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Hipétesis y objetivos

HIPOTESIS Y OBJETIVOS.

Las hipdtesis y objetivos propuestos para la realizacion de la siguiente tesis

se resumen en los siguientes puntos:
Hipétesis 1

Los hidréxidos dobles laminares (HDLs) naturales y sintéticos han
despertado un enorme interés en diversas areas cientificas, entre las que podemos
destacar la catélisis y la adsorcién. Se han realizado multitud de investigaciones
basadas en la sintesis de HDLs utilizando diversos cationes di y trivalentes en
combinacién con diferentes aniones. La mayoria de estos materiales han sido
sintetizados utilizando el método de coprecipitaciéon. También se han utilizado
alternativas, como el método sol-gel y el método de precipitacion homogénea por
hidroélisis de urea, obteniendo materiales con propiedades quimico superficiales,

texturales y estructurales diferentes.

El uso de metales poco comunes para la sintesis de estos materiales esta menos
investigado, por ejemplo, el uso de metales como Ga o In es reducido y aiin maés

raros son los HDLs con Sn o Zr.

Las técnicas de caracterizacion de HDLs mas comunes son la difraccién de rayos
X (DRX), espectroscopia infrarroja con transformada de Fourier (FT-IR) y la
resonancia magnética nuclear de estado sélido (RMN MAS). Por el contrario, la

espectroscopia Raman se emplean minoritariamente en esta caracterizacion.
Objetivo 1

El método sol-gel se emplea habitualmente para sintetizar HDLs conteniendo
metales di y trivalentes. Estos HDLs generalmente se caracterizan empleando
técnicas como la difracciéon de rayos X o las espectroscopias de infrarrojo y de
resonancia magnética nuclear, entre otras. La espectroscopia Raman, sin embargo,
no es muy empleada en estos estudios. El objetivo que nos marcamos en esta tesis

Doctoral fue la sintesis de HDLs conteniendo, ademas de metales divalentes y
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trivalentes, metales tetravalentes, empleando el método sol-gel. Este método
todavia no habia sido descrito en la bibliografia en la sintesis de HDLs con metales
tetravalentes. Ademas, la caracterizaciéon de estos nuevos HDLs, junto con la
difraccion de rayos X, nos planteamos en uso de la espectroscopia Raman, tampoco

empleada hasta entonces para caracterizar estos materiales.

Este estudio queda recogido en el articulo “Vibrational spectroscopic study of
sol-gel layered double hydroxides containing different tri-and tetravalent

cations”.
Hipotesis 2

La contaminacién de las aguas se esta convirtiendo en un verdadero
problema no solo para las personas, sino también para los seres vivos que habitan
en el medio ambiente. Segin la Organizacién mundial de la salud (OMS), el agua
contaminada es aquella que no retne las condiciones necesarias para ser utilizada
beneficiosamente en el consumo para el ser humano y el resto de animales. Cada
contaminante posee unos valores de concentracién limite en el agua, dependiendo
de la legislacion de cada pais. De este modo, planteamos sintetizar un sélido con la

capacidad de adsorber contaminantes aniénicos como es el caso del cianuro (CN-).

El cianuro, como sustancia altamente toxica presente en la naturaleza,
puede ser letal en ciertas concentraciones. Segun el “Centro de Control y
Prevencion de Enfermedades de Estados Unidos (CDC)”, puede existir en varias
formas, como gas incoloro (ej: cianuro de hidrégeno (HCN)) o en forma de sal
sodica (cianuro potasico (KCN)). Este tltimo es un anién que se combina facilmente
con metales tales como oro, plata, cobre, cinc y mercurio, formando quelatos
solubles en agua. También se utiliza en la industria del plastico, agroquimica, tintes,
industria farmacéutica y en la industria minera. Esta dltima representa la principal

fuente de contaminacion del agua con cianuro.

Existen diversos métodos de eliminacién de cianuro, normalmente este
anién es eliminado del agua por cloracién alcalina, mediante oxidantes quimicos

tales como peréxido de hidrogeno, didxido de azufre, asi como técnicas alternativas

4
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tales como dsmosis, acidificacion/volatilizacidn o incluso fotélisis, pero consumen
mucha energia o utilizan reactivos no aceptados medioambientalmente. Todas
estas indicaciones nos han llevado a la opcion de plantear la sintesis de un sélido

no contaminante y facil de preparar que tenga la capacidad de adsorber este anion.

Como adsorbentes, los hidréxidos dobles laminares (HDLs) son una buena
opcién para la eliminaciéon de este tipo de contaminantes aniénicos del agua.
Debido a su alta estabilidad y a sus diferentes propiedades, como el efecto memoria

o el intercambio anidnico, poseen una alta capacidad de adsorcidn.

Objetivo 2

Como segundo objetivo se plante6 la sintesis de hidréxidos dobles laminares por
el método de coprecipitacion y posteriormente ser calcinados. De este modo, el
material calcinado nos permitié adsorber el anién cianuro contenido en una
disolucién acuosa. Para la evaluacidn de esta adsorcién nos propusimos emplear la

espectroscopia Raman.

El objetivo, por tanto, fue el aprovechamiento del efecto memoria de los HDLs,
segun el cual cuando un HDL calcinado a una determinada temperatura se pone en
contacto con una disolucién anidnica, reconstruye su estructura original de HDL
tomando los aniones de la disolucién. Ademas, la espectroscopia Raman podria ser
una técnica excelente para cuantificar el cianuro de la disolucion, pues la sefial del

enlace C=N no solapa con ninguna otra.

Todo este estudio queda recogido en el articulo “Use of Raman spectroscopy to
assess the efficiency of MgAl mixed oxides in removing cyanide from aqueous

solutions”.

Hipotesis 3

Los hidroxidos dobles laminares han sido utilizados cominmente para la
adsorcién de aniones, debido a sus propiedades estructurales. Dichas propiedades

solo afectan a compuestos aniénicos, de este modo, se plante6 la posibilidad de
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sintetizar un HDL capaz de adsorber compuestos no aniénicos mediante

interacciones intermoleculares, tales como las fuerzas de Van der Waals.

La naturaleza del ani6n interlaminar del HDL puede ser muy variada. La
intercalacién de aniones organios en el HDL conduce a la formacién de compuestos
organo-HDLs, con propiedades especificas para la adsorcién de compuestos no
anidnicos, tales como farmacos y/o contaminantes. Este nuevo material genera

microestructuras unicas controladas.

Estos organo-HDLs pueden ser sintetizados mediante métodos como la
coprecipitacién en presencia del anién organico, el intercambio aniénico o la
reconstruccién del HDL a partir de 6xidos mixtos obtenidos por la calcinacion del
material. Estos métodos son lentos y poco reproducibles, por ello planteamos la
opciéon de utilizar un método de intercambio asistido por microondas
permitiéndonos generar un érgano-HDL cuyo anién organico interlaminar posee la

capacidad de adsorber compuestos de interés no anidnicos.

Estos nuevos HDLs poseen interesantes aplicaciones para la adsorcién de
compuestos en disoluciones acuosas debido a la alto hidrofobicidad de los HDLs,
haciendo de este un material idéneo para la adsorcién de compuestos organicos en
agua. Por este motivo, en las dos Ultimas décadas se estan realizando multiples
estudios en la sintesis de organo-HDLs con tamafio de particula pequefio, uniforme
y alta superficie especifica. Uno de los métodos mas exitoso en la sintesis de dichos
materiales consiste en un método asistido por microondas, el cual proporciona una
rapida intercalaciéon de moléculas anidnicas de diferente naturaleza. Sin embargo,
no existe un elevado nimero de materiales sintetizados empleando técnicas de

microondas.

Objetivo 3

Como tercer objetivo se plante6 la sintesis de 6rgano-HDLs de colato/Mg,Al-
HDL y desoxicolato/Mg,Al-HDL empleando un método de intercambio idnico
asistido por microondas, partiendo de un HDL conteniendo nitrato como anién

interlaminar. El material sintetizado poseera propiedades imprescindibles para la
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adsorcion de compuestos organicos de interés, tales como farmacos y

contaminantes.

El empleo de microondas puede suponer un recorte importante de los tiempos
de sintesis, por lo que nos planteamos la utilizacién de esta forma de energia para
obtener los drgano-HDLs. Estos 6rgano-HDLs serdn empleados, en estudios
futuros, como adsorbentes de moléculas de interés en farmacologia, pues la
presencia de varios centros quirales en los aniones organicos podria ayudar a una

discriminacion enantiomérica.

Todo este estudio queda recogido en el articulo “Microwave-assisted synthesis
of hybrid organo-layered double hydroxides containing cholate and

deoxycholate”.
Hipotesis 4

Los hidréxidos dobles laminares constituyen una familia de materiales cuya
estructura es similar a la brucita, Mg(OH),. En los HDLs un metal trivalente
sustituye a un determinado nimero de 4tomos de magnesio, provocando que las
laminas hidroxilicas se carguen positivamente, esto le proporciona ciertas

propiedades de gran interés para la adsorcién de compuestos y catalisis.

El método de sintesis cominmente empleado es la coprecipitacion a pH
constante. En este procedimiento, el s6lido obtenido es sometido a una etapa de
envejecimiento, mejorando su cristalinidad. Esta etapa es lenta, de modo que la
realizacion de un proceso de envejecimiento asistido por microondas, nos
proporciona una buena cristalinidad a tiempos cortos. Otro método de sintesis, que
nos permite obtener una elevada cristalinidad es el método de coprecipitaciéon
homogénea con urea, asistido por microondas, el cual nos proporciona una mejora

sensible en sus propiedades texturales.

Una vez sintetizados los HDLs, son sometidos a un proceso de calcinacion,
transformandolos en un 6xido mixto de composicion MgAlOy con propiedades

basico-superficiales caracteristicas, que los hacen catalizadores potenciales para
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procesos organicos catalizados por bases. Uno de estos procesos es la reaccion de

Meerwein-Ponndorf-Verley (MPV).

La reaccién de MPV consiste en la transferencia de un hidruro desde un alcohol
hasta un compuesto carbonilico, produciendo asi un nuevo compuesto carbonilico
y un nuevo alcohol. En la ultima década se han desarrollado multiples
investigaciones basadas en el uso de catalizadores heterogéneos, tanto acidos como

basicos, con la capacidad de producir la transferencia de dicho hidruro.

Objetivo 4

Como cuarto objetivo de esta Tesis, se planteé la sintesis de HDLs utilizando
diversos métodos asistidos por microondas, para obtener una gama de sélidos con
diferentes propiedades texturales. La calcinacion de estos HDLs podria conducir a
obtener o6xidos mixtos con diferentes propiedades texturales y quimico-
superficiales. Los métodos principales de sintesis a emplear serdn el de
coprecipitacién a pH constante y el de coprecipitacién homogénea, en ambos casos
con urea asistidos con microondas. También se empleard el método de
coprecipitacion utilizando un agente director de estructura como el Pluronic 123
(P123), utilizando una técnica de envejecimiento de nuevo asistida con

microondas.

La calcinacion de estos solidos nos permitira obtener una serie de 6xidos que
seran empleados en la reaccion MPV de compuestos carbonilicos empleando 2-

butanol.

Todo este estudio queda recogido en el articulo “Microwave-assisted

synthesis of basic mixed oxides from hydrotalcites”.



RESUMEN/
SUMMARY







Resumen

RESUMEN DE LA TESIS DOCTORAL, “HIDROXIDOS LAMINARES
ORGANICO-INORGANICOS PARA APLICACIONES EN CATALISIS Y
ADSORCION”

1. Introduccion o motivacion de la Tesis Doctoral

La sintesis de materiales inorganicos o hibridos organico-inorganicos con
diferentes texturas y sistemas porosos es un campo de investigacién muy atractivo,
debido a la multitud de aplicaciones que pueden encontrar estos materiales en
distintos ambitos cientificos y/o industriales. La solucién a muchos problemas
medioambientales o industriales de la sociedad actual puede estar en la utilizacién
de materiales que posean unas propiedades singulares. Entre estos materiales
podemos destacar los hidréxidos dobles laminares (HDLs) [1]. De hecho, hoy en dia
estos HDLs estan siendo utilizados en diferentes campos como la catalisis, el
control de la polucién, o el intercambio anidnico, entre otras [2]. Estas aplicaciones
tienen que ver con la periodicidad estructural a nivel nanométrico que poseen los
HDLs, asi como ala separacion de cargas existentes entre las laminas de tipo brucita

y los aniones situados en la regién interlaminar [3].

Generalmente, Los HDLs estan formados por aniones divalentes y trivalente,
destacandose sobre todos la hidrotalcita, un mineral natural de férmula
MgsAl;(OH)16C03-H20, que puede ser sintetizado con suma facilidad en el
laboratorio y a gran escala[4]. No obstante, HDLs conteniendo metales
tetravalentes y también Li+ han sido descritos. La férmula general que podemos
establecer para un HDL es [M(II)1.xM (II1)x(OH)2]**(A™)x/n*m-H20 [5,6] donde M(II)
y M(III) son metales di y trivalentes, respectivamente; A es un anién y x es la
relacion metalica dada por M(II)/[(M(I1)+M(III)]. El anidn Ar- compensa el defecto
de carga de las laminas de tipo brucita y su naturaleza puede ser muy variada [7],
tanto inorganica como organica. Cuando introducimos aniones organicos
obtenemos materiales hibridos organico-inorganicos que abren un enorme

abanico de aplicaciones para los mismo.
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Por otra parte, muchos de los HDLs poseen una elevada capacidad de
intercambio i6nico. Otros muchos, cuando se calcina, se transforman en dxidos
mixtos con unas extraordinarias propiedades quimico-superficiales y texturales

que los hacen atractivos para ser empleados como catalizadores[8].
2. Contenido de la investigacion

La presente Tesis Doctoral abarca la sintesis, caracterizacion y aplicaciones de
HDLs. Como resultado de esta investigacion se han obtenido diferentes materiales
laminares utilizando diferentes métodos de sintesis con aplicaciones en adsorcién

y catalisis.

» En el trabajo “Vibrational spectroscopic study of sol-gel layered double
hydroxides containing different tri-and tetravalent cations” se sintