54A) en
el intervalo de angulos entre 4 y 80°. Para los analisis se usd un tamafio de paso de
0.2°/min y un tiempo de acumulacion de 50 segundos por paso. Se usO un detector

X’Celerator de Tecnologia de tiras multiples en tiempo real (RTMS).

Los experimentos termogravimétricos (TGA en inglés) se han llevado a cabo en una
termobalanza Perkin EImer TGA 7. Las muestras (5-15 mg) se calentaron en el rango de
temperaturas entre 30 y 900 °C con una rampa de calentamiento de 20 °C/min bajo un
flujo de aire de 40 ml/min. Para llevar a cabo los andlisis de TGA las muestras deben ser
homogéneas, de manera que se tenga una informacion representativa, y estar

apropiadamente molidas.

Para los analisis de microscopia electronica de barrido (SEM en inglés) empleado un
microscopio Hitachi TM-1000 operando a 15 kV y un microscopio marca Carl Zeiss,
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modelo Supra 55VP. La muestra se adhiere sobre un soporte metalico empleando una
cinta adhesiva conductora de doble cara. Las imagenes se obtuvieron utilizando un

detector de electrones retrodispersados.

Para los andlisis quimicos, se ha empleado la técnica de ICP-OES para determinar la
composicién quimica de los materiales zeoliticos después de su calcinacién. Las
muestras se analizaron en un espectrometro de emision atémica Perkin-Elmer Optima
3300DV. Antes de realizar el analisis las muestras se colocan en una estufa a 110 °C por
24 h. Una vez eliminada el agua adsorbida, las muestras se disgregan por un tratamiento
de fusién alcalina para lo cual se emplea una mezcla fundente de metaborato de litio y
tetraborato de litio (relacién de peso 1:1). El fundido se recoge en una disolucién de acido
nitrico al 10%. La disolucion se introduce al espectrometro en forma de aerosol mediante
un sistema de nebulizacion. La disgregacion de las muestras se llevo a cabo en un equipo

de fusion automatico Claisse, modelo Fluxy-30.

Las medidas de adsorcién-desorcion de nitrdgeno de este trabajo se han llevado a cabo
a la temperatura del nitrogeno liquido (-196°C) en un equipo Micrometrics ASAP 2010.
Antes de los analisis las muestras fueron pretratadas por desgasificacion a vacio durante

24 h a 350°C para eliminar cualquier molécula adsorbida en el material.

Los espectros de 2°Si, ?’Al y 3P CP/MAS NMR se registraron en un espectrémetro
Brucker AV 400WB, empleando una sonda de 4mm y operando a 79.5 MHz. El tiempo
de contacto fue de 1s para el 2’Al y 60 s para el 2’Al y 3!P, el tiempo de reciclo fue de 5s
para los tres andlisis. Las muestras se giraron en el angulo magico a 10kHz.

Los experimentos de desorcién térmica programada (TPD-NHs3) se llevaron a cabo en un
equipo de Quimisorcion Micromeritics Autochem Il 2920 para analisis de quimisorcion de
gases a temperatura programada. El equipo cuenta con un detector de conductividad
térmica (TCD). Tipicamente, la muestra calcinada y tamizada en particulas de 400-840
mm se somete a un pretratamiento a 500 °C durante una hora bajo flujo de helio
(25ml/min), tras el cual se enfria hasta la temperatura de adsorcién (177 °C). Entonces

se pasa durante 4 horas con un flujo de mezcla de amoniaco y helio de 15 ml/ml (5%vol.
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de NHs en He). Posteriormente, manteniendo la temperatura a 177 °C, se pasa un flujo
de helio (25ml/min) para eliminar el amoniaco débilmente adsorbido. Posteriormente se

mide la desorcion de amoniaco subiendo la temperatura hasta 550°C a 10°C/min.

6.5. Evaluacion catalitica

Para el ensayo catalitico de las muestras se ha empleado un equipo microactivity PID

acoplado a un cromatografo de gases los cuales se describen a continuacion

6.5.1. Equipo Microactivity Reference PID

Para la prueba catalitica de las zeolitas y zeotipos, se emple6 un equipo de laboratorio
de tipo Microactivity Reference (PID Eng&Tech), totalmente automatico y programado

desde un software de control controlado con un equipo de computo (Figura 6.4).

El sistema consta de un reactor de lecho fijo de vidrio de 15 mm de diametro interno en
el que el catalizador se aloja sobre una placa porosa, que opera a presion atmosférica
con flujo descendente, de manera que el metanol se alimenta por una bomba peristaltica
en la parte superior del reactor, y los productos de reaccion se obtienen en la parte inferior
del mismo. El reactor se encuentra alojado en el interior de una caja caliente que se
mantiene durante los experimentos a 180 °C, para mantener el metanol siempre en fase
gas. La salida del reactor se conecta on-line a un cromatégrafo de gases para la
identificacion y cuantificacion de los productos de reaccién. De modo similar, la tuberia
que transfiere la mezcla de productos desde la salida del reactor hasta la entrada del
cromatografo de gases se mantiene calefactada (180-200 °C) para evitar la condensacion
de productos. Los productos condensados sin analizar se recolectan en un matraz

recolector en donde se observa el burbujeo como producto del gas de arrastre.
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6.5.2. Cromatografo de gases Varian CP3800

El cromatografo de gases empleado para el analisis de los productos de reaccion que se
obtienen en los ensayos llevados a cabo en el equipo de reaccion Microactivity Reference
es un equipo Varian CP3800 provisto de dos detectores que analizan los productos que
les llegan a través de dos columnas distintas conectadas en paralelo. Primeramente, hay
un detector de ionizacién de llama (FID) conectado a una columna capilar Petrocol
DH50.2. La columna (de 50 m de largo x 0.20 mm de diametro externo) esta recubierta
con una pelicula de fase activa de 0.5 mm de metilsilicona no enlazada. La combinacion
Petrocol-FID se emplea para la separacién y andlisis de hidrocarburos. Por otra parte, se
conecta un detector de conductividad térmica (TCD) a una columna empagquetada
Hayesep Q (2 m de largo, 1/8 de pulgada de didmetro externo y 2 mm de diametro
interno) para la separacion de los compuestos organicos oxigenados. La inyeccion de la
muestra se lleva a cabo mediante una valvula automatica con dos muestreadores de
0.25 ml, lo que permite la separacion del flujo que llega al cromatografo y la inyeccion de

cada una de las partes en las dos columnas descritas.

El programa de analisis que se usa se optimizo para lograr una buena separacion de los
productos de reaccion. Primeramente, se mantiene el horno del cromatégrafo a 40 °C
durante 5 min. Posteriormente se aumenta la temperatura de 40 a 150 °C con una rampa
de 5 °C/min. A continuacion, se aumenta la temperatura hasta 270 °C a una velocidad
de 10 °C/min, y finalmente se mantiene el horno a 270 °C durante 10 min mas. De ese
modo, cada analisis dura 49 min, tras los cuales se deja pasar 10 min mas para el
enfriamiento del horno del cromatégrafo para la siguiente inyeccion automatica. La
presion de helio a la entrada de la columna capilar es de 40psi, y su relacion de split,
150:1. El caudal de helio tanto en la columna Hayesep Q como en el detector TCD es de

30 ml/min. Ambos detectores (FID y TCD) se mantienen a 270 °C.
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6.5.3. Calculos de conversion y selectividad

Para cada ensayo catalitico se calcul6 la conversion de metanol y la selectividad a los
distintos productos de reaccion dependiendo del tiempo de retencion en la columna del
cromatografo. En esta reaccion el dimetiléter (DME) se forma como intermediario por lo
gue no considera estrictamente un producto de reaccion, por lo que los moles de DME

se consideran como moles de reactivo tal y como se muestra en la ecuacion:

Conversion de oxigenados (% molar)

_ Y Moles totales obtenidos — Moles de DME — Moles de metanol (sinreaccionar)

100
Y moles de metanol alimentados x

Para el calculo de la selectividad a los distintos productos de reaccion en ambos
detectores del cromatégrafo se dividen los moles de cada producto entre la suma de los
moles de todos los productos obtenidos (sin incluir el DME).

. , moles de producto formado i
Selectividad a producto i (% molar) = S moles productos totales x 100

6.5.4. Productos de reaccion analizados en el cromatégrafo

Tanto en el FID y TCD se detectan alrededor de 30 productos que salen en la corriente
gaseosa del reactor. Cada producto fue inyectado con un estandar para conocer su
tiempo de retencion en las columnas del cromatdgrafo. En la tabla 6.4 y 6.5 se enlistan
los productos analizados en el TCD y en el FID, respectivamente.

- _______________________________________________________________________|
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Tabla 6.4. Productos de reaccién analizados por el detector TCD

Tiempo de
Producto retencion RT
[min]
Metano 1.8
CO2 2.53
Etileno 4.2
Etano 5.5
Agua 9.8
Propileno 15
Propano 15.9
MeOH + DME 18.04
Trans+Cis-C4= 22.8
1+i-C4= 234
i+n C4 244
C4+ 38
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Tabla 6.5. Productos de reaccion analizados por el detector FID

Producto reter-:—(l:(iect)nnpgTd([emin]
Metano 412
TC2 4.15
TC3 4.23
DME 4.32
Iso Butano 4.37
Metanol 4.4
1+l Buteno 4.45
N-Butano 4.48
Trans-Buteno 4.52
Cis Buteno 4.58
TC5a 4.9
TC5b 5.3
TC6 (no arométicos) 6.75
Benceno 8.35
TC7 (no aromaticos) 9.8
Tolueno 12.55
TC8 (no arométicos) 14.6
Etilbenceno 16.71
m-/p-xilenos 17
o-xileno 17.97
Ar C9 21
Ar C10 26.48
Ar C11-C12 33
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6.5.5. Reacciones quimicas en el proceso MTH

Como se muestra en la Figura 6.5, el proceso MTH tiene lugar en una serie de pasos
donde la primera etapa es la deshidratacion de metanol para formar DME. A partir de
esta mezcla intermedia de compuestos oxigenados, se dice que se producen alquenos
o productos olefinicos producidos en la etapa secundaria, los cuales su formacién es
importante en el proceso MTO, mientras que en la etapa terciaria se obtienen productos
de grado de gasolina, aromaticos ligeros y pesados. Los productos del proceso MTG
consisten en una mezcla de parafinas, aromaticos y olefinas, y para el sistema

termodinamico, se tratan como productos de equilibrio en este analisis.

MTO MTG
H,O — —_—— e,
Paratins

2CH10OH = CH30CH; ——3 Olefins—— Aromatics

é“_\\\ Cg + Olefins

H;0

Figura 6.5. Via de reaccion propuesta inicialmente para la conversion de metanol

en hidrocarburos (Gunawardenay Fernando, 2011)

Para la formacion de metano, la reaccion es la siguiente
4CH30H — 3CH4+ 2H20+ CO>
Esta reaccion tiene una entalpia de reaccién (AHR) igual a -281.79 KJ/mol.

Para la formacion de olefinas C2-C5, como DME como intermedario, la reacciéon es la

siguiente.
CH30H — %2 CH30CHs + %2 H20 AHRr= 10.08 KJ/mol
% CH3OCH3 — (CH2)olefinas + ¥2 H20 AHgr= 18.66 KJ/mol
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(Para olefinas C2-C5)
Para la formacién de arométicos BTX y etilbenceno, la reaccién es la siguiente

29 CH30H — CeHs + C7Hs + CgH1o + CsH10 + 29 H2O + 11 H»

(Benceno) (Tolueno) (xyleno) (Etilbenceno)

Esta reaccion es altamente exotérmica con una entalpia de reaccion igual a -868.27
KJ/mol.

6.5.6. Calculo de energia de activacidon de catalizadores seleccionados

La energia de activacion Ea representa la energia necesaria para que los reactivos
puedan transformarse en productos, dicho de otra forma, es la barrera energética que
los reactivos deben vencer para poder modificar sus estructuras y convertirse en

productos.

Svante Arrhenius propuso una ecuacion para establecer la influencia de la temperatura

sobre la constante de velocidad, la cual es valida para un rango de temperaturas

k = A e—Ea/RT

Donde kO y A son el factor de frecuencia o factor pre-exponencial, Ea es la energia de
activacion de la reaccion. T es la temperatura absoluta a cual la k es evaluada. R es la

constante universal de los gases.

De manera general la velocidad de la reaccion aumenta cuando, T aumenta debido al
crecimiento de la constante de velocidad, segun la ley de Arrhenius en su forma

logaritmica es:
In k=InA—Ea/RT

Esta ecuacion tiene la forma de una ecuacion lineal donde al graficar In k vs 1/T da

como resultado una pendiente y una ordenada al origen igual a

m=-Ea/RTy b=I[nA
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Ink

» 1/T

Figura 6.6. Graficade Ln A vs 1/T para el calculo de Ea para unareaccién a

diferentes temperaturas

De acuerdo con la grafica anterior se calcul6 la Ea de algunos catalizadores para la
produccion de la fraccion BTX a tres temperaturas (400, 425 y 450 °C). La figura 6.7 el
célculo de la energia de activacion de zeolitas seleccionadas, la cual varia dependiendo
de la estructura y de la presencia de zinc. La zeolita ZSM-5 con estructura nanocristalina
y la zeolita T9-15 0.5 Zn presentaron los valores de Ea mas pequefios, lo cual indica que
son las zeolitas para activas para el proceso MTA, u otra manera de explicarlo es que, la
barrera de activacién es menor para que los reactivos se transformen en productos. Del
mismo modo, la Ea para la zeolita sin estructura nanocristalina es mayor, indicando que

se requiere mayor energia para la generaciéon de productos BTX.
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are more active than the samples with ZnD sies in the zeolites. The synthesis of
zeolite ZEM-5 of nanometric size resulied to present high stability and selectivity
towards light aromatics. The influence of the form of zine incorporation, the acid-
ity and the reaction temperature had a great influence on the catalytic activity. The
MTA catalyst lifetime is increased by several times doe to the enhanced mesoporos-
ity and decreased acidity. In the present work the zeolite HZSM-5 exchanged with
Zn with S¥Al 25 ratio presenied conversions close to 100% methanol with 32%
selectivity to the BTX fraction, however, this catabyst was deactivated after B h of
maction with a weight hourly space velocity of 4.74 h™! at 450 °C. On the other
hand, a HZSM-5 zeolile with nanoscale crystals was found to be more stable in the
BMTA reaction. The nanometric catalyst showed conversions around 100% methanol
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results clearly indicate that crystal size significantly influence the ZSM-5 lifetime
and product distribution.
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Abstract. ZSM-5 zeolite catalysts modified with zinc were prepared by two forms of Zn incorporation the synthesis
gel, and ion exchange techniques. The physico-chemical properties of zeolites were studied by XRD, N,-adsorption,
NH; temperature-programmed desorption, 2’Al and 2°Si MAS NMR, SEM, TEM and TGA. ZSM-5 zeolite in its acid
form was exchanged using an aqueous zinc salt solution and demonstrated a significantly higher selectivity for the
aromatic products in comparison with the purely acidic catalysts. The samples with distribution of ZnOH™* species are
more active than the samples with ZnO sites in the zeolites. The synthesis of zeolite ZSM-5 of nanometric size resulted
to present high stability and selectivity towards light aromatics. The influence of the form of zinc incorporation, the
acidity and the reaction temperature had a great influence on the catalytic activity. The MTA catalyst lifetime is
increased by several times due to the enhanced mesoporosity and decreased acidity. In the present work the zeolite
HZSM-5 exchanged with Zn with Si/Al 25 ratio presented conversions close to 100% methanol with 32% selectivity
to the BTX fraction, however, this catalyst was deactivated after 8 h of reaction with a weight hourly space velocity
(WHSV) of 4.74 h! at 450 °C. On the other hand, a HZSM-5 zeolite with nanoscale crystals was found to be more
stable in the MTA reaction. The nanometric catalyst showed conversions around 100% methanol after 8 h of reaction
and 32.5% selectivity to the BTX fraction to 450 °C. These results clearly indicate that crystal size significantly
influence the ZSM-5 lifetime and product distribution.

Keywords: ZSM-5 zeolite, MTA Process, BTX Fraction, modified zeolites, nanocrystalline zeolite
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1. Introduction

Aromatic compounds, especially benzene, toluene and xylenes (BTX) are important chemical compounds
conventionally obtained from raw materials based on crude oil. Currently, more than 90% of these aromatic
compounds are obtained by reforming different petroleum fractions and subsequent stages of treatment, purification
or modification of the aromatic mixture are necessary to obtain the most desired compounds, such as the para-xylene,
which, obviously, makes the process even more expensive [1]. In the last decade, the route of methanol conversion to
aromatics (MTA) has received great attention considering that methanol is readily available from general resources

such as coal, natural gas or biomass [2].

Zeolites are crystalline metallosilicates containing ordered micropores that enable shape-selective transformation.
Given the high thermal stability and strong Brgnsted acidity of zeolite catalysts, they are widely used in cracking,
disproportionation, isomerization, alkylation, and aromatization [3-6]. The aromatization reaction has been observed
with a range the active metal species in zeolites include Zn, La, Ga, Ag, Cu, Sn, Ni, Mo and Cr, however, the selectivity
to a specific product versus time is different in each case. Furthermore, it has been widely accepted that Zn species
could greatly increase the selectivity of BTX in MTA reaction compared with other metal species. Inoue and
coworkers [7] reported that an Ag/ZSM-5 catalyst the products contain too much heavy aromatics and the stability is
poor. The aromatization performance of methanol over Mo,C/ZSM-5 was also investigated for Barthos and coworkers
[8], and it was found that the loading of Mo,C enhanced the formation of aromatics enormously. Nevertheless, in this
process there exist difficulties for controlling the exothermicity of the reaction and for decreasing the rapid rate of
catalyst deactivation. Therefore, the main challenge of our work is to improve the lifetime of the catalyst, because in
previous reports the ZMS-5 zeolite is deactivated in relatively short reaction times. In this context, nanosized zeolites
with a considerable amount of fully accessible acid sites located on the external surface may be potentially interesting

catalysts for methanol reactions.

ZSM-5 zeolite has proved to be the most promising component of aromatization catalyst because of its hydrothermal
stability, shape-selective behavior, and proper crystal structure for high activity. [9-11]. As demonstrated in previous
studies [12], certain medium pore zeolites (with 10-membered channels) such as ZSM-5, doped with Zn is capable of
transforming methanol into aromatic compounds, presenting high selectivities to the BTX fraction. In this case, Zn-
containing zeolites are usually synthesized by traditional techniques such as ion exchange (i) or in the synthesis gel
(G) [13]. Pan and coworkers [14] demonstrated that the Zn introduction method had obvious influences on texture
properties, acidic properties and subsequent influences on catalytic activity. The BTX selectivity was effectively
improved by introduction of Zn species in ion exchange, owing to the enhancement of Zn-based acid sites with
increased density to aromatization of intermediates in MTA reaction. On the contrary, zinc in synthesis gel produce
ZnO clusters at the pore entrances might restrict large molecule products diffusion and deteriorated the catalyst
deactivation.
___________________________________________________________________________________________________________|
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The zeolite ZSM-5 of nanometric size has a long catalytic life, due to the fact that the reduction of the size of crystal
shortens the length of diffusion of molecules, making the zeolite more stable and increasing the selectivity to the BTX
fraction [15]. The catalysts were prepared by the ion exchange of ZSM- 5 zeolite (acid-form) with aqueous solution
of zinc salts and demonstrated significantly higher selectivity for aromatics compared to the catalysts on pure acid-
form ZSM-5 zeolite [13]. Although some significant achievements have been made in recent years, it is necessary to
further improve the activity and stability of the catalyst in the MTA reaction [3-6]. For this, the relationship between
the properties of the catalyst and its behaviour in the reaction has been studied in order to be able to develop a more
efficient catalyst. Therefore, in the present work the study of zeolitic catalysts with different forms of Zn incorporation
is proposed, realizing a comparison between the catalytic behaviour of nanocrystalline and microcrystalline ZSM-5

samples for MTA reaction, improving the resistance to the deactivation of the catalysts.

2. Experimental

2.1. Materials

The reagents used for the preparation of ZSM-5 zeolites are tetraethyl orthosilicate (TEOS, 98%, Aldrich), fumed
silica, sodium hydroxide (NaOH), sodium aluminate (41 wt %Al,03, 37 wt.% Naz0), the cationic template (1 M
TPAOH, Acros Organics, 8 mL), tetrapropyl ammonium bromide (TPABr 98 wt.%), ethanol absolute, for HPLC,
>09.8% (Sigma-Aldrich) and zinc nitrate hexahydrate (Zn(NOs).*6H,0 reagent grade, 98%, Sigma-Aldrich).

2.2.  ZSM-5 by hydrothermal synthesis

HZSM-5 zeolites were synthesized for hydrothermal method with a molar ratio of xSiOz-yAl,O3-0.2TPABr-
0.09Na,0-35H,0, where x/y represents the Si/Al molar ratio of 25. In a conventional synthesis, sodium aluminate and
sodium hydroxide were dissolved in deionized water, and once dissolved, tetrapropyl ammonium bromide (TPABTr)
was added as structure directing agent (SDA). Finally, fumed silica was added as the silica source and the gel was
stirred for one hour. The synthesis gel was placed in stainless steel autoclaves with Teflon sheath, at 160 ° C under
static conditions for 72 h. The solid was recovered by filtration, dried at 70 °C, ground and calcined at 550 °C for 8 h
in an air atmosphere. The H-type ZSM-5 (H-ZSM-5) samples were obtained as follows. The calcined Na-ZSM-5
samples It was exchanged with a solution 1 M NH4sNOj3 at 80 °C for 4 h followed by calcination at 550 °C for 6 h to
exchange Na* ions for proton. The acid zeolites with a Si/Al molar ratio of 25 was denoted as HZ25. Zeolite modified
with Zn in synthesis gel (G) was synthetized under similar conditions as the previous zeolite, except, in the first step
sodium aluminate and sodium hydroxide were dissolved and Zn(NOs)2*6H,0 as a source of zinc was added. The
molar relation was xSiOz-yAl,03-0.2TPABr-0.09Na,0-zZn0-35H,0, where x/y represents the molar ratio Si/Al (50)
and z represents the amount of zinc. Similar in conventional synthesis. The material was denoted as HZ50 0.01 Zn-G.
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2.3.  Synthesis of nanocrystalline ZSM-5 zeolite

Nano-ZSM-5 zeolites with an average crystal size of 60 nm [16] and ratio Si/Al 25 and 50 were synthesized from a
gel mixture with a final molar composition: XTEOS-NaAlIO,-5TPAOH-4TPABr-1000H,0. First, the sodium
aluminate was dissolved in deionized water, the TPABr was added and stirred until was completely dissolved. Then
the TPAOH was added to the synthesis gel. TEOS was added dropwise to the reaction mixture which was stirred
overnight at room temperature. The reaction mixture was evaporated at 60 °C until 20% of the total volume amount

of the mixture evaporated.

The reaction solution was placed in a stainless-steel autoclave. The synthesis was carried out with constant agitation
at 250 rpm at 160 °C for 72 h. After the synthesis, the zeolite crystals were separated by centrifugation at 14,000 rpm
for 20 min. 100 ml ethanol was added to the solid and the resulting suspension was subjected to a sonication process
for 1 h, the crystals were again separated by centrifugation at 14,000 rpm for 20 min. The solid was redispersed by
sonication in water for 1 h, the solid was separated by centrifugation, dried at 70 ° C and calcined at 550 ° C for 6 h
with air flow. The Na-ZSM-5 zeolite is exchanged with a 1 M solution at 80 ° C for 4 h, the solid is filtered, dried and

calcined at 550 ° C for 4 h in air. This acid catalyst was denoted as nano HZ25.

2.4.  Synthesis of HZSM-5 zeolites exchanged with Zn

The acid zeolites previously synthesized (H-ZSM-5) was exchanged with a 0.025 M solution of Zn(NOs3)2*6H20 at 80
°C for one night. The zeolite was filtered, washed and dried at 70 ° C, finally the resulting powder was calcined at 550
°C for 4 h with air flow. The zeolites synthesized by hydrotreatment with ratio Si/Al 25 was denoted as HZnZ25-i.

The nanocrystalline zeolite with zinc was denoted as nano HZnZ25- i.

2.5.  Catalyst characterization

X-ray diffraction of powders (XRD) was collected with an XPert Pro PANalytical diffractometer (CuKal radiation =
0.15406 nm). Scanning electron microscopy (SEM) images were recorded on a Hitachi S-3000N microscope.
Transmission electron microscopy (TEM) study was carried on a JEOL 2100F microscope opering to 200KV.
Nitrogen adsorption/desorption isotherms were measured at =196 °C in a Micromeritics ASAP 2020 device. Before
the measurement, calcined samples were degassed out at 350 °C under high vacuum for at least 10 h. Surface areas
were measured by using the Brunauer-Emmet-Teller (BET) equation, whereas microporous and external surface areas
were estimated by applying the t-plot method.
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Solid-state magic-angle spinning (MAS) NMR experiments were conducted on a Brucker AV 400WB spectrometer
operated with frequency at 79.5 MHz and spinning rate at 10 KHz. The Al NMR spectra were recorded using a pulse
width of 0.5 us (/12 flip angle), 2400 scans and a recycle delay of 1 s.

The Al and Si concentrations of samples were obtained by inductively coupled plasma-optical emission spectroscopy
(ICP-OES) with a Optima 3300 DV Perkin Elmer. Ammonia Temperature programmed desorption (NH3-TPD) was
acquiered using a Micrometrics Autochem Il chemisorption analysis equipment. Typically, 100 mg of sample pellets
(30—40 mesh) were pretreated at 550 °C for 1 h in helium flow (25 mL/min) and then cooled to the adsorption
temperature (177 °C). A gas mixture of 5.0 vol.% NH3z in He was then allowed to flow over the sample for 4 h at a
rate of 15 mL/min. Afterwards, samples were flushed with a 25 mL/min helium flow for 30 min while maintaining
the temperature at 177 °C to remove weakly adsorbed NHs, and finally the temperature was increased to 550 °C at a
rate of 10 °C/min. The thermal gravimetric analyses (TGA) were carried out at a heating of 30 °C to 900 °C with a
rate of 20 °C/min under air flow and registered in a PerkinEImer TGA7 instrument. X-ray Photoelectron spectra (XPS)
were recorded using spectrometer model JEOL JPS-9200 (Al Ka, irradiation, hv = 1486.6 eV, 200 W). The samples
under study were supported onto double side conducting copper scotch tape under Ar atmosphere. Binding energy
(BE) scale was preliminarily calibrated by the position of the peak Cu2p3/2 (BE = 932.67 eV) core levels. The survey

spectra were recorded at pass energy of the analyzer of 50 eV, while that for the narrow spectral regions was 20 eV.

2.6. MTA catalytic testing conditions

Zn modified ZSM-5 zeolites were tested as catalysts in the methanol conversion to light aromatics at different reaction
temperatures at 400, 425 and 450 °C in a Microactivity reaction set (PID Eng & Tech) consisting of a fixed bed reactor
completely automated and controlled from a computer. The reactor outlet is connected to a gas chromatograph to
analyze the reaction products. N was used as a stripping gas under a controlled flow. The methanol was fed as a liquid
using an HPLC pump (Gilson 307). The methanol was converted to the gas phase and mixed with the N stream in a
preheater at 180 °C to generate a gas mixture with a constant molar ratio of methanol/N, of 4. Before the reaction, the
catalysts were activated at 550 ° C for 1 h low air flow to remove any trace of organic molecules or moisture adsorbed
within the pores of the catalyst. Typically, the sample was compacted and sieved in a 20-30 mesh, corresponding to a
particle size between 0.84 and 0.59 mm. The weight of the catalyst and the flow of methanol were optimized to achieve
different values of WHSV (4.74 and 9.48 h™?). The reaction products were analyzed online by gas chromatography
with a VARIAN CP3800 chromatograph. The device is equipped with two columns: (i) a Petrocol DH50.2 capillary
column connected to an FID detector, and (ii) a Hayesep Q packed column (2 m length, 3.17 mm (1/8 ") diameter
external and 2 mm internal diameter) connected to a TCD detector, to analyze hydrocarbons and oxygenated products,

respectively.
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3. Results and discussion

3.1.  Catalyst characterizations

Figure S1 (supplementary information) shows the XRD patterns of the H-ZSM-5. All these zeolites exhibit typical
diffraction peaks of MFI structure, composed of aggregates of nanosized crystalline units [17]. The characteristic
peaks of ZnO at 31.8° and 36.3° were not observed in zeolites with Zn content [18], suggesting that Zn species were
highly dispersed on ZSM-5 zeolite after the incorporation of zinc. Almutairi and coworkers [19] reported that Zn
species dispersed on the external surface of ZSM-5 and stabilizied at the cation-exchange sites, which could cause
lattice distortion of ZSM-5. Hence, Zn species partly interacted with the ZSM-5 framework and influenced the lattice
structure of ZSM-5.
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Figure S1. XRD patterns of Zn-containing HZSM-5 zeolites prepared by different methods, from 5 to 45°
20.

Figure 1a and 1b shows SEM images of HZ50 0.01 Zn-G and HZ25 zeolites, respectively. It can be seen that the two
catalysts present different particle size and morphology. HZ50 0.01 Zn-G image shows spherical particles with a
certain roughness of size around 8 pm of diameter (Figure 1a). As seen in the figure 1b, HZ25 zeolite appeared as
irregular hexagonal sheets crystal morphology with a mean particle size of more than 2 pm. This type of morphology
is referred to as unilamellar [20]. SEM images of nano HZnZ25-i (ratio Si/Al 25) zeolite show spherical and uniform
particles (60-80 nm range in diameter), and very rough surface (Figure S2a). The high magnification SEM image

(Figure S2b) further reveals that they are highly mesoporous, attributed to the agglomerate of nanoparticles of 60-80
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nm. The different morphologies of obtained zeolites were caused to a large extent by synthesis conditions even when

the same template was used.

EHT = 200 kv Signal A = SE2 GBI UAMA Rz EHT = 2.00 kv Signal A = SE2 AT AN D
WD = 25 mm Mag= 300KX H WD = 26mm Mag= 20.00K X

Figure 1. SEM images of the samples: a) HZ50 0.01 Zn-G d) HZ25 (acid zeolite). The images have a
magnification of 3,000 and 20,000, respectively.
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Figure S2. SEM images of the samples of nano HZnZ25- | to 5000 and 10000x

The TEM images in Figure 2 the formation of nanocrystals is clearly observed (ca. 60-80 nm range), and no chunks

of Zn specials can be observed on the external surface of the zeolite crystals in each sample. This could be due to the

- _______________________________________________________________________|
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incorporation of Zn into the zeolite framework and the high dispersion of the extra-framework zinc species. This result
agrees with the observed in 2’ Al NMR due to the reduction of the peak assigned to the substitution of Zn by Al extra-
framework. The electron diffraction spot pattern of a selected area in HRTEM image (inset of Figure 2) evidences this
fact. Other SEM figures show in figure S3 in supplementary material. The jointed nanocrystals create many inter-
lattice mesopores in zeolite crystalline frameworks (Figure S3b and S3c). Smaller zeolite crystals should favor these

reactions as the number of pore mouths (active sites) is increased.

Figure 2. TEM image of the samples of nano HZnZ25-i. One sets of particles population is detected in the
range 60 to 80 nm
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are shown. A single loss of mass less than 100 °C is observed, which corresponds to the physisorption of water retained

in the samples. No other significant weight losses are observed at higher temperature which indicates that the SDA
was eliminated.
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Figure S4. Thermal analysis of the ZSM-5 uncalcined materials TGA (top) and DTG (bottom) a) Z25, b)
nano Z25 and c) Z50 0.01 Zn-G
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Table 1. Textural properties of zinc-containing ZSM-5 zeolites prepared

CataIySt S BET/m2'97l S mi(:ro/mZ'97l S* externallmz'971 Vmicrolcma'971
nano HZnZ25-i 468 350 118 0.123
nano HZ25 428 350 78 0.135
HZnZ25-i 369 293 76 0.114
HZ25 403 247 156 0.101
HZ50 0.01 Zn-G 339 250 89 0.124

* Calculed by t-plot method

The amount of Si, Al and Zn in the ZSM-5 zeolites of the calcined samples were determined by ICP-OES analysis
(Table 2). It is observed that the incorporation of Zn is efficient both by ion exchange and in the synthesis gel. The
acid nanocrystalline zeolite exchanged with zinc had the highest Zn concentration (1.1 wt %). The relation Si/Al to
real was measured in all the catalysts, being less than the theoretical in all cases with relatively low Zn/Al ratios. The
Si/Al ratio was reproducible through multiple repeats of our synthetic procedure indicating that the Al atoms in the

synthetic solutions were incorporated into the framework structures of the ZSM-5 zeolites during the hydrothermal

synthesis.
Table 2. Chemical composition (wt%) determined by ICP-OES of samples
Theoretical .
Catalyst molar ratio % wt Si % wt Al Re".il mo Ialr % wt Zn Ratlol
Si/Al ratio Si/A Zn/A
nano HZnZ25-i 25 38.46 1.80 20.53 1.1 2.52
nano HZ25 25 34.37 2.04 16.21 0.0 -
HZnZ25-i 25 35.98 1.08 21.94 0.88 0.34
HZ25 25 36.15 1.64 20.88 0.0 -
HZ50 0.01 Zn-G 50 36.09 0.76 45.73 1.08 0.59

The acid properties of catalysts were determined by NHs-TPD technique, as presented in Figure 3. The spectra of all
samples exhibit two peaks characteristic throughout the temperature range in all zeolites. The low-temperature (LT)
region of 200-300 °C and the high temperature (HT) region of 400-500 °C, which are attributed to the NH3 adsorbed
on the acidic hydroxide group Si-OH-AI [26]. The LT peak is assigned to the weakly held ammonia adsorbed on acid
sites to the zeolite [26-28]. The weak adsorption sites of ammonia are inactive in MTA reactions [29]. On the other
hand, the HT peak above 400 °C is due to the desorption of NH3 from strong acid sites. The incorporation of zinc
species on HZSM-5 exhibits a significant influence on the distribution of strong acid sites. It is clearly observed, the
intensity of HT peak increased by Zn loading because of the exchange of H* with Zn?*, indicating the interaction

between the Zn?* ions and Bronsted acid sites on Zn-modified ZSM-5 zeolites giving cationic species of Zn, which
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27Al and 2°Si MAS NMR measurements were performed to investigate the different environments of the corresponding
atom. The Al MAS NMR spectra of all the samples are showed in Figure 4. Two peaks at 54 ppm and 0 ppm,
corresponding to tetrahedral Al (Alg) entering the zeolite framework and extra-framework octahedral Al atoms (Algg),
respectively. The signal at 0 ppm are ascribed to extra-framework aluminum from either cationic aluminum hydroxide
species/hydroxylated alumina-like clusters inside the channel structure or as framework defects, where hydroxyl
groups and water are partly bonded [17,33]. However, the peak intensity of Aler decreases slightly due incorporation
of Zn in the HZnZ25-i zeolite (Figure 4b). This indicates Algr sites are incorporated into the framework structure and
that defect sites are annealed by the ion exchange treatment, since the amounts of octahedral Al is reduced [17]. This
observation is also occurred in figure 4c where is observed that after the incorporation of Zn in the nanocrystalline
zeolite (nano HZnZ25-i) the amounts of Al(V) and Al(VI) are reduced after the ion exchange treatment due Algr is
incorporated into the framework after calcination at 550 °C. This result explains the excellent catalytic activity of
nano catalyst HZnZ25-i by presenting a greater distribution of strong acid sites in comparison with the zeolite acid
nano HZ25.

tetrahedral Al (AlF)

octahedral Al (Aler)

—

120 100 80 60 40 20 0 -20 -40 -60

27
Al (ppm)

Figure 4. 2 Al MAS NMR spectra of HZSM-5 materials a) HZ25, b) HZnZ25-i, ¢) nano HZnZ25-i and d)
nano HZ25

The 2Si MAS NMR spectra (Figure 5) were provides information about silicon atoms with different bonding
environments in the zeolite framework with silicon atoms connected to silicon, aluminum, or other atoms via oxygen
bridge [34]. The deconvolution of 2°Si spectrum may result in two peaks centered. The resonances between -112 and

-115 ppm due to its amorphous state with silicon atoms connected with multiple hydroxyl groups Si (4Si, OAl). The
___________________________________________________________________________________________________________|
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two bands around -105 and -109 ppm correspond to Si (3Si, 1Al) sites or (AlO)Si(OSi)s, that is, Si atoms with one
neighboring Al atom [35,36]. That last signal of the nano HZn25-i samples decreased with the Zn content, which
indicated that Zn atom was easier to incorporate into the framework of the ZSM-5 zeolite and resulted in the larger
amount of Brgnsted acid sites formed by (ZnO)Si(OSi)s or (AlO) Si(OSi)s [26], indicating that Zn is incorporated in

the structure mainly over the Brgnsted sites.

-112.8 ppm

-105.45 ppm

-100 -105 -110 -115 -120 -125 -130

Qlo)jTc ] o

29 ..
Si (ppm)

Figure 5. Si MAS NMR spectra of a) HZ25, b) HZnZ25-i, ¢) nano HZnZ25-i and d) nano HZ25

Figure S7 (supplementary material figure 7) presents Zn 2p3/2 core-level spectra obtained for samples. Depending on
the preparation method, the distinct variation of the XPS spectra in shape and position demonstrates that the
preparation method for introducing zinc species has a significant influence on the existent state of the surface zinc
species. In the case of HZ50 0.01 Zn-G sample shows a Zn 2p3/2 peak at 1022.1 eV represents the formation of Zn—
O bonds [34]. In the case of HZnZ25-i, the Zn 2p3/2 peak is shifted towards higher binding energies (around 1024.28
eV) suggest the presence of the zinc species having tighter interaction with the parent zeolite framework. This can be
reasonably assigned to Zn?* cations in the cation exchanged sites of HZnZ25-i zeolite. Chen and coworkers attributed
the high binding energy peak to ZnOH* species [37], which is formed from the strong interaction between the zinc
species and the protonic acid sites. On the other hand, Tamiyakul and coworkers [38] have concluded that the Zn
species localized at the ionic exchanged sites show a high binding energy of about 1024 eV because the lattice oxygen

of the zeolite exhibits higher electronegativity than the O ligand in bulk zinc oxide.
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Figure S7. The Zn 2p3/2 XPS spectra of the studied samples: HZnZ25-i and HZ50 0.01 Zn-G

3.2.  Catalytic Evaluation

The catalytic performances of HZSM-5 and Zn-modified HZSM-5 in MTA reaction in 1 h of reaction and WHSV of
9.48 h't were listed in Table 4. The introduction of zinc species as well as the synthesis method exhibits a significant

influence on the catalyst lifetime, methanol conversion, and product distribution. As reported by Jia and co-workers

of Zn in an acid zeolite, which is formed from the strong interaction between the zinc species and the intrinsic acid
sites. In 1 h of reaction HZ25 catalyst presented 99.71% methanol conversion, 13.44 % BT X selectivity, and HZnZ25-
i exhibited 93.60 % methanol conversion, with a higher BTX selectivity (21.54 %), which indicates that the
incorporation of zinc by ion exchange increases the formation of aromatic compounds with the zeolite synthesized by
hydrothermal conventional treatment. Acid zeolite HZ25 showed high selectivity towards light olefins C;-Ca
(48.41%). Dyballa and coworkers [40] demonstrated that HZSM-5 zeolite exhibits high selectivity to olefins in the
reaction of methanol to olefins (MTO). They indicate that the formation of olefins depends significantly on the

presence of a high density of Bronsted acid sites.
On the other hand, nano HZ25 catalyst shows 99.88 % methanol conversion and 20.44 % BTX selectivity, however,
the nano catalyst HZnZ25- i exchanged with Zn with a crystal size in the 60-80 nm range, showed a higher BTX
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selectivity with a methanol conversion at 1 h of reaction. We reported that activity of Zn-modified zeolites in the MTA
reaction with the Zn/ZSM-5 zeolite prepared by ion exchange and demonstrated significantly higher selectivity for
aromatics compared with acid ZSM-5 zeolite [41,42]. The generation of nanocrystalline zeolites influences the
optimization of the acid properties of ZSM-5 zeolite to enhance the catalytic activity [15]. The contribution of strong
acid sites on the external surface of nano-ZSM-5 are significantly responsible of high shape-selectivity transformation
[43]. It was shown that the zeolite with a crystal size in the 60-80 nm range (nano HZnZ25-i) showed better catalytic
activity. Konno and coworkers [44] showed that the generation of nano-sized ZSM-5 zeolites with shorter diffusion
length favoured the adsorption and desorption of reactants in the micropores compared with the micro-sized zeolite
(2 pm), the MTA activity increased with the decrease of crystal size. Moreover, the selectivity aromatics with large
molecular size (Co-C12) over nano HZnZ25-i was lower than that over HZnZ25-i. These are attributed to the external
surface and the excellent porous shape-selectivity of nanocrystalline zeolites [25]. Similarly, Rownaghi and Hedlund
[43] reported that nano zeolite displayed more improved BTX yield and catalytic stability than the conventional one,
mainly because of reduction of the micropore diffusion path length and an increase of the external surface area by
decreasing the zeolite crystal size. On the other hand, the improved selectivity of BTX for nano zeolite should mainly
be due to the smaller crystal species which made the acid sites more accessible for reactant [45]. As a result, the
oligomerization, cyclization and hydrogen transfer steps occurred easily in MTA reaction which were closely related
to the amount and distribution of both Brgnsted acid sites and Lewis acid sites [46,47].

Table 4. Distribution of reaction products of Zn-Modified HZSM-5 (Al/Si 15 ratio) catalysts in
the conversion of methanol.
Conditions: TOS 1 h, WHSV 9.48 ht, 450 °C

. Nano Nano
Catalyst HZ25 HZnZ25-i HZ25 HZNZ25-i
Crystal size 2 um 2 um 80 nm 80 nm
Methanol conversion (%) 99.71 93.6 99.88 97.42
Selectivity to products (% mol)

Olefins C,-C4 48.41 38.39 36.69 38.33
Paraffins + olefins Cs* 27.85 19.76 25.46 15.93
Bencene 0.43 0.45 0.88 1.25
Toluene 2.66 3.91 491 8.74
Xilenes 10.31 17.18 14.65 19.59

Co-Cp2 10.35 20.30 17.41 16.16

BTX total 13.44 21.54 20.44 29.58
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3.2.1. Effect of temperature on the MTA reaction

Figure S8a and S8b show the effects of the reaction temperature on the reactivity of nano HZnZ25-i with a WHSV
9.48 h'. Figure 5a shows that the methanol was nearly completely converted to 400 and 425 °C until 3 h of reaction.
The conversion of methanol drops to 18% after 9 h of reaction to 450 °C, however, BTX selectivity increased to short
reaction times (32%) and subsequently decreased after 7 h to reaction. It is observed that the temperature affects the
useful life of the catalyst, as the reaction temperature increases the catalyst tends to deactivate. On the other hand,
with an increase of the reaction temperature, the selectivity to BTX increased (figure S8b). This indicates that the
cokes on the nano HZnZ25-i probably do not cover the active sites and the channels for the reactants and BT X products
are not blocked to a low temperature. In addition to temperature, particle size and particle density and kind of active

sites on the crystallite surface will be of influence on catalyst lifetime [48,49].
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Figure S8. (a) % Conversion of oxygenates compounds (MeOH and DME) and (b) selectivity to BTX
fraction over nano HZnZ25-i catalyst with WHSV of 9.48 h'1, 0.25 g of catalyst and different temperatures
400 °C (m), 425 °C (o) and 450 °C (A)
BTX selectivity increased with a higher contact time (WHSV 4.74 h'), corresponding to a methanol flux of 50
pml/min and a catalyst mass of 0.5 g. At 400 and 425 °C, the conversion of methanol is maintained around at 100%
during the 9 h reaction (figure 6a). After 9 h of reaction the conversion of methanol drops to 84% at a temperature of
450 °C. With these conditions, the best BTX selectivity values are obtained at 450 °C, at short reaction times the
selectivity is 32.6% and it drops to 25.4% at 9 h of reaction. At 400 and 425 °C the selectivity remained constant
|
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throughout the reaction time around 24 and 28%, respectively (figure 6b). These results suggest that an increase in the
reaction temperature, specifically at 450 ° C, favored the aromatization of methanol, however, to higher reaction
temperature suppressed dehydrocyclization and promoted the formation of coke from a secondary reaction [48].
Hence, the BTX yield in MTA process was closely related to the acid amounts [46]. According to other works, these
results of total aromatic selectivity (45.76%) are higher compared to those reported by Niu and coworkers [50] and Bi
[12], in addition to our catalysts have better lifetime because we obtained shorter crystals size (60-80 nm range).
Likewise, the BET area of our nano HZSM-5 catalysts were larger (400 m?*g) compared to other publications [16]

where they synthesized ZSM-5 zeolites of nanocrystalline size.
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Figure 6. (a) % Conversion of oxygenates compounds (MeOH and DME) and (b) % selectivity to BTX
fraction over nano HZnZ25-i catalyst with WHSV of 4.74 h', 0.5 g of catalyst and different temperatures
400 °C (m), 425 °C (®) and 450 °C (A)

3.2.2. Effect of the Zn incorporation form on the zeolites in the MTA reaction

The incorporation of zinc species by ion exchanging (HZnZ25-i) and synthesis gel (HZ50 0.01 Zn-G) has high
influence on the catalytic stability methanol conversion, and products distribution to 450 °C (Figure 7a and 7b). Zn
improved the formation of BT X aromatics in zeolite HZnZ25-i compared to pure acid zeolite HZ25. The enhanced
aromatics formation observed for Zn would be the result of metal with the acid sites of the zeolites. It was observed

that the reduction of the crystal size in the nanocrystalline zeolites improved the interaction of Zn with the acidity of
___________________________________________________________________________________________________________|

MISAEL GARCIA RUIZ 88



Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacidon en
la reaccion de metanol a aromadticos ligeros (MTA)”

the ZSM-5 zeolite, improving diffusion processes by physical transport [12], which can dramatically increase the
number of pore mouths and increase the accessibility of acid sites in the micropores. These results validated that the
strong acid sites in a large amount in the core of the catalyst is crucial for the aromatic selectivity. Their catalytic
activities were promoted with the increasing of mesopores and a smaller crystal size, which improving the diffusion
efficiency and accessibility of acid sites for high selectivity BT X fraction. In this sense, hano HZ25 and nano HZnZ25-
i catalyst show the longest lifetime to 9 h due to the coordination of proportion between Lewis acid sites and Brgnsted
acid sites and proper pore structure [48].
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Figure 7. Results of catalytic activity of MTA reaction over HZSM-5 catalyst with different forms of zinc
incorporation (a) conversion of oxygenates compounds (MeOH and DME) (b) selectivity to BTX fraction

Conditions reaction: WHSV of 9.48 h't, 450 °C, 0.25 g of catalyst

However, HZnZ50 0.01 Zn-G zeolite shows little stability, the lifetime is decreased to 2 h. This be ascribed to the
accumulation of a small amount of nanometric ZnO clusters in the channels of HZ50 0.01 Zn-G zeolite, which avoid
to the aromatics diffusion and may accelerate the catalyst deactivation due to coke deposition. Recently, Kim and
coworkers [50] found coke was deposited on the external surfaces more than it was inside the micropores in the MTA
reaction. The stability of catalysts decreases in the sequence of nano HZ25 >nano HZnZ25-i > HZ25 > HZnZ25-i >
HZ50 0.01 Zn-G to 450 °C. Some authors [6,38,40,52-54] suggest that the incorporation of Zn by ion exchange method
can be three types of Zn species; (i) isolated Zn?* ions stabilized at the cation-exchange sites of the zeolite, (ii) clusters
resulting from the condensation of partially hydrolyzed ZnOH* extraframework cations, and (iii) more bulky

intrazeolite or extrazeolite clusters of zinc oxide, which incorporated in the acid zeolite are responsible for the catalytic
|
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activation at temperatures between 400 and 500 °C. However, it is not known for sure which of the three species are

responsible for perform methanol activation.

In other hand, it is clear that the stability increased at a temperature of 400 °C (Figure S9a and S9b). The conversion
of methanol is maintained around 100% in all the catalysts throughout the entire reaction process, except for the

sample HZ50 0.01 Zn-G, the catalyst is deactivated after 8 h of reaction due to coke formation.

In this case, deactivation is usually associated with diffusion limitations of heavy products by the formation of large
Zn species formed in the micropores [13,39], this phenomenon indicates that the inactivation of aromatization reaction
is mainly due to the decrease of strong acid sites and the cokes molecules covered that sites. In our work, improved
aromatization of methanol results were observed when converting methanol using ZSM-5 zeolite Zn-modified
compared to other metals previously studied by other authors. Ag-ZSM-5[7], Ag / HZSM-5 [55], Cu/ Zn /| HZSM-5
[56,57], M0,C / ZSM-5 [8], Ga,0s / HZSM-5 [58] and H-Ga- ZSM-5 (by exchange) [59] all gave good MTA ability
but the BTX selectivity less than those obtained by us.
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Figure S9. Results of catalytic activity of MTA reaction over HZSM-5 catalyst with different forms of
zinc incorporation (a) conversion of oxygenates compounds (MeOH and DME) (b) selectivity to BTX
fraction

Conditions: WHSV of 9.48 h', 400 °C, 0.25 g of catalyst
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4. Conclusions

The catalytic activity of Zn modified ZSM-5 catalysts was studied in methanol conversion to aromatics (MTA). The
Zn incorporation method had obvious influences on the textural properties, morphology, acidic properties and catalytic
performances. The BTX selectivity was effectively improved by introduction of Zn species by ion exchange, due to a
greater distribution of strong acid sites, and the generation of strong acid sites, and these acidic sites are the active
sites which are the main responsible of the methanol conversion to aromatics. The reaction temperature is an important
variable in the MTA process. At 450 °C a better activation of acid sites is achieved in zeolite with Zn and therefore a

high percentage of BT X selectivity is obtained.

The combination of physical characteristics such as very small crystal size, high external surface area, and strong
acidity makes uniform nano ZSM-5 a potentially interesting catalyst in MTA processes. The generation of
nanocrystallites of approximately in the 60-80 nm range in the nano zeolite HZnZ25-i drastically improved the
catalytic activity. Nano zeolite increased the diffusion efficiency of molecules and the accessibility of acid sites,
improving the BTX selectivity. Under the optimal conditions 450 °C and WHSV 4.74 h, 0.5 g of catalyst and 50
pm/min of methanol nearly 100% methanol conversion and 32.5% selectivity BTX (with 9 h lifetime) was obtained.
The temperature reaction has great influence on the catalytic activity, at 450 °C the best BTX selectivity is obtained,
however, the catalyst is deactivated after 9 h of reaction. The stability of catalysts decreases in the sequence of nano
HZ25 >nano HZnZ25-i > HZ25 > HZnZ25-i > HZ50 0.01 Zn-G to 450 °C and WHSYV of 9.48 h’. Deactivation of
catalyst is due of a small amount of ZnO clusters in the channels of HZSM-5 zeolite, which avoid to the aromatics
diffusion and may accelerate the catalyst deactivation due to coke deposition that block the acid sites of the zeolite.

Coke deposition was known to be the major reason for catalyst deactivation in MTA reaction.
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Abstract

The effect on the incorporation of zinc of three zeolites TNU-9, MCM-22, and MCM-68 was investigated.
The physico-chemical properties of zeolites were studied by X-ray diffraction, N2-adsorption, temperature-
programmed desorption of NH3 (TPD), nuclear magnetic resonance of 2’Al and 2°Si (MAS NMR), scanning
electron microscopy (SEM) and thermogravimetric analysis (TGA). Then all the samples were
characterized and evaluated in the reaction of methanol to aromatics (MTA). The correlation of zinc
incorporation method and acidic properties of zeolites with catalytic performance was investigated. The
form of zinc incorporation, the acidity, the type of zeolitic structure and the reaction temperature had a great
influence on the catalytic activity. Regarding the type of structure, the total aromatics selectivity in this
work increased in the followed order for zeolites modified with Zn: MCM-68 > TNU-15 > MCM-22. The
medium pore zeolite T9-15 (TNU-9 zeolite and Si/Al 15 ratio) catalysts with the ratio ZnO/ZnO+Al,O3
equal to 0.34 (T9-15 0.5 Zn) showed better stability with conversion of methanol completes during 9 h of
reaction and 17 % to BTX selectivity and 32 % to total aromatics compounds at 450 °C and WHSV of 4.24
h-1. In methanol conversion, the selectivity to aromatics over the T9-15 modified-Zn materials (TNU-9
zeolite and Si/Al 15 ratio) under study, increased in the followed order: T9-15 0.5 Zn > ZT9-15> T9-15 >
T9-15 0.2 Zn. The reaction temperature is an important variable in the MTA process. At 450 °C a better
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activation of acid sites is achieved in zeolite with Zn and therefore a high percentage of BTX selectivity is
obtained for TNU-9 zeolite.

Keywords: Methanol conversion, Aromatics compounds, BTX fraction, Zeolites modified, Light olefins

1. Introduction

Zeolites are crystalline aluminosilicate constituted by silica tetrahedron and alumina tetrahedron through
oxygen bridges containing ordered micropores that enable shape-selective transformation [1]. Because of
its high thermal stability and strong Brgnsted acidity of zeolite catalysts, gives rise to many applications,

for example in isomerization [2], alkylation [3] and aromatization reactions [4].

The conversion of methanol to hydrocarbons (MTH) over acidic zeolites has drawn considerable attention
since its discovery in 1970s by Mobil Corporation. Depending on the product of reaction selectivity, this
process was named as MTG (methanol to gasoline), MTO (methanol to olefins), MTP (methanol to
propene) and MTA (methanol to aromatics). In this last process, aromatic compounds, especially benzene,
toluene and xylene (BTX fraction) and light olefins, such as ethene and propene, are mainly produced from
the oil-based route to this date, the gradual depletion of oil reserves has resulted in a sustained tight supply
and high cost of aromatics [5]. In recent years, the conversion of methanol to aromatics (MTA) has attracted
great attentions because methanol can be easily produced via syngas from various sources, such as biomass,
natural gas and coal [6]. One process that uses zeolites as shape-selective catalysts is the conversion of
methanol to aromatics (MTA) and light olefins (MTO). For these methanol conversion technologies, ZSM-
5 zeolite has been considered as an important catalyst [7]. As a crystalline aluminosilicate, ZSM-5 zeolite
has well-defined microporous structure, large surface area and strong acidity [8], which contributes to high
activity and selectivity for hydrocarbon production in MTH reaction [9]. In a previous article [10] we
demonstrate the high catalytic activity of the modified-Zn ZSM-5 zeolite in the MTA process. The
Zn/ZSM-5 catalyst obtained complete methanol conversions and high selectivity to the BTX fraction. On
the other hand, we show that the crystal size has a significant influence on the catalytic activity improving
the useful life of the catalyst. The ZSM-5 nanocrystalline zeolite showed a BTX selectivity of 32% with

80% conversions until 9 h reaction.

As demonstrated in previous studies [11], certain medium pore zeolites (with 10 and 12-membered
channels), doped with different metals include Zn, La, Ga, Ag, Cu, Sn, Ni, Mo and Cr are capable of

transforming methanol, however, the selectivity to a specific product versus time is different in each case.
|
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Furthermore, it has been widely accepted that Zn species could greatly increase the selectivity of BTX in
MTA reaction compared with other metal species. Specifically, Zn can be incorporated into zeolite by two

methods; ion exchange (i) or in the synthesis gel (G) [12].

In this study, comprising different combinations of 10- and 12-ring pores, namely MCM-22 (MWW), TUN-
9 (TNU) and MCM-68 (MSE), which have not been little studied in this type of reactions. Catalyst MCM-
22 (MWW topology), which has unique pore architecture with two independent pore systems, 0.41 nm X
0.51 nm 2D (two-dimension) 10-ring sinusoidal pore system and large 3D 12-ring supercage system
connected by 0.40 nm x 0.55 nm 10-ring windows The unique structure and the presence of supercage in
MWW-type zeolites are considered essential in promoting activity and stability of the catalyst in methanol
conversion reactions [13]. MCM-68 (framework type code: MSE) is a multipore zeolite with three-
dimensional 2 x 10 x 10-ring channel system, including a 12-ring (6.4 x 6.8 A) straight channel and two
tortuous 10-ring (5.2 x 5.8 A and 5.2 x5.2 A) channels that intersect with each other [14]. Its four 10-ring
windows may make H-MCM-68 more resistant to coke formation, because of their connection into the large
12-ring channels [15]. Finally, TNU-9 (Taejon National University No. 9), a new high-silica zeolite with
3D 10-ring channel system, has previously been synthesized by Suk Bong Hong and coworkers [16]. TNU-
9 (TUN topology) consists of two different types of straight 10-ring channels running parallel to y-axis,
with the dimension of 5.5x%6.0 and 5.2 x 6.0 A. The channels perpendicular to y-axis join these straight

channels to form a 3D 10-ring channel system [17].

Due to the peculiar pore structure of these zeolites have been applied in many catalytic processes and is a
potential catalyst in MTA and MTO reaction. Specifically, Zhang and coworkers [18] investigated H-
MCM-22 catalyst in MTO reaction, they showed the light olefin selectivity seems to be related to the
amounts of Brgnsted acid, a comparison of Lewis acid which does not benefit to improve the catalytic
stability. However, an important difficulty that a zeolite catalyst encounters is the heavy coke formation in
the reaction process obtaining both longer lifetime and higher BTX selectivity is difficult. Therefore, the
main challenge of our work is to improve the lifetime of the catalyst and produce high selectivity to
aromatics. In this work, the effects of Zn incorporation and reactions on the catalytic performance of a Zn-

modified of the three types of zeolites with different ration Si/Al in methanol conversion were investigated.
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2. Experimental

2.1 Materials

The reagents used for the preparation of zeolites are tetraethyl orthosilicate (TEOS, 98%, Aldrich), fumed
silica (Aerosil 200, Degussa), sodium hydroxide (NaOH), sodium aluminate (41 wt %Al.03, 37 wt.%
Na;0), Bicyclo[2.2.2]oct-7-ene-2,3,5,6-tetracarboxylic  dianhydride (> 95.0%, Sigma-Aldrich),
hexamethyleneimine (HMI, 99 %, Sigma Aldrich), aluminum hydroxide hydrated (AI(OH)s;, Sigma-
Aldrich), colloidal silica (40 wt% suspension in H,O, LUDOX HS-40, Aldrich), Zinc nitrate hexahydrate
(Zn(NO3)2+6H,0 reagent grade, 98%, Sigma-Aldrich), Aluminium nitrate (AI(NOs); - 9H,O ACS reagent,
>98%, Sigma-Aldrich), 1,4-dibromobutane (99%, Aldrich), 1-methylpyrrolidine (97%, Aldrich), methanol
HPLC, >99.9% (Sigma-Aldrich) and Zinc acetate dihydrate (Zn(CHsCOO); - 2H,0, 99% Sigma Aldrich).

2.2. Synthesis of MCM-22 zeolite

A sample of zeolite MCM-22 with Si/Al ratio of 30 and 50 was synthesized following the procedure
described by Wu and coworkers [19] with some modifications. The gel was prepared with the molar
composition xSiOz: y Al05:0.075 Na20O: 0.6 HMI: zZn0:35 H,0, where x/y is ration Si/Al (30 and 50)
and z represents the moles of Zn (in your case). First, sodium hydroxide and sodium aluminate were
dissolved in deionized water in a Teflon glass and Zn(NOs),*6H,O (in the case) . Once dissolved,
hexamethyleneimine (HMI) was added as structure directing agent (SDA) and finally was added fumed
silica. The resulting mixture was vigorously shaken for 2 h to room temperature, after what the mixture was
distributed in Teflon-lined, stainless steel autoclaves and heated at 160 °C for 11 days, both in conditions
of agitation at 60 rpm (A) and in static conditions (S). After this period the autoclaves were removed from
the oven, quenched in ice and the solid was filtered and washed with deionised water until pH 7. The product

was dried at 110 °C overnight and calcined at 550 °C for 20 h in air atmosphere.

2.3. Synthesis of MCM-68 zeolite

MCM-68 zeolite was synthesized according to previous literature [20]. The SDA, N,N,No ,No-
tetraethylbicyclo[2.2.2]oct-7-ene-2,3:5,6- dipyrrolidinium diiodide (TEBOP?*(I°),) was synthesized exactly
following the reported procedure [21] from commercially available bicyclo[2.2.2]oct-7-ene-2,3:5,6-

tetracarboxylic anhydride (Aldrich) by three steps in 58% overall yield. The typical gel composition is
|
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xSi02:0.1TEBOP?*(1"),:0.375KOH:yAl(OH)3:30H,0, where x/y represents the Si/Al molar ratio of 11. In
a typical synthesis, colloidal silica, distilled water, and AI(OH)3 were mixed and stirred at room temperature
for 10 min, then KOH was added to the solution and stirred for another 15 min. After that, TEBOP?*(1").
was added and the mixture was stirred for 3 h. Then the gel was transferred to a 50 mL Teflon-lined
autoclave and placed in a 160 °C oven for 14 days in static conditions. The solid product obtained was
separated by filtration, washed several times with distilled water, and dried overnight. The as-synthesized
MCM-68 was calcined in a muffle furnace at 650 °C for 6 h to remove the SDA.

2.4.  Synthesis of TNU-9 zeolite

TNU-9 zeolite was synthesized under hydrothermal conditions following the procedure given by Hong and
coworkers [17] using 4-bis(methylpyrrodinium) pentane (1,4-MPP) as organic structure-directing agent
(SDA). (1,4-MPP) in its bromide forms was prepared, purified, and characterized as described in previous

paper [22]. This diquaternary ammonium salt was stored in a desiccator for use as an SDA.

In a typical synthesis, AI(NO3)s-9H,O (98%, Sigma Aldrich) and NaOH (98 %, Sigma Aldrich) were
dissolved in deionized water in a Teflon glass, and the mixture was vigorously stirred for 2 h, (1,4-MPP)
was added once dissolved, fumed silica was added as a source of silica, the gel was mixed vigorously for 2
h at room temperature. The gel was placed in autoclaved at 160 °C with continuous stirring at 60 rpm for
10 days. The final synthesis gels had the following chemical composition: xSiO: 11Na2O: yAl,Os: 4.5(1,4-
MPP): 1200H,0, where x/y represents the Si/Al molar ratio of 15, 30 and 50. The solid was recovered by
filtration, dried at 70 °C and was calcined under flowing air at 550 °C for 10 h to remove the occluded

organic SDA.

On the other hand, the synthesis of zinc-substituted TNU-9 zeolites was performed using the previous
procedure, however, the final composition of the gel was 30 SiO.: 11 Na;O: xZnO: yAl,O3: 4.5 (1,4-MPP):
1200H,0, where x is the amount of zinc oxide placed in the synthesis gel using zinc acetate dihydrate
(Zn(CH3CO0); -2H,0, 99% Sigma Aldrich) and Si/Al 15 ration. For these gels, the amount of ZnO was

varied for a x/x+y of 0.33 y 0.16 ration, which corresponds to 0.5 and 0.2 moles of ZnO, respectively.
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2.5. Preparation of acid zeolites H-MCM-22, H-MCM-68 and H-TNU-9 and ion exchange with Zn

The Na-Zeolites were converted to H-Zeolites (acid form) by refluxing twice with 1 M NH4NOgz solution at
80 °C for 3 h, followed by filtered and drying at 110 °C over night and calcination at 550 °C for 4 h in air.
The acid zeolites previously synthesized were exchanged with a 0.025 M solution of Zn(NO3),*6H20 at 80
°C for 4 h. The zeolite was filtered, washed and dried at 70 ° C, finally the resulting powder was calcined
at 550 ° C for 4 h with air flow. Table 1 lists the results from syntheses performed and its conditions.

Table 1. Synthesized zeolites and their synthesis conditions

. . . Synthesis . Zn .
Zeolite Ration Si/Al " incorporation Denoted
conditions
method

30 Agitation Synthesis gel  M22-30A-G
30 Static Synthesis gel  M22-30S-G
30 Static ion exchange  ZM22-30S

MCM-22 30 S_tati_c Synthesis gel ZM22-30S-G
30 Agitation ion exchange  ZM22-30A
50 Agitation N/A M22-50A
50 Static N/A M22-50S

MCM-68 11 Static ion exchange ZM68-11
15 Agitation N/A T9-15
15 Agitation ion exchange ZT19-15
15 Agitation Synthesis gel T90.52Zn

TNU-9 15 Agitation Synthesis gel T90.2 Zn

30 Agitation N/A T9-30
30 Agitation ion exchange ZT9-30
50 Agitation N/A T9-50
50 Agitation ion exchange ZT9-50

2.6.  Catalyst characterization

Powder X-ray diffraction (PXRD) patterns were collected with an XPert Pro PANalytical diffractometer
(CuKal radiation = 0.15406 nm). Scanning electron microscopy (SEM) images were recorded on a Hitachi

S-3000N microscope. Transmission electron microscopy (TEM) study was carried on a JEOL 2100F
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microscope opering to 200KV. Nitrogen adsorption/desorption isotherms were measured at =196 °C in a
Micromeritics ASAP 2020 device. Before the measurement, the previously calcined sample was degassed
at 350 °C under high vacuum for at least 10 h. Surface areas were estimated by the BET method whereas

microporous and external surface areas were estimated by applying the t-plot method.

Solid-state magic-angle spinning (MAS) NMR experiments were conducted on a Bruker Avance 300 (11.75
T) spectrometer operated with frequency at 130.32 MHz and spinning rate at 10 KHz. The 27AI NMR
spectra were recorded using a pulse width of 0.5 us (n/12 flip angle), 2400 scans and a recycle delay of 1

S.

The Al, Si and Zn concentrations of samples were obtained by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) with a Optima 3300 DV Perkin Elmer. Temperature programmed desorption of
ammonia (NHs-TPD) was conducted using a Micrometrics Autochem Il chemisorption analysis equipment.
Typically, 100 mg of sample pellets (30—40 mesh) were pretreated at 550 °C for 1 h in helium flow (25
mL/min) and then cooled to the adsorption temperature (177 °C). A gas mixture of 5.0 vol.% NH3 in He
was then allowed to flow over the sample for 4 h at a rate of 15 mL/min. Afterwards, the sample was flushed
with a 25 mL/min helium flow for 30 min while maintaining the temperature at 177 °C to remove weakly
adsorbed NH;, and finally the temperature was increased to 550 °C at a rate of 10 °C/min.
Thermogravimetric analysis (TGA) were carried out at a heating of 30 °C to 900 °C with a rate of 20 °C/min

under air flow and registered in a PerkinEImer TGA?7 instrument.

2.7.  MTA catalytic testing conditions

Zn modified zeolites were tested as catalysts in the conversion of methanol at different reaction
temperatures at 400, 425 and 450 ° C in a Microactivity reaction set (PID Eng & Tech) consisting of a fixed
bed reactor completely automated and controlled from a computer. The reactor outlet is connected to a gas
chromatograph to analyze the reaction products. N, was used as a stripping gas under a controlled flow.
The methanol was fed as a liquid using an HPLC pump (Gilson 307). The methanol was converted to the
gas phase and mixed with the N stream in a preheater at 180 ° C to generate a gas mixture with a constant
molar ratio of methanol/N- of 4. Before the reaction, the catalysts were activated at 550 ° C for 1 h low air
flow to remove any trace of organic molecules or moisture adsorbed within the pores of the catalyst.

Typically, the sample was compacted and sieved in a 20-30 mesh, corresponding to a particle size between
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0.84 and 0.59 mm. The weight of the catalyst and the flow of methanol were optimized to achieve different

values of space velocities (WHSV).

The reaction products were analyzed online by gas chromatography with a VARIAN CP3800
chromatograph. The device is equipped with two columns: (i) a Petrocol DH50.2 capillary column
connected to an FID detector, and (ii) a Porapack Q 80-100 mesh packed column (2 m length, 3.17 mm
(1/8 ™) diameter external and 2 mm internal diameter) connected to a TCD detector, to analyze hydrocarbons
and oxygenated products, respectively.

3. Results and discussion

3.1.  X-Ray Diffraction

Figure 1 shows that all the parent H-MCM-22 and modified-Zn samples have a typical MWW structure
[18]. H-MCM-22 zeolites with different methods of Zn incorporation display high intensities of the XRD
patterns, showing high crystallinity, a diffraction line at 2e = 7.08° associated to 0 0 2 diffraction plane,
characteristic of a layered structure of MWW sheets stacking along the c-direction, is observed. Three well
resolved diffraction lines dueto 100,101 and 1 0 2 planes are also detected. Concerning the M22-30S
product, the presence in its XRD pattern of an intense peak at 2e= 9.45, 22.4 and 25.7°, suggests that,
besides MCM-22, another phase is formed during crystallisation. It is known [23,24], formation of ferrierite
phase besides MCM-22 has been reported over static synthesis conditions. Figure 1b presents XRD patterns
for TUN zeolites synthesized with different Si/Al ratios (15, 30 and 50) exchanged with Zn and the acid
sample T9-30 to verify there is not characteristic peaks of ZnO suggesting that Zn species were highly
dispersed on TNU-9 zeolite [25]. All four X-ray patterns evidence high crystallinity and phase purity of
these samples confirming that no structural changes proceeded during the post-synthesis treatments. The
structure of zeolites was preserved after all treatments with Zn and no significant changes were observed
in the individual XRD patterns. The XRD patterns of different MCM-68 samples are presented in Figure
1c. The zeolites of as-synthesized M68-11 and ZM68-11 showed a typical MSE topology with good
crystallinity. The XRD patterns of ZM68-11 sample was consisted of the typical reflections at 6.79°, 8.06°,
9.66°,19.36°, 21.62°, 22.50°,26.14° and 27.50°. MSE topology with Zn no obvious decrease in crystallinity
compared with M68-11, suggesting that ZM68-11 zeolite structure was very well preserved after treatment
[26].
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Figure 1. XRD patterns of HMCM-22, HMCM-68 y HTNU-9 zeolites selected

3.2. N adsorption—desorption

The N adsorption—desorption isotherms of all MCM-22 modified samples are shown in Figure 2a. All the
curves can be classified as a type | + IV isotherm, pointing out that in these solids, along with the
characteristic microporous zeolite framework there is a mesoporous structure. Nitrogen adsorption—
desorption isotherms of TNU-9 acids and modified with Zn are shown in Figure 2b. The TNU-9 samples
show the type I isotherm with a high nitrogen uptake at low relative pressures, which is characteristic for

purely microporous materials [27].

The adsorption isotherms did not practically change their shape and all samples possess practically the same
micropore volume (0.107-0.152 cm?®/g). The distinctive increase in adsorption capacity at p/po=0.4-0.9,
reveals that the presence of mesopores, whereas ZT9-15 sample shows an increase in quantity adsorbed at
high pressures due to the presence of crystals of smaller size as observed by SEM. Finally, N, adsorption-
desorption isotherms of various zeolites are shown in Figure 2c. Clearly, ZM68-11 exhibited type I isotherm
with a very steep rise in N2 amount adsorbed in the low relative pressure (p/po) range and a small hysteresis
loop of type H3 in the high p/po range of 0.9-1.0, indicating its typical microporous feature as well as the

existence of some mesopores and/or macropores derived mainly from the pile-up of zeolite crystals [20].

BET surface areas, microporous surface areas, microporous volumes and external surface areas of acid

zeolites and exchanged zeolites are listed in Table 2. Both the surface area and total pore volume decreased
|
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after zinc treatment, suggesting that species ZnO may have been highly dispersed on the external surfaces
or in the channels of the zeolites, especially for ZM22-30A-G (232 m?*g') by direct synthesis and ZT9-50
(312 m?*gt) by ion exchange. TUN-9 samples the surface area and the micropore volume decrease as the
Si/Al ratio increases. The large surface area is the result of a purely microporous framework with molecular
dimensions for shape selectivity which is a characteristic of zeolites. A large external surface area produces
to number of pore mouths and increase the accessibility of acid sites in the micropores, which delay the

deactivation by coke formation [28].
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Figure 2. N2 adsorption—desorption isotherms a) MCM-22 b) TNU-9 and ¢c) MCM-68 zeolites

The surface area and micropore volume of these zeolites are listed in Table 2, which were calculated using
the BET and t-plot methods, respectively. The large surface area is the result of a purely microporous
framework with molecular dimensions for shape selectivity. The external surface area and micropore
surface area of zeolites all decreased after the introduction of Zn species, indicating the Zn species were

loaded on the external surface and into the channels of Zn modified zeolites simultaneously [24,26].

Table 2. Textural properties of zeolites prepared

Catalyst S BET/mZ'EI1 S micro/mz'Ef1 S externaI/mz'971 Vmicro/Cms‘g71
M22-30A 526 453 73 0.191
M22-30S 356 301 55 0.132
ZM22-30AG 232 48 184 0.0717
ZM22-30S 208 161 47 0.0633
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M22-50A 450 64 386 0.1484
M22-50S 324 121 203 0.0809
ZM22-50S 469 381 88 0.1477
M68-11 610 578 32 0.2173
ZM68-11 429 348 81 0.1349
T9-15 484 414 70 0.1596
ZT19-15 517 401 116 0.1597
T90.52Zn 320 250 70 0.0978
T90.22Zn 470 395 75 0.1524
T9-30 361 268 92 0.1058
ZT9-30 361 276 85 ‘0.1083
T9-50 346 308 38 0.1176
ZT9-50 312 269 43 0.1035

3.3.  Scanning Electron Microscopy (SEM)

SEM images of MCM-22 samples in stirring conditions are shown in Figure 3. For the M22-30A samples
the SEM images confirm the crystallisation of pure MCM-22 in such conditions, which appears in the form
of very thin particles in the form of a rose forming relatively small lamellar particles [24]. However, the
samples synthesized hydrothermally in static conditions show different morphology (Figure 4). The
samples have a morphology spherical particle with a small hole at the center due to the coupling of sheets
of structure MWW. Previous reports show that the conditions of synthesis drastically influence the
morphology of the MCM-22 zeolites. Scanning electron images of parent and modified TUN zeolites are
given in Figure 5. The SEM pictures of ZT9-15 show a rod-like morphology and a crystal size in the range
of 1-1.5 um (Figure 5a). The ZT9-30 sample present 0.2 m spherical crystallites formed by stacked sheets
(Figure 5b). Finally, sample ZT9-50 shows a totally different morphology, large crystals of 16 um with
intercrystalline growths inside them. The large crystals of this catalyst tend to have an inefficient diffusion
of reactant molecules and products in the MTA process. The ration Si/Al influences in a considerate way
distribution of crystals sizes and shapes of TUN zeolite (Figure 5c¢). Figure 5d shows the SEM images of
these MSE type zeolites. It could be found that ZM68-11 exhibited cuboid shaped crystallites with sizes of
about 100-200 nm, which was like the previous report [26]. In this study, the crystal size decreased in the
order ZM68-11> ZT9-15>M22-30A which is also in agreement with the observed relative stability.

MISAEL GARCIA RUIZ 108



Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacidon en
la reaccion de metanol a aromadticos ligeros (MTA)”

— - . Al .
EHT = 200 kV Signal A = SE2 DCBI UAM-A ZEISS EHT = 200 kV Signal A = SE2

DCBIUAM-A YAAANY
WD= 16mm Mag= 10.00KX | WD=17mm Mag= 10.00KX

A

Det WD p—— 20pm AccV Spot Magn Det WD |;{ 5 pm
TLD 45 500kV 3.0 10000x TLD 45

-

Figure 4. SEM images of the M22-30S sample (static conditions)
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pores of zeolite MCM-22 with a percentage of weight loss of 3.75%. The second weight loss (2.18 %) at
325 °C is due to the decomposition of the imine that acts as a load compensator in the zeolitic structure.
The last loss occurs due to the oxidation of different condensation products within the structure of the
MCM-22 with a weight loss greater than 11.61 %.

In the air TGA of the M68-11 zeolite (blue line) prior to calcination (Figure 6b), three maxima were
observed at 340, 450 and 645 °C, which agrees with previous reports [29]. These weight losses are due to
exothermic processes produced by the combustion of SDA in the air atmosphere. A similar case occurred
with the sample not calcined T9-15 (red line), where it had three weight losses at 175, 320 and 492 ° C as
a result of SDA combustion. The ATG y DTG results of the zeolites after the calcination process are
presented in Figure S1a and S1b (supplementary information S1), respectively. In all cases a single loss of
mass less than 100 °C is observed, which corresponds to the physisorption of water retained in the samples.
No other significant weight losses are observed at higher temperature which indicates that the SDA was

eliminated.
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Figure 6. Thermal analysis of three structure zeolitic not calcined: a) ATG and b) DTG

MISAEL GARCIA RUIZ 111



Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacidon en
la reaccion de metanol a aromadticos ligeros (MTA)”

— 7M22-30A G
— 7M68-11
m— 7T9-15

100 ]

95__

90

85

% Weight lost

80 " 100 200 300 400 500 600 700 800 900
0.00 —
-0.02
-0.04
-0.06
-0.08
-0.10
0.12

Derivate

T T T T T T T T T T T T T T T T T
100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure S1. Thermal analysis of the materials calcined a) ATG and b) DTG

3.5. ICP-OES Chemical Composition Analysis

The amount of Si, Al and Zn in the exchanged zeolites of the calcined samples were determined by ICP-
OES analysis (Table 3). It is observed that the incorporation of Zn is efficient both by ion exchange and in
the synthesis gel. The concentration of Zn was found to be close to 1% wt in all zeolites modified with Zn
both by ion exchange and in synthesis gel. The relation Si/Al to real was measured in all the catalysts, being
less than the theoretical in all calcined samples, which suggests that the exchange treatment and subsequent
calcination to some extent anneals structural defects and incorporates a part of the extra-framework Al

species (Alge) in the framework again.
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Table 3. Chemical composition (wt%) determined by ICP-OES of samples.

Theorical % wt Real
Catalyst Si/Al Si/Al
ratio % Si % Al % Zn ratio
M22-30A 30 36.67 1.20 - 29.65
M22-30S 30 35.92 1.56 - 22.13
ZM22-30S 30 41.08 1.33 0.74 29.78
ZM22-30A-G 30 36.48 1.52 1.20 23.07
M22-50A 50 39.45 0.72 - 52.81
M22-50S 50 39.22 0.90 - 42.06
M68-11 11 34.23 4.02 - 8.12
ZM68-11 11 32.88 4.61 1.11 6.85
T9-15 15 32.92 3.72 - 8.48
ZT9-15 15 33.07 3.92 1.33 8.11
T90.5Zn 15 31.17 3.02 2.11 10
T90.2Zn 15 29.31 4.22 1.53 6.66
T9-30 30 38.07 1.72 - 21.28
ZT9-30 30 36.75 1.22 1.76 28.95
T9-50 50 37.54 0.73 - 49.51
ZT9-50 50 38.54 0.79 0.25 47.01

3.6.  Temperature-programmed desorption (NH3-TPD)

The acidic properties of the three zeolite structures modified with Zn were determined by NH3-TPD
technique, as presented in Figure 7a. The spectra of all samples exhibit two peaks characteristic throughout
the temperature range in all zeolites. The low-temperature (LT) region of 200-300 °C and the high
temperature (HT) region of 400-500 °C, which are attributed to the NH3 adsorbed on the acidic hydroxide
group Si—OH-AI situated in the framework of zeolite [30]. The TPD profile of ZM22-30A-G (black line)
is characterized by one broad and asymmetric desorption peak with maxima in the temperature region 340-
350 °C, assignable to NH3 desorption from strong acid sites [31]. ZT9-15 (red line) shows a peak centered
at a temperature of 270 °C and another shoulder with a maximum at approximately 365 ° C, the first peak
was noted as HL and the second with HT, low and high acidity, respectively. Finally, ZM68-11 zeolite

(blue line) presented an intense peak at a temperature of 275 °C, corresponding to weak acidity.
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center appeared. These Zn sites can performance as strong sites to catalyze the reaction and obtain high
aromatic selectivity. Traditionally, the HT peak is attributed to NH3; desorption from strong Brgnsted and

Lewis acid sites, which are associated with the Alg (framework Al) atoms and are of catalytic importance

[36].
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Figure S2. NH3-TPD profiles of a) TNU-9 (Si/Al 50) zeolites and b) M22-30A modified

The specific peak area is proportional to the number of acid sites in the sample and can be determined by
integration by convolution of the area under the curve of the spectra. The amounts of strong and weak acid
sites are listed in Table 4. The acid site density increased in the order MCM-68 <TNU-9 <MCM-22.
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Table 4. Acidity properties of materials

Acidity

Catalyst (hmol NHs/g)
Weak acid (LT) Strong acid (HT) Total
M22-30A 5134 - 5134
M22-30S 4918 - 4918
ZM22-30AG 6834 - 6834
M22-50A 5692 - 5692
M22-50S 6975 6975
ZM68-11 14549 - 14549
T9-15 7929 - 7929
ZT9-15 9978 - 9978
T90.52Zn 9531 - 9531
T90.22Zn 13388 - 13388
T9-30 8983 - 8983
ZT9-30 1729 4595 6324
T9-50 8162 - 8162
ZT9-50 3235 6184 9419

3.7.  Solid state NMR spectroscopy (*’Al and ?°Si MAS NMR)

Figure 8a shows the 2 Al MAS NMR spectra of M22-30A, M22-30A 0.01 Zn-G, and ZnM22-30A. Figure
shows two peaks at 54 ppm and 0 ppm, corresponding to tetrahedral Al (Alg) entering the zeolite framework
and extra-framework octahedral Al atoms (Algr), respectively. The small shoulder around 56 ppm is
attributed to the Al species located at crystallographically different T sites [37]. However, the peaks
intensity of Aler y Alr decreased slightly due incorporation of Zn. That result demonstrate that the Zn

cations could cover Al sites in octahedral and tetrahedral positions.

Figure 8b shows the ’Al MAS NMR spectra of the acid form of TNU-9 (Si/Al 15) and modified with Zn.
The both spectra feature a strong chemical shift at 54 ppm and a weak chemical shift at 0 ppm,
corresponding to tetrahedrally coordinated aluminum in the framework and octahedrally coordinated
aluminum extra-framework, respectively [38]. The signal at 0 ppm are ascribed to extra-framework
aluminum from either cationic aluminum hydroxide species/hydroxylated alumina-like clusters inside the

channel structure or as framework defects, where hydroxyl groups and water are partly bonded [39,40]. It
|
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is observed that after the exchange with Zn the peak corresponding to the Aler decreases, which indicates
that the Zn could occupy sites in octahedral positions of the Al. This indicates ALgr sites are incorporated
into the framework structure and that defect sites are annealed by the ion exchange treatment, since the

amounts of octahedral Al is reduced [39].
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Figure 8. 2’Al MAS NMR spectra of (a) MCM-22 modified (Si/Al 30) materials and (b) acid
and Zn-modified TNU-9 zeolite (Si/Al 15)

The 2°Si MAS-NMR spectra of MCM-22 structure and modified samples are presented in Figure 9a.
According to the literature, in the MCM-22 framework there are 8 crystallographically non-equivalent T-
atoms [33] giving equal number of 2°Si MAS-NMR resonances. The Q4 environments (that is, T(TO)a
groups) resonant at ca. —105, =110, —111, =112, =114, —115 and —119.5 ppm, while the Q3 sites (that is,
T(TO)3(OH) groups) give peaks at —104 and —100 ppm [24, 40-42].
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Figure S3. a) 2’Al MAS NMR spectra of modified-Zn TNU-9 materials and (b) °Si MAS NMR
spectra of modified-Zn TNU-9 materials

3.8.  Catalytic Evaluation

From literature it is known that catalyst stability in the MTA reaction is also influenced by acid site density,
crystal size and acid site strength [44]. The catalytic activity and selectivity of T9-15 and ZT9-15 samples
are shown in Figure 10a y 10b, with conditions of 400 °C, WHSV 4.24 h't and 0.5 g of catalysts. The
introduction of zinc species as well as the synthesis method exhibits a significant influence on the catalyst
lifetime, methanol conversion, and product distribution. Both catalysts showed high conversion initial at
400 °C (Figure 9a), full conversion of oxygenates (both methanol and intermediate dimethylether, DME)
was obtained, however, the clear distinction into both of stabilities, with ZT9-15 deactivating rapidly after
5h of reaction and T9-15 deactivating slowly, only correlates with the presence of Zn and the formation
new acid sites produced by divalent metal. The 3D channel system with cavity structure allows TNU-9 to
better generate, accommodate and diffuse of aromatics in the reaction. The presence of cavities in TNU-9
can accommodate more Zn species in the channels associated to Brgnsted acid sites [45,46]. Selectivity to
short chain olefins (C2 to C4) reached a nearly constant level close to 40% after until 5 h on stream (Figure
9b). The selectivity to total aromatics improved significantly with the incorporation of Zn into the ZT9-15
zeolite during the 5 h reaction.
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mainly C9-C12 (aromatics with carbon number nine and higher). Heavy aromatics act as coke precursors,
thus, their formation should be limited. The MCM-22 zeolite has a 10-ring system, so that the reaction
proceeds higher olefins and paraffins selectivity and lower aromatics selectivity (20.05 %), this due to the
peculiar pore structure of MCM-22 zeolite (10 and 12 MR channels). This result indicates that the cavity
size of 3D 10-ring zeolites is of primary importance for their stability as MTH catalysts. It should be noted
that, when considering the pore size of TNU-9 have clearly larger channels than the other topologies. The
3D channel system with cavity structure allows TNU-9 to better generate, accommodate and diffuse of
aromatics in the reaction. In addition, we have also found that the presence of supercage favors the diffusion
and migration of Zn species into the channels associated to Brgnsted acid sites and improves activity and
stability in MTH process. The selectivity total aromatics over several catalysts under this study, followed
the order: ZM68-11 > ZT9-15 > ZM22-30A.

Table 5. Distribution of reaction products of different structures in the conversion of methanol.
Conditions: TOS 1 h, WHSV 4.24 h't, 400 °C

Catalyst ZT9-15 ZM68-11 ZM22-30A
Methanol conversion (mol %) 99.70 90.36 99.27
Selectivity to products (% mol)
Olefins C»-C4 29.09 25.76 26.64
Paraffins + olefins Cs* 42.19 41.87 53.31
Bencene 0.18 0.07 0.03
Toluene 1.46 0.06 0.57
Xilenes 5.23 0.24 2.28
Total aromatics 28.72 32.36 20.05
BTX total 6.87 0.37 2.88

3.8.2. Effects of temperature on the catalytic performance of Zn/TNU-9 catalysts

The effect of temperature reaction on the catalytic performance of T9-15 0.5 Zn modified-Zn catalysts is
shown in Figure 11a and b. It is observed that the temperature affects the useful life of the catalyst, as the
reaction temperature increases the catalyst tends to deactivate. When increasing the temperature reaction,
the conversion of methanol decreased after 5 h at 425 and 450 °C. At 400 °C, the conversion is constant
during 9 h of reaction, in the opposite case at 450 ° C, where the conversion decreased to 20% after 8 h of

reaction, indicating catalyst deactivation. These results suggest that the catalyst did not display perfect
|
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catalytic stability in methanol reaction to 450 °C. A high temperature more carbonaceous deposits were
formed, and the coke can cover the active sites, which may induce a short lifetime of the catalyst. However,
with an increase of the reaction temperature, the selectivity to BTX increased at initial time (figure 11b).
These results suggest that an increase in the reaction temperature, specifically at 450 °C, favored the
aromatization of methanol, however, to higher reaction temperature suppressed dehydrocyclization and
promoted the formation of coke from a secondary reaction [49], indicating that the cokes on the T9-15 0.5
Zn probably do not cover the active sites and the channels for the reactants and BTX products are not
blocked to a low temperature. In addition to temperature, particle size and particle density and kind of active

sites on the crystallite surface will be of influence on catalyst lifetime [49,50].

On other hand, comparison of the T9-15 catalysts with the ratio ZnO/ZnO+Al,O; equal to 0.34 and 0.16
were made at 400 °C and WHSV of 4.24 h-* were realized. The first one (T9-15 0.5 Zn) showed better
stability with conversion of methanol completes during 9 h of reaction. T9-15 0.2 Zn catalyst presented
lower conversion of methanol after 9 h, around 80 % mol. Also, this last catalyst showed better BTX
selectivity (17 %) at short reaction times (black line), T9-15 0.2 Zn (red line) presented a lower BTX
selectivity (around 5 % during all the reaction). It the higher BT X selectivity over the T9-15 0.5 Zn catalyst
is perhaps related to its distinctive channel systems, which can accommodate more Zn species in the zeolite
channels associated to Brgnsted acid sites. This suggests the highly dispersed nature of its zinc particles.
The BTX formation over H-TNU-9 would occur mainly inside the two types of 10-ring channels along
[010] rather than inside its large 12-ring cavities [17,48].
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Comparation selectivity to compounds vs. reaction time obtained with T9-15 and ZT9-15 catalysts. Test

conditions: T =400 °C, WHSV = 4.24 h', 0.5 g of catalyst.

Figure 12a and 12b show the effects of the reaction temperature of T9-30 and ZT9-30 with a WHSV 4.24

h-1, respectively. Figure 12a shows that the methanol was nearly completely converted to 400 and 425 °C

until 5 h of reaction, decreasing to 85 % in both cases. The conversion of methanol decreased to 80 % after

5 h of reaction to 450 °C, however, total aromatics selectivity increased to short reaction time (80 %) and

subsequently decreased after 5 h to reaction. So, at 450 °C the acid sites are activated in the MTA reaction.

In contrast, the acid zeolite had a low selectivity to total aromatics to short time at three temperatures

compared to the zeolite exchanged with Zn.
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Figure 12. Methanol conversion and selectivity to total aromatics vs time of a) ZT9-30 and b) ZT9-30 (acid
zeolite) to different temperature 400, 425 and 450 °C Test conditions: WHSV =4.24 h1, 0.5 g of catalyst.

3.8.3. Effect of Zn incorporation method on TNU-9 catalysts

In this work the Zn has been incorporated to the zeolite by synthesis or by ion-exchange, as detailed in the
experimental part. In a previous study, we have demonstrated that the impregnation method, commonly
used to incorporate different cations or metals to catalysts, was not effective to improve the stability of Zn-
modified catalysts for MTH [10]. These catalysts suffer a rapid deactivation probably because during the
impregnation process an accumulation of a small amount of nanometric ZnO clusters occurs in the channels
of zeolite, avoiding the aromatics diffusion and accelerating the catalyst deactivation due to coke
deposition. In addition, the selectivity to aromatic compounds was considerably lower. The results of the
conversion of methanol with different TNU-9 catalysts modified-Zn to 400 °C are presented in Table 6. In
this study, the BTX selectivity at 1 h of reaction increased in the order T9-15 0.5 Zn > ZT9-15 T9-15 > T9-
15 0.2 Zn, which is also in agreement with the observed relative stability. The least active and selective was
TNU-9 acid zeolite providing the Si(OH)AI groups of the highest strength but accommodating the largest
cavities on the intersection of 10-ring channels with lower selectivity BTX and total aromatics, 3.77 and
16.82 %, respectively [51]. HT9 0.5 Zn zeolite was the better catalyst for total aromatics and BTX
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selectivity (12.58 %) due high acid density and high account of Zn, which is an aromatizing agent. This
suggests that most of the acid sites in the proton form originates from the presence of both Al and Zn in
framework positions using ratio ZnO/ZnO+Al,O3 equal to 0.34. In our work demonstrated that activity of
Zn-modified TNU-9 zeolites in the MTA reaction improves by prepared using ratio ZnO/ZnO+Al,O3 of
0.34 (T9-15 0.5 Zn) and demonstrated significantly higher selectivity for aromatics compared with acid

zeolite.

Table 6. Distribution of reaction products of HTNU-9 materials modified-Zn (Si/Al 15) in the
conversion of methanol.
Conditions: TOS 1 h, WHSV 4.24 h't, 400 °C

Catalyst T9-15 ZT9-15 T90.5Zn T90.2 Zn
Methanol conversion (mol %) 99.70 89.37 99.85 81.09
Selectivity to products (% mol)
Olefins C»-C4 39.83 29.09 28.30 18.95
Paraffins + olefins Cs* 43.36 42.19 36.82 50.59
Bencene 0.06 0.18 0.73 0.10
Toluene 0.47 1.46 4.13 0.64
Xilenes 3.24 5.23 7.72 2.24
Total aromatics 16.82 28.72 34.88 30.56
BTX fraction 3.77 6.87 12.58 2.98

On the other hand, the incorporation of zinc species by ion exchanging (ZM22-30S-G) and synthesis gel
(ZM22-30S) in MCM-22 zeolite has high influence on the catalytic stability methanol conversion, and
products distribution to 400 °C (Figure S4a and S4b). The first one showed lower methanol conversion
after 5 h of reaction (20 %), the exchanged zeolite presented better conversion of methanol values, 80 %
mol during of 5 h of reaction. Which is usually associated with diffusion limitations of heavy products by

the formation of large Zn species formed in the micropores [52].

However, the incorporation of zinc by ion exchange increases the formation of aromatic compounds (blue
line) obtaining selectivity around 20 and 30 % during the reaction, contrary case ZM22-30S-G, which
presented selectivity less than 20 %. In addition, the selectivity of light olefins and paraffins were showed,

which were not modified with the incorporation of Zn in the zeolites.
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Figure S4. Incorporation form of Zn effect. Methanol conversion (% mol) and selectivity to total
compounds vs time of a) ZM22-30-S-G and b) ZM22-30S. Test conditions: T= 400 °C, WHSV = 4.24 h-
1, 0.5 g of catalyst

3.8.4. Effects of the morphology on the MCM-22 catalysts

From literature it is known that catalyst stability in the MTH reaction is also influenced by acid site density
and this case the crystal size. The conversion of methanol and the distribution of reaction products of the
MCM-22 zeolite with different synthesis conditions (agitation and static) and therefore with different
morphology are shown in Figures 13a and 13b, respectively. The M22-30S zeolite showed higher
conversion levels compared to the M22-30A zeolite due under static conditions (M22-30S) smaller particles
(1.5 um) are obtained, in contrast to static conditions when obtaining larger particles (about 7 um) as
observed by SEM. The generation of smaller crystals influences the optimization of the acid properties of
zeolite to enhance the catalytic activity making shortens the length of diffusion of molecules [53,54]. In
terms of selectivity, the zeolites were selective for obtaining light olefins and paraffins, this corresponds to
what was reported by several researchers and low acidity measured by TPD-NHs. Min and coworkers [55]
found that contribution of supercages and their sinusoidal 10-ring channels are responsible for the high
activity in the MTO reaction. Zhang and coworkers [56] also mention the light olefins selectivity seems to

be related to the amounts of Brgnsted acid sites present in the MCM-22 zeolite. Similarly, the selectivity to
|
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olefins and paraffins benefits from the presence of smaller size such as zeolite M22-30A. In our work,
improved aromatization of methanol results was observed when converting methanol using three zeolites
Zn-modified compared to other works previously studied by other authors [44,56,57] and all gave good
MTA ability but the BTX selectivity less than those obtained by us. Additionally, zeolite TNU-9 has been

poorly studied in this reaction.
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Figure 13. Morphology effect in catalytic activity a) Methanol conversion (% mol) M22-50A
(agitation condition) and M22-50S (static condition) b) Selectivity to total compounds vs time.
Test conditions: T= 400 °C, WHSV = 4.24 h'}, 0.5 g of catalyst.

4. Conclusions

TNU-9, MCM-22 and MCM-68 are all active for the conversion of methanol at different temperatures,
however, the distribution of reaction products was different for each zeolite. MTH reaction is also
influenced by acid site density, crystal size and acid site strength. TNU-9 zeolite is an active catalyst for
the studied reactions related to BTX aromatics, comparable to other zeolites studied in this work, mainly
due to its acidic and topological characteristics. The Zn incorporation had influences on the textural
properties, morphology, acidic properties and catalytic performances for all zeolites. T9-15 0.5 Zn zeolite

showed a high content of total aromatics and therefore high selectivity to the BTX fraction. The BTX
|
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selectivity was effectively improved by introduction of Zn species by ion exchange in the case of ZT9-30
zeolite, due to a greater distribution of strong acid sites, the generation of strong acid sites were the active
sites for the conversion of methanol to aromatics. The reaction temperature has great influence on the
catalytic activity in ZT9-30 zeolite, at 450 °C the best BT X selectivity is obtained, however, the catalyst is
deactivated after 9 h of reaction. The crystal size parameter to affect the catalyst lifetime of the three
topologies studied. In methanol conversion, the selectivity to aromatics over the T9-15 (Si/Al 15) zeolite
catalysts under study, follow the order: T9-15 0.5 Zn > ZT9-15 T9-15 > T9-15 0.2 Zn. T9-15 catalysts with
the ratio Zn0O/ZnO+Al,0; equal to 0.34 (T9-15 0.5 Zn) at 400 °C and WHSV of 4.24 h*! presented the best
total aromatic selectivity (32 %) at 1 h of reaction. In terms of zeolite topology, aromatic selectivity
increased in the following order. ZM68-11 > ZT9-15 > ZM22-30, however, MCM-68 zeolite modified-Zn
produced mainly heavy aromatics, due to its high acidity and the space of its super-cages of up to 18
members. Finally, MCM-22 zeolites, regardless of morphology, were selective for obtaining light olefins
and paraffins, due to its structure formed by supercages and their sinusoidal 10-ring channels, as well as its

low acidity.

The different between the three tested topologies with respect to products selectivities and methanol
conversion is a clear evidence of the importance of the channel dimensions in the MTH reaction. The zeolite
MCM-68 presented a generation of heavy hydrocarbons (C9-C12) which were responsible for the
generation of coke causing the rapid deactivation of the catalyst due to 12-member and clearly channels
larger channels than the other topologies. The unique pore architecture and strong acid of zeolite TNU-9,
with 10-ring channel systems, being slightly larger zeolite compared with MCM-22, can offer new

opportunities for methanol conversion.
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Abstract

This paper presents a study of the synthesis of AIPO4-5 and AIPO,-36 materials doubly substituted by Si
and Zn, as acid function and aromatizing function, respectively. The physicochemical properties of the
zeotypes were studied by XRD, adsorption of N, temperature desorption programmed at NHs, 3P MAS
NMR and SEM. The incorporation of Zn and Si has shown an important effect on the acidic, textural and
morphological properties of the samples. The particle size has a significant effect on the catalytic activity
in the reaction of methanol to hydrocarbons (MTH) in terms of methanol conversion and selectivity. It was
observed that as the particle size decreases, the methanol conversion increases causing the catalyst to
deactivate in a shorter time. The incorporation of Zn improved the selectivity to total aromatics by the
aromatizing effect of Zn. The SAPO-5 (S5) material having a smaller particle size showed complete
conversions of methanol. In contrast, the ZnAPO-5 (Z5) material showed low conversions but a high
selectivity to total aromatics (41%). On the other hand, the material S36-2 presented a high selectivity to
aromatics (58%) due to the high amount of Zn and Si. Both metals provided a certain acidic character to

the materials.

Keywords: Methanol conversion, zeotypes, aromatics, BT X fraction, doubly substituted AIPO, MeAPSO

materials.
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1. Introduction

Aluminophosphates (AIPOs), first reported by Wilson in 1982 [1], constitute a large class of molecular
sieves or zeotypes. Zeotypes are extensively investigated and applied in the field of catalysis because of
their intrinsic properties such as high micropore areas, narrow micropore distribution, high thermal stability
and capacity of being doped by different heteroatom ions, which generate heterogeneous active sites within
structures with shape-selective ability [2]. These materials not only exhibit characteristics of zeolites but
also show novel physicochemical properties that are linked to their unique composition and have potential

applications in catalysis, adsorption, and ion-exchange [3].

Isomorphic substitution of framework AlI** and P%* ions by metal cations (V, Co, Mg, Ga, Fe, Zn, etc.) or
silicon produces the MeAPO and SAPO family materials, respectively. The incorporation of cations can
lead to Brgnsted acid sites, which make these materials useful in acid-catalyzed reactions [4,5]. This acid
property of SAPO is strongly dependent on the Si content, sitting and ordering in the lattice. When Si atoms
are incorporated into the framework of an AIPO, at the phosphorous sites (mechanism SM2), a potential
Bronsted site per Si atom would be generated. Simultaneous replacement of a pair of Al + P atoms by two
Si atoms (mechanism SM3 in combination with mechanism SM2), according to the model SM3+SM2
proposed by Dwyer and coworkers [6] thus creating silicon islands. Depending on the relative rates of the
SM3 and SM2 mechanisms, the size and terminating environment of the Si islands vary. when the SM2
mechanism dominates, the silicon islands grow to smaller sizes terminating with a Si(OAIl)4 environment
that render the edge a negative charge which can host a proton, thus forming a Brensted acid site [7].
Regarding zinc, taking into account its oxidation state, zinc is expected to be incorporated into the

framework by the SM1 replacement mechanism (occupying an aluminum position).

On the other hand, there are other materials denominated MeAPSO, where Zn and Si are incorporated,
replacing Al and P, respectively. These materials were studied in the present work where it is proposed that
Zn acts as a flavoring agent and Si as an acidic agent. These materials were evaluated in the reaction of
methanol to hydrocarbons (MTH). The conversion of methanol to hydrocarbons (MTH) over acidic zeolites
has drawn considerable attention since its discovery in 1970s by Mobil Corporation [8]. Depending on the
product of reaction selectivity, this process was named as MTG (methanol to gasoline), MTO (methanol to
olefins), MTP (methanol to propene) and MTA (methanol to aromatics). In this last process, aromatic
compounds, especially benzene, toluene and xylene (BTX fraction) are mainly produced from the oil-based

route to this date, the gradual depletion of oil reserves has resulted in a sustained tight supply and high cost
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of aromatics [9]. However, methanol can be expediently produced via syngas from multifarious carbon

resources such as coal, natural gas and biomass [10].

MeAPSO materials can be considered potential catalysts for the MTA reaction, due to the presence of Zn
and Si in the structure. In this study, the catalytic activity of two types of structures named MeAPSO-5
(AFI) and MeAPSO-36 (ATS) are compared. We will work with structures with channels of 12 members
with large pores such as AIPO4-5 or AIPO4-36. AIPO4-5 zeotype, first reported by Wilson and coworkers
[1] has a three-dimensional structure with hexagonal symmetry (AFI structure), which contains one-
dimensional channels oriented parallel to the caxis and delimited by 12-membered rings comprising
alternating AlO, and PO, tetrahedra [11,12]. AFl-structured AIPO4-5 based materials have been
extensively studied in catalysis, because of their large pore system as well as the large number of structure-
directing agents (SDAS) able to lead their crystallization [13]. Specifically, the SAPO-5 has been previously
studied by Terasaka and coworkers [14] in the MTO process. They produced predominantly propene
followed by butenes with the complete conversion of methanol using SAPO-5 with different morphologies

material.

AIPO;-36 possesses a 12-ring channel system with annular side pockets. The channels are elliptical 1.01
nm x 0.92 nm in size and have a pore opening of 0.74 x 0.66 nm. The side pockets consist of two pairs of
four rings and one boat-shaped hexagon. The presence of staggered annular side pockets inside the channels
enlarges the diameter to 10.1 x 9.2 A giving rise to high sorption capacities compared to similar AIPO,
materials [15]. The MeAPSO-36 framework is acidic, and it possesses both Bronsted and Lewis acid sites.
The incorporation of cobalt, magnesium, manganese, silicon, titanium, vanadium, and zinc into the
framework of AIPO4 can generate catalytically active centers and thus produce heterogeneous catalysts
[16]. MeAPSO-36 molecular sieves have ATS topology, of which aluminum sites can partly substituted by
zinc. AIPO4-36 has not so far been prepared in pure aluminophosphate form but is readily synthesized in

the presence of Zn?* or Mg?* using a tripropylamine template (TPA).

In this context the P or Al atoms of the network can easily be replaced by Si or Zn, respectively, generating
acidity. In the present work, the aim is the synthesis of doubly substituted AIPOs, by Zn as a flavoring
function and Si as an acid function. The amount of silicon and zinc incorporated in the materials was varied
systematically, so that the composition of the synthesis gels can be directly related to the properties of the
materials obtained. It is important to note that these types of materials have not been studied in the MTH

process previously.
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2. Experimental

2.1. Materials

The reagents used for the preparation of zeolites are tetraethyl orthosilicate (TEOS, 98%, Aldrich),
aluminum hydroxide hydrated (AlI(OH)s, Sigma-Aldrich), zinc acetate dihydrate (Zn(CHsCOO); 2H0,
99% Sigma Aldrich), tripropylamine (TPA, 99%, Aldrich), N-methyldicyclohexylamine (MCHA, 99%,
Aldrich ), Phosphoric acid (HsPOs, 85 wt. % in H2O, Aldrich).

2.2. Synthesis of MeAPSO-36 materials

MeAPSO-36 was synthesized according to the reported procedure [5]. The gels were prepared using
phosphoric acid (HsPO4, 85% in water, Aldrich), Hydrated aluminum hydroxide (Al(OH)3-xH»O, Aldrich)
and tripropylamine (TPA, 99%, Aldrich) with a composition of 1.0 P: y Zn: 1-y Al: x Si: 0.8 TPA :10 H,0.

In a typical synthesis H3PO4 and AI(OH)s-xH2O were dissolved in deionized H,O under continue stirring
for 15 min. Upon dissolution, zinc diacetate (Zn(CH3-CO0),-2H,0) was slowly added to the solution under
vigorous stirring until a homogeneous gel was achieved. Finally, the SDA was added to the gel dropwise
and then rapidly with vigorous stirring by 1 h. Gels were then placed in Teflon (PTFE) lined stainless steel
autoclaves and heated for 18 h at 160 °C. Then products were filtered, washed with distilled water, and
dried at 100 °C for one night. As-prepared samples were calcined at 550 °C for 6 h under an air flow.
Previously, the sample has been heating with a rate of 1 °C*min-* under a N flow and maintained for 1 h
at 550 °C under this atmosphere.

First, the molar ratio of zinc (y) was modified between 0 and 0.15, keeping the amount of silicon constant
in the gels (x). Complementarily in a second stage, the amount of zinc that was incorporated in the synthesis
gels (y = 0.1) was kept constant and the silicon content (x) of them was modified between 0 and 0.25. The

gel composition and synthesis conditions are presented in Table 1.
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Table 1. Synthesis of SAPO-5. Molar composition of gel:
1.0 P:y Zn: 1-y Al: x Si: 0.8 MCHA: 25 H,0

amount of Zn amount of Si

Sample Denoted . ) Product phase
in moles (y)  in moles (x)
A5-0.02 Zn-0.15 Si S5-1 0.02 0.15 AFI+TRI
A5-0.15 Zn-0.15 Si S5-2 0.15 0.15 AFI+TRI
A5-0.05 Zn-0.02 Si S5-3 0.05 0.02 AFI+TRI
A5-0.05 Zn-0.05 Si S5-4 0.05 0.05 AFI+TRI
A5-0.15 Si (SAPO-5) S5 - 0.15 AFI
A5-0.04 Zn (ZnAPO-5) Z5 0.04 - AFI

2.3. Synthesis of MeAPSO-5 materials

MeAPSO-5 samples were synthesized by hydrothermal treatment using N-methyldicyclohexylamine
(MCHA) as SDA according to the reported procedure [13]. The gel composition was 1.0 P:y Zn: 1-y Al: x
Si: 0.8 MCHA: 25 H0. The molar composition of the reaction mixtures and the synthesis conditions for
the different MeAPSO-5 materials obtained are given in table 4. Samples were synthetized over similar
condition to MeAPSO-36, however the synthesis temperature was 175 °C and 4h. Finally, the samples were
calcined under the same conditions mentioned previously. The gel composition and synthesis conditions

are presented in Table 2.

Table 2. Synthesis of SAPO-36. Molar composition of gel:
1.0P:yZn:1-y Al: xSi: 0.9 TPA :10 H,O

Amount of amount of

Sample Denoted Zninmoles  Siin moles Product pase
) (x)

A36-0.01 3Z6r; (ZnAPO- 236 0.01 i ATS
A36-0.05 Zn-0.15 Si S36-1 0.05 0.15 ATS+AFI
A36-0.15 Zn-0.15 Si S36-2 0.15 0.15 ATS

A36-0.1 Zn-0.05 Si S36-3 0.1 0.05 ATS+AFI
A36-0.1 Zn-0.15 Si S36-4 0.1 0.15 ATS+AFI
A36-0.1 Zn-0.25 Si S36-5 0.1 0.25 ATS+AFI
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2.4. Catalyst characterization

Powder X-ray diffraction (PXRD) patterns were collected with an XPert Pro PANalytical diffractometer
(CuKal radiation = 0.15406 nm). Scanning electron microscopy (SEM) images were recorded on a Hitachi
S-3000N microscope. Transmission electron microscopy (TEM) study was carried on a JEOL 2100F
microscope opering to 200KV. Nitrogen adsorption/desorption isotherms were measured at =196 °C in a
Micromeritics ASAP 2020 device. Before the measurement, the previously calcined sample was degassed
at 350 °C under high vacuum for at least 10 h. Surface areas were estimated by the BET method whereas

microporous and external surface areas were estimated by applying the t-plot method.

Solid-state magic-angle spinning (MAS) NMR experiments were conducted on a Bruker Avance 300 (11.75
T) spectrometer operated with frequency at 130.32 MHz and spinning rate at 10 KHz. The 27Al NMR
spectra were recorded using a pulse width of 0.5 ps (n/12 flip angle), 2400 scans and a recycle delay of 1

S.

The Al, Si, P and Zn concentrations of samples were obtained by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) with a Optima 3300 DV Perkin Elmer. Temperature programmed
desorption of ammonia (NH3-TPD) was conducted using a Micrometrics Autochem Il chemisorption
analysis equipment. Typically, 100 mg of sample pellets (30—-40 mesh) were pretreated at 550 °C for 1 h in
helium flow (25 mL/min) and then cooled to the adsorption temperature (177 °C). A gas mixture of 5.0
vol.% NHzs in He was then allowed to flow over the sample for 4 h at a rate of 15 mL/min. Afterwards, the
sample was flushed with a 25 mL/min helium flow for 30 min while maintaining the temperature at 177 °C
to remove weakly adsorbed NHs3, and finally the temperature was increased to 550 °C at a rate of 10 °C/min.
Thermogravimetric analysis (TGA) were carried out at a heating of 30 °C to 900 °C with a rate of 20 °C/min

under air flow and registered in a PerkinElmer TGA7 instrument.

2.5. MTH catalytic testing conditions

Zeotypes materials were tested as catalysts in the conversion of methanol at 400 °C in a Microactivity
reaction set (PID Eng & Tech) consisting of a fixed bed reactor completely automated and controlled from
a computer. The reactor outlet is connected to a gas chromatograph to analyze the reaction products. N
was used as a stripping gas under a controlled flow. The methanol was fed as a liquid using an HPLC pump

(Gilson 307). The methanol was converted to the gas phase and mixed with the N> stream in a preheater at
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180 ° C to generate a gas mixture with a constant molar ratio of methanol/N; of 4. Before the reaction, the
catalysts were activated at 550 ° C for 1 h low air flow to remove any trace of organic molecules or moisture
adsorbed within the pores of the catalyst. The weight of the catalyst (sieved in a 20-30 mesh, corresponding
to a particle size between 0.84 and 0.59 mm) and the flow of methanol were optimized to achieve different

values of space velocities (WHSV).

The reaction products were analyzed online by gas chromatography with a VARIAN CP3800
chromatograph. The device is equipped with two columns: (i) a Petrocol DH50.2 capillary column
connected to an FID detector, and (ii) a HayesepQ packed column (2 m length, 3.17 mm (1/8 ") diameter
external and 2 mm internal diameter) connected to a TCD detector, to analyze hydrocarbons and oxygenated

products, respectively.

3. Results and discussion

3.1. X-Ray Diffraction

The XRD pattern of the substituted MeAPSO-36 material with different amounts of Si and Zn are show in
Figure 1a. In all the samples, the peaks position and the intensities are identical to those reported for SAPO-
36 [17], however, there are minor differences in the XRD patterns in each sample depending on the Zn and
Si content of the samples. ATS structure is favored by the presence of zinc in the structure of MeAPSO-36,
as well as low silicon content and high synthesis temperature, the S36-2 XRD pattern contains only ATS-
type structure, due to the high amount of moles of Zn present in the sample. Wilson and coworkers [1]
reported that the synthesis of MeAPO-36 the high concentration of metals such as zinc favors the
crystallization of the MeAPSO-36 over that of its competitive co-phase structure type 5 (AFI). It is observed
that as the amount of Zn increases in the peak samples corresponding to the AFI structure (marked with
asterisks) it disappears, which indicates that the stability of the crystalline structure increased with the Zn
content. Sample S36-5 has a low Zn content and a high Si content, so it showed an increase in the

appearance of co-phase structure AFI.
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Figure 1. XRD patterns of (a) MeAPSO-36 and (b) MeAPSO-5 materials synthetized

For the other hand, the XRD patterns of the MeAPSO-5 samples are show in Figure 1b, S5 (SAPO-5)
material shows a pattern of AFI structure without any impurity. In particular, the use of MCHA as the SDA
for synthesis SAPO-5 samples, can forming AFI structure without any additional impurity phases. The
other samples showed a small amount of impurity identified as the tridymite phase [18] coexisting with the
AFI-type structure. The impurity phase was also observed by Chen and coworkers [19] when loading a
higher amount of metal onto the AFI framework of AIPO4-5. As high amount zinc the intensity of those
diffraction peaks attributed to tridymite and berlinite significantly increase. The ratio of 0.9 moles of SDA
is enough to form an AIPO4-5 phase. It is known that AFI structure increases with an increase of pH or the
SDA content [20].

3.2. N adsorption—desorption

All as-prepared MeAPSO samples were studied by N2 adsorption/desorption isotherms at 77 K in order to
determine their textural properties. Isotherms of MeAPSO-5 and MeAPSO-36 samples are showed in
figures Sla and S1b (material supplementary la and 1b), respectively. All the samples present type I
isotherms (according to the IUPAC classification [21]), corresponding to microporous materials. The steep

uptake at low relative pressures in MeAPSO-36 samples is due to adsorbent-adsorptive interactions in
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narrow micropores and the subsequent formation of a monolayer (Figure S1a). The shape of the isotherm
at higher relative pressures (up to P/Po=1) is due to unrestricted monolayer-multilayer adsorption. At higher
relative pressures, the N, adsorption-desorption curve of MeAPSO-36 samples exhibits hysteresis H4-type,
which is characteristic of molecular sieves with formation of inter or intracrystalline mesopores as will be
observed by SEM analysis later [22,23].

Figure Sla presents the N, adsorption-desorption isotherm of MeAPSO-5 samples. Similarly, the N>
adsorption capacity of all materials is high at low relative pressures, indicating the presence of a
microporous structure with an H4-type hysteresis loop formed almost throughout the P/Po range although
to a lesser extent compared to the MeAPSO-36 samples [24,25]. It may be considered that MCHA
structure-directing agent constrained in the unidimensional 12-ring pore channels generated larger pores,

giving mesoporous AIPO4-5 [25].

The micropore volumes and BET areas for the samples prepared using different silicon and zinc contents
are summarized in Table 3. It can be observed that all the samples have surface area in the range 550—650
m?/g for MeAPSO-5 materials. However, the MeAPSO-36 materials presented smaller areas in the range
200 and 320 m?/g. These differences can be explained in base to the longer crystal size and the higher
intercrystalline porosity in MeAPSO-36 materials in addition show very low non-microporous (external)
surface, values characteristic of this type of materials. High silicon content led to a distinct decrease of BET
surface area and microporous volume due to the existence of amorphous SiO, [26], however, our obtained
BET surface area of SAPO-5 materials are larger than the literature reported values 286 m?/g [25]. This is
mainly caused by the higher external surface areas, which may be attributed to mesopore formation.

Therefore, the coexistence of micropores and mesopores in our sample leads to high BET surface area.
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Table 3. Elemental composition measured by ICP-OES and NMR 3P and textural properties of

the samples
% wt P/Zn P/Zn S S
Catalyst Ratio  Ratio o e
%Al %P  %Zn  %Si (CPP (NMRyP (M9 (M7
S5-1 16.2 23.7 14 2.4 34.3 - 268.6 264.4
S5-2 7.7 18.9 3.3 2.7 11.9 11.4 148.2 55.6
S5-3 21.6 19.2 2.5 0.4 16.3 8.3 176.5 114.5
S5-4 17.7 22.4 2.2 0.5 21.9 10.2 198.4 104.8
S5 19.4 18.3 - 4.7 - - 300.5 174.6
Z5 12.3 27.2 5.1 - 11.1 11.6 140.9 71.8
Z36 14.3 26.8 6.9 - 8.1 6.8 124.2 110.5
S36-1 11.6 21.1 2.9 3.6 15.4 11.3 326.5 249.4
S36-2 13.9 20.8 6.5 2.8 6.7 6.5 74.7 13.8
S36-3 12.4 21.4 6.4 1.2 7.1 6.4 164.2 139.7
S36-4 17.1 22.2 7.3 0.7 6.4 4.6 153.7 120.2
S36-5 12.8 26.9 6.9 2.8 8.2 8.0 175.6 129.6

@ P/Mg ration derived from chemical analysis.

b P/Mg ration of original samples derived from 31P-MAS NMR using dmfit program for convolution
process

¢ Using t-plot method

3.3. Scanning Electron Microscopy (SEM)

Figure S2 and S3 (material supplementary) show SEM selected images of MeAPSO-36 and MeAPSO-5,
respectively. The amount of Si and Zn had influences in a considerate way distribution of crystals sizes and
shapes of MeAPSO materials. All MeAPSO-36 materials selected (samples 236, S36-1, S36-2 and S36-5
in Table 1) presented crystals particles with irregular spheres larger of size 16-22 um range (Figure S2)
formed in turn by small crystals in the form of thin needles [3]. In this study, the crystal size decreased in
the order Z36> S36-1 >S36-2 >S36-5 which is also in agreement with the observed relative stability. The
intercrystalline space of these crystals is the cause of the formation of an H4 hysteresis cycle visualized in
the N isotherms.

Figure S3 shows SEM pictures for the MeAPSO-5 materials selected. Solid only silicon content (S5)
presented homogeneous distribution of spherical particles, which have a diameter of ca. 1.5 um. Sample
Z5 (only zinc content) consists of homogeneously distributed large porous spherical particles with an

approximate diameter of ca. 15 um [23]. S5.1 presented the same size of particles. However, the S5-2
|
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material presented a different morphology, particles in the form of 3D hexagons with approximately 10 m
sizes are observed, this can be attributed to a higher content of Zn (0.15 mol) incorporated in the material.
In this study, the crystal size increased in the order S5> Z5 >S5-1 >S5-2.

3.4. TGA y DTG analysis

Thermogravimetric analyses (TGA) were performed aiming to verify the incorporation of the SDA
molecules in the structure of the as-made samples and their subsequent complete elimination after and
before calcination. The ATG/DTG curves of selected material MeAPSO-36 y MeAPSO-5 not calcined
selected are shown in Figure 2a and 2b, respectively. TGA profiles are strongly influenced by the Zn and
Si incorporation. In both figures, three weight losses are observed. The first weight loss, at temperatures
below 150 °C (step 1), can be attributed to desorption of adsorbed water. The second weight loss, between
400 and 550 °C (step Il) is due to the decomposition of the template in each case (TPA and MCHA) and,
finally, the third weight loss at temperatures higher than 600 K (step I11) has been associated with the further

removal of organic residues occluded in the channels and cages of the MeAPSO materials caused by

combustion [27].
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Figure 2. Thermal analysis of the MeAPSO uncalcined materials selected TGA (top) and DTG (bottom)
(a) MeAPSO-36 and (b) MeAPSO-5
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It can be observed that the decomposition of the template occurs in a different way for sample S36-3. The
fact that the template decomposition began at lower temperature in this sample could be possibly attributed
to its smaller particle size and the lesser diffusional problems derived from it. On the other hand, in Figures
S4 (supplementary material S4) presented the curves ATG and DTG, of some MeAPSO-36 and MeAPSO-
5 selected after calcining. In all cases, a single loss of mass less than 100 °C is observed, which corresponds
to the physisorption of water retained in the samples. No other significant weight losses are observed at

higher temperature which indicates that the SDA was eliminated.

3.5. ICP-OES Chemical Composition Analysis

The elemental compositions of the molecular sieves are presented in Table 3. The content of Al, P, Si and
Zn was determined, the correct incorporation of zinc and silicon is verified, as already mentioned above,
zinc is incorporated according to the substitution mechanism SM1 (occupying an aluminum position), while
silicon can be incorporated isolated occupying a phosphorus position or in pairs replacing a pair Al + P
(mechanisms SM2 and SM3 respectively). With these values, the P/Zn molar ratio was determined and
compared with that calculated by 3P NMR spectrum using equation 1 reported by Barrie and Klinowski
[28].

P/Zn = Z%:o Ip(nAl)/ Zﬁ:o 0.25(4 — n)IP(nAl) @

Where Ip(nAl) being the area of the peak due to the P (n Al, 4-n Zn) structural units calculated by 3P MAS
NMR shows later. The value of Ip was calculated using the spectrum convolution process using the dmfit

program created by D.Massiot and coworkers [29].

3.6. Solid state NMR spectroscopy of 3P MAS

The incorporation of Zn to the MeAPSO framework was studied by 3P MAS NMR. The 3P spectrum of
MeAPSO-5 and MeAPSO-36 materials are showed in Figure 3a and 3b, respectably. The 3P resonance
peak is asymmetrically broadened, which points out a wide distribution of phosphorous sites with different
chemical environment [30]. It has been described that when the amount of zinc incorporated to the
MeAPSO-5 framework (figure 3a) is low, P atoms are located in a unique P(4Al) environment resulting
from the substitution of phosphorous by silicon in the aluminophosphate framework (in their second

coordination sphere) [31,32] as case of S5 (SAPO-5). However, if the zinc content is higher (S5-2), multiple
|
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phosphorous environments can occur. The 3P spectrum has a peak at 28 ppm (attributed to P(4A1) sites
[29]) and a broad shoulder at 23 ppm indicative of phosphorus having a neighbor other than aluminum, i.e.
P(3A1, 1Zn) site in the ATS framework [17,28].

Similarly, the 1P spectrum of MeAPSO-36 materials (Figure 3b) presented the signal at 28 ppm attributed
to the P (4Al) sites, followed by a shoulder at 23 ppm (3 Al, 1 Zn) and another signal in the case of material
S36-2 (higher content of Zn) at 18 ppm corresponding to 2 Zn as neighbors of the phosphorous denoted as
P(2 Al, 2 Zn) [17].

The P/Zn ratio of the materials determined by chemical analysis and 3P NMR spectrum are showed in table
3. The difference observed between both values indicates that a significant amount of Zn is not occupying
the framework sites [33]. This technigue is a useful tool to demonstrate the correct incorporation of Zn,
because the coordination of P is sensitive to the incorporation in the second sphere of coordination by Zn
measured by NMR. However, in materials with low zinc content, such as S5-1, only the signal belonging
to P (4Al) is observed, so Equation 1 cannot be applied

a P(4Al) P (4Al)

S36-4

S36-5

S36-2 A
S$36-3 A

(ppm) (ppm)

Figure 3. *'P MAS NMR spectra of double modified AIPO, materials (a) MeAPSO-36 and (b) MeAPSO-
5
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3.7. Temperature-programmed desorption (NHz-TPD)

The acidity of the calcined samples has been evaluated by NHs- TPD. TPD profiles of the MeAPSO-36 and
MeAPSO-5 samples are showed in figure 4a and 4b, respectably. In principle, the increase in the molar
ratio of zinc and silicon in gels implies a greater incorporation of both metals in solids, which causes a
greater density of weak acid sites. It can be observed that all samples show a maximum at around 270 °C,
indicating that these acid sites are relatively weak characteristic of this type of materials. This band can be
tentatively assigned to desorption of ammonia on Brgnsted acid sites originated by isomorphic substitution
of AIF* by Zn?* and P** by Si®* in the MAPSO structures [34]. However, it is well known that this technique
does not allow distinguishing between Brénsted and Lewis acid sites. Therefore, it cannot be excluded that
some Lewis acid centres able to adsorb ammonia at moderate temperature are present in the MeAPSO
material, probably formed during the calcination treatment [35]. MeAPSO samples with different zinc and
silica content show slightly different TPD profiles. The incorporation of zinc species in MeAPSO materials
exhibits a significant influence on the distribution of acid sites, when the amount of Zn is increased and if
the density of acidic sites increases, it is intuited that the substitution of both metals in the structure provides
certain acidic character to the materials, especially for samples S5-2 and S36-2, which have high amounts
of substituted Si. The acid property of MeAPSO materials is strongly dependent on the Si content, sitting
and ordering in the lattice. SM2 substitution leads to more acid centers while SM2+SM3 combination lead

to less acid centers but higher strength than the one arising from only the SM2 substitution [36].

a b — 536-1
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8 8
= =
c c
) =
n n
3 5
O [

j
200 250 300 350 400 450 500 200 250 300 350 400 450 500
Temperature (°C) Temperature (°C)

- _______________________________________________________________________|
MISAEL GARCIA RUIZ 149




Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacidon en
la reaccion de metanol a aromadticos ligeros (MTA)”

Figure 4. NH3-TPD profiles of double modified AIPO, materials (a) MeAPSO-36 and (b) MeAPSO-5

The specific peak area is proportional to the number of acid sites in the sample and can be determined by
integration by convolution of the area under the curve of the spectra. The amounts of strong and weak acid
sites of the samples are listed in Table 4. The acids sites density total is higher in MeAPSO-5 samples
indicating that MeAPSO-36 possesses weaker acid sites. These results indicate that the proportion of acid
sites increases in the order S5 < Z5 < S5-3 < S5-1 < S5-4 < S5-2 for MeAPSO-5 materials and S36-3 < Z36
< §36-1 < S36-2 < S36-5 < S36-4 for MeAPSO-36 materials. These results indicate that catalytic behavior

of all samples is not determined mainly by acidity as presented below.

Table 4. Acidity properties of materials

Acidity (umol NHs/
Catalyst Temperature y (1 3/9)

(°C) Weak acid (LT)

S5-1 280 273.45
S5-2 273 337.18
S5-3 277 261.85
S5-4 272 32541
S5 274 144.83
Z5 277 191.93
Z36 271 151.63
S36-1 263 230.93
S36-2 261 259.78
S36-3 275 149.56
S36-4 272 312.91
S36-5 268 291.12
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3.8. Catalytic Evaluation

3.8.1. Catalytic Evaluation of MeAPSO-5

Figure 5 shows the methanol conversion of MeAPSO-5 materials under conditions of a space velocity
(WHSV) 4.24 h', 400 °C and 0.5 g of catalyst. Among the different parameters that influence the stability
of these catalysts, especially the particle size and the acid strength of the active centres have been considered
the most important factors affecting the deactivation during the reaction. The S5 material (only silicon,
aluminum and phosphorus) showed higher conversion levels during the 9 h reaction due presented a smaller
particle size (1.5 um) and by the generation of Bronsted type acid sites due to the combination of SM2 +
SM3 mechanisms. The Z5 material (constituted of zinc, aluminum and phosphorus) showed very minor
methanol conversions compared to the other catalysts, due it had a larger particle size (20 um diameter),
which causes rapid deactivation. Some authors mentioned [37,38] that particle size and acid properties of
the catalyst have influence on catalyst lifetime in MTH reaction. In general, a smaller particle size improves
the diffusion efficiency and accessibility of acid sites for high catalytic activity obtaining higher methanol

conversion values [39].
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Figure 5. Results of methanol conversion in MTH reaction over MeAPSO-5 catalyst
Conditions reaction: WHSV of 4.24 h1, 400 °C, 0.5 g of catalyst

- _______________________________________________________________________|
MISAEL GARCIA RUIZ 151



Tesis doctoral “Sintesis de materiales AIPO y zeolitas modificadas con aplicacidon en
la reaccion de metanol a aromadticos ligeros (MTA)”

Table 5 shows distribution of reaction products of MeAPSO-5 materials at short reaction times (TOS 5
min) and 400 °C with similar conversion values It is observed that as the amount of Zn increases, the
selectivity increases to total aromatics and therefore the BTX faction, stating the flavoring effect of Zn
when it is incorporated by isomorphic substitution. In particular, the S5-1 material presented a low aromatic
selectivity (26.9 %) due a low zinc amount, however, the selectivity to olefins was high (49.6 %). These
results were with a low methanol conversion value (18 %) at 5 min of reaction, this can be associated with
a large particle size measured by SEM. these materials have a selectivity to light olefins (ethylene and
propylene) around 50% in all cases, which may indicate that Si can provide acidity necessary to form olefins
as mentioned by some authors. SAPO-5 catalyst used above has the 12-ring pores with 0.73 nm straight
channels and more alkane molecules can be adsorbed and react with acid centers in SAPO-5 channels due

to its large channels and more pore-mouth exposed [40].

Table 5. Distribution of reaction products of MeAPSO-5 catalysts in the same conversion of
methanol level
Conditions: TOS 5 min, WHSV 4.24 h!, 400 °C. 0.5 g catalyst

Selectivity

Sample M tz0 I (Yomol) Part;clglifi e
P conevelz'lsl;gn Olefins Total_ BT).( (um)
aromatics Fraction
S5-1 18.3 49.6 26.9 2.2 20
S5-2 20.2 50.2 32.4 2.7 18
S5-3 38.6 53.6 16.0 2.1 10
75 18.3 33.9 41.0 2.0 20

The Z5 material composed of Zn, Al and P had the highest selectivity to total aromatics and therefore to
BTX selectivity, due to the high content of the flavoring agent. The total aromatic selectivity increased in
the following order, with respect to the table shown: Z5 > S5-2 > S5-1 > S5-3. As mentioned above, these
types of materials have not been studied in the MTH reaction, however, materials of the SAPO-5 type have
been studied by some authors. Terasaka and coworkers [14] synthesized SAPO-5 samples with different
morphologies and sizes and they demonstrated the high catalytic activity of the SAPO-5 exclusively in the
MTO process. They demonstrated the high catalytic activity of the SAPO-5 exclusively in the MTO process

with complete methanol conversions and selectivity to light olefins (=C2=C4) c.a. 60%.
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3.8.2. Catalytic Evaluation of MeAPSO-36

Figure 6 shows the methanol conversion of MeAPSO-36 materials with a spatial velocity (WHSV) 2.12 h-
1,400 °C and 1 g of catalyst. The deactivation process of the MeAPSO-36 catalysts is slower than the
MeAPSO-5 catalysts, resulting in conversion curves vs reaction time up to 25 min due to smaller channels
and acidity. The deactivation of the catalyst was thus ascribed to the formation of the bulky aromatic coke
in the structure [41]. The fast deactivation could be explained by the shorter size ring in AIPO4-36 materials
(74 A x 6.5 A) that favor of the formation of bulkier organic compounds that cause deactivation.
Additionally, it is observed that again the particle size (measured by SEM) had a significant influence on
the conversion of methanol. The material S36-4 has higher conversion levels, generating a complete
conversion of methanol at 5 min of reaction reaching deactivation after 25 min of reaction. On the contrary,
the sample S36-5 showed the lowest conversion level at 5 min (40% mol) reaching deactivation at 10 min,
should be attributed to the larger particle size of this catalyst (20 um). Additionally, the lower methanol
conversion over this material is because of the partial transformation of the active catalyst (ATS) phase to

less active phase (tridymite).
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Figure 6. Results of methanol conversion in MTH reaction over MeAPSO-36 catalyst
Conditions reaction: WHSV of 2.12 h-, 400 °C, 1 g of catalyst
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Regarding the distribution of reaction products, Table 6 shows the catalytic activity of MeAPSO-36
materials. Similarly, selectivity to total aromatics is related to the amount of Zn incorporated into the
structure and to the particle size, a higher molar concentration of Zn, greater selectivity to aromatics and
therefore greater selectivity to the BTX fraction. Specifically, the material Z36 (MeAPO-36) presented a
high selectivity to aromatics due to aromatizing effect of Zn. On the other hand, S36-3 material presented
a total aromatic selectivity of 46.3 %, this is due to the fact that it has the high amount of Zn and 0.05 moles
of Si, providing both an acidic (Si) effect and a Zn aromatizing effect isomorphic substitution. Otherwise,
the material S36-1, obtained the lowest conversion and total aromatic selectivity (28.1 %) due to the low

amount of zinc (0.05 Zn mol) a large particle size (20 pm).

Table 6. Distribution of reaction products of MeAPSO-36 catalysts in the same conversion of
methanol level
Conditions: TOS 5 min, WHSV 2.12 h'%, 400 °C, 1 g catalyst

% S(eol/ec;izll;y Particule size
Methanol . SEM
Sample . Total BTX
conversion Olefins . . (um)
aromatics Fraction
Z36 40.4 36.2 57.2 4.25 20
S36-1 52.7 52.2 28.1 4.54 15
S36-3 51.8 42.9 46.3 2.07 15
S36-5 41.7 46.6 44.0 3.65 20

3.8.3. Distribution of reaction products for MeAPSO-5 materials

Selectivities to the different type of products detected in the effluent stream as a function of time are showed
in Figure 7 for MeAPSO-5 materials tests carried out at WHSV = 4.24 h'! and 400 °C. The formation of
aromatics (top) and light olefins (bottom) increases with time on stream in most cases. Sample S5-2
presented selectivities greater than total aromatics (red line) with a value of approximately 60 % at 9 h of
reaction, which could be attributed to the presence of high amounts of Zn and Si and the high acidity

generated for both metals.

The selectivity to light olefins remains constant during the 9 h of reaction even at low conversion rates, this
could be ascribed to the growing blockage of the pores in the materials at low conversion rates, hindering
the diffusion of the heavier reaction products and enhancing the release of less bulky hydrocarbons [41].
For example, material S5-4 was selective for light olefins (blue line), due to low amounts of the flavoring
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metal, followed by SAPO-5 material, which is highly selective for olefins until 9 h reaction, as some authors
report it [42]. These results could be attributed to the wider channels of MeAPSO-5 or might be also caused

by a higher ratio of external acid sites, considering the higher microporous surface area of this material.
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Figure 7. % Selectivity to total aromatics (top) and % selectivity to light olefins (bottom)
of MeAPSO-5 materials. Test conditions: T =400 °C, WHSV =4.24 h', 0.5 g of catalyst.

3.8.4. Distribution of reaction products for MeAPSO-36 materials

Finally, selectivities to the different type of products of MeAPSO-36 are showed in Figure 8 at WHSV =
2.12 h'* and 400 °C. It is notorious that the Z36 material is selective to the formation of aromatics (black
line), because it is only composed of Zn, Al and P. Similar to MeAPSO-5 materials, it can be observed for
all catalysts that the production of olefins and aromatics compounds is favored at low conversion rates. As
discussed in the NH3-TPD analysis (Figure 7b), the incorporation of Zn into the framework increases the
density and strength of the acid sites. Thus, the increased density of active centers is more likely to influence

the promotion of selectivity to aromatics compounds.

Regarding olefin selectivity, it is observed that the production of olefins remained constant during the

reaction period except for sample S36-3 where olefin selectivity increased up to 60% after 15 min of
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reaction. The high activity of MeAPO-36 materials (Me?*, Al and P) for obtaining aromatics has been
previously studied by some authors [43]. However, doubly substituted materials have not been evaluated

in this type of reaction.
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Figure 8. % Selectivity to total aromatics (top) and % selectivity to light olefins (bottom)
of MeAPSO-36 materials. Test conditions: T =400 °C, WHSV =1.12 h, 1 g of catalyst.

4, Conclusions

Double-substituted AIPO4-5 and AIPO,-36 materials were synthesized with Si as an acid function and Zn
as a aromatizing function. The incorporation of Si and Zn by isomorphic substitution influenced the textural,
as well as the morphology and catalytic performance of the zeotypes. The incorporation of Zn in MeAPSO-
36 materials facilitated the formation of the ATS structure, since this structure is related to the incorporation
of divalent metals such as Zn. NHs-TPD results further proved the incorporation of Si and Zn in the
framework resulting in improved acidity and therefore had an influence on the catalytic activity for the

formation of olefins and aromatic compounds.

The total aromatic selectivity increased as the amount of Zn in the MeAPSO materials increased, stating
the aromatizing function of the divalent metal. The particle size had an important effect on the catalytic
activity, as the particle size decreases, the methanol conversion increases causing the catalyst to deactivate

in a shorter time. Specifically, the S5 material showed high conversions during the 9 h reaction when
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presenting a small particle size, however, the aromatic selectivity was lower because the material is only
composed of Si, Al and P. Contrarily, the material represented a high selectivity to total aromatics at 5 min
(41%) with low methanol conversions. Regarding the MeAPSO-36, the material S36-2 presented a high
selectivity to aromatics due to the same amount of Zn and Si (0.15 mol). Both metals provided a certain
acidic character to the materials. MeAPSO-36 suffered from fast deactivation because of the formation of

coke favored by its shorter channels compared to MeAPSO-5 materials.

In summary, it is demonstrated that the particle size and Zn and Si amount have influence in the stability
and in the selectivity of MeAPSO catalysts in the MTH process.
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9. Resultados importantes obtenidos

Se realizé la sintesis de diferentes estructuras zeoliticas modificadas con Zn y se

evaluaron en la conversion de metanol a hidrocarburos (MTH).

Las zeolitas ZSM-5, TNU-9, MCM-22 y MCM-68 son activas en la conversion de metanol
a diferentes temperaturas, sin embargo, la distribucion de los productos de reaccion fue
diferente para cada una. La incorporacion de Zn influy6 en las propiedades texturales,
morfologicas, acidas y por lo tanto en la actividad catalitica de las zeolitas. La selectividad
BTX se mejord efectivamente, mediante la introduccién de especies de Zn por
intercambio iGnico para todas las zeolitas, debido a la generacion de sitios acidos fuertes,

activos para la conversion de metanol a compuestos aromaticos.

Mediante intercambio i6nico se forman sitios aislados ZnOH*, los cuales actian como
sitios acidos responsables de catalizar la reaccion. El Zn mediante gel de sintesis forma
clusters de ZnO que impiden la difusién de reactivos en los canales de la zeolita y pueden
acelerar la desactivacion del catalizador debido a la deposicion de coque que bloquea
los sitios acidos de la zeolita. Por lo que la técnica de incorporacion influyo en gran

medida por la actividad catalitica siendo mas eficiente el intercambio i6nico de Zn.

La generacion de nanocristales de aproximadamente 60-80 nm en la zeolita ZSM-5
mejoré drasticamente la actividad catalitica en términos de conversion de metanol, asi
como en la selectividad. La nano zeolita aument6 la eficiencia de difusion de las
moléculas y la accesibilidad de los centros activos, mejorando la selectividad BTX y la
vida util del catalizador. Existe una clara influencia entre el tamafio cristalino y el tiempo
de vida media de los catalizadores. Conforme disminuye el tamafio de cristal aumenta la

vida Util de la zeolita en términos de conversién de metanol.

En condiciones de 450 °C, WHSV 4.74 h, 0.5 g de catalizador y 50 pm/min de metanol,
se obtuvo una completa conversion de metanol y 32.5% de selectividad BTX (con 9 h de

vida util) con la zeolita nanocristalina ZSM-5.
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La selectividad a los aromaticos totales de zeolitas T9-15 (Si /Al 15), siguio6 el orden: T9-
15 0.5 Zn > ZT9-15 > T9-15 > T9-15 0.2 Zn. El catalizador T9-15 0.5 Zn a condiciones
de 400°C y WHSV de 4.74 h'! present6é una selectividad a aromaticos totales de 32% a

1 h de reaccion.

La zeolita MCM-22, independientemente de la morfologia, fueron selectivas para obtener
olefinas ligeras (etileno y propileno), debido a su estructura formada por supercajas y

canales sinusoidales de 10 anillos, asi como su acidez moderada.

Por otro lado, la zeolita MCM-68 modificada con Zn presenté altas conversiones de
metanol a 400 °C, sin embargo, presentd alta selectividad a compuestos arométicos
pesados de C9 a C12 (37.6 %), debido a los grandes canales de la zeolita (supercajas
de 12 y 18 anillos). Grandes canales provocan la generacién de moléculas de mayor

tamafio como consecuencia del espacio vacio existente en los canales.

Se sintetizaron materiales AIPO-5 y AIPO-36 doblemente sustituidos con Si como funcion
acida y Zn como funcion aromatizante (materiales MeAPSO) con diferentes
concentraciones de Zny Si. Asi como materiales SAPO-5 (Si, Aly P), ZnAPO-5y ZnAPO-
36 (constituidos por Zn, Al y P). La selectividad en cada material fue distinta, asi como la

densidad de sitios acidos débiles y la morfologia.

La selectividad a arométicos totales aument6 conforme aumentaba la cantidad de Zn en
los materiales MeAPSO, comprobando la funcion aromatizante que presenta el metal
divalente. Especificamente el material SAPO-5 (S5) present6 conversiones altas durante
las 9 h de reaccion al presentar un tamafio pequefio de particula (1.5 um), sin embargo,
la selectividad a aromaticos fue menor debido a que el material solo se compone de Si,
Al y P. Contrariamente, el material ZnAPO-5 (Z5) presenté una selectividad alta a
aromaticos totales a los 5 min (41 %) con conversiones bajas de metanol debido a un

gran tamafio de particula del material (20 um).
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Respecto a los MeAPSO-36, el material A36-0.15 Zn-0.15 Si (S36-2) presentd una alta
selectividad a aromaticos totales debido a la alta cantidad de Zn y Si. Ambos metales
proporcionaron caracter acido a los materiales comparado por TPD de amoniaco al
presentar parecida densidad de sitios acidos (145 umol NHs/g para el material Z5y 192

pmol NHs/g para el S5).
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10. Conclusiones generales

e El método de incorporacién de Zn en las zeolitas tuvo influencias importantes en
las propiedades texturales, morfologicas, asi como en las propiedades acidas y

por lo tanto en la actividad catalitica.

e Laincorporacion de Zn en todas las zeolitas mediante intercambio i6bnico mejord
la actividad catalitica en comparacién con Zn en el gel de sintesis, debido a que
por intercambio i6nico se forman sitios aislados ZnOH?*, los cuales actuan como

sitios activos responsables de catalizar la reaccion.

e La selectividad a aromaticos totales y la fraccion BTX mejoraron efectivamente
mediante la introduccién de especies de Zn por intercambio idnico, debido a una
mayor distribucion de sitios acidos fuertes y estos sitios acidos son los sitios

responsables de la conversién de metanol a aromaticos.

e La temperatura de reaccidon es una variable importante en el proceso de MTA. A
450 ° C se logra una mejor activacion de los sitios acidos en la zeolita ZSM-5 y

TNU-9 con Zn y, por lo tanto, se obtiene un alto porcentaje de selectividad BTX.

e La combinacion de caracteristicas fisicas como un tamafo de cristal muy
pequefno, un area de superficie externa alta y una acidez fuerte hacen que la
zeolita nano cristalina ZSM-5 sea un catalizador potencialmente interesante en los

procesos de MTA.

e La incorporacion de Siy Zn por sustitucién isomoérfica en los zeotipos influyd en

las propiedades texturales, acidas, en la morfologia y en la actividad catalitica.
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e La incorporacion de Zn en los materiales MeAPSO-36 facilitd la formacion de la
estructura ATS, ya que esta estructura es afin a la incorporacion de metales

divalentes como el Zn.

e Eltamafio de particula de los materiales MeAPSO tuvo un efecto importante en la
conversion de metanol, conforme disminuye el tamafio de particula, la conversion

aumenta haciendo que el catalizador se desactive a menor tiempo.

e Finalmente, se mejoro la selectividad BTX, asi como la estabilidad y resistencia a
la desactivacion mediante el control y disefio de propiedades quimicas y
estructurales, como el control de la morfologia, la acidez y el tamafio de cristal de

diferentes tipos de zeolitas de canales de 10 y 12 miembros.
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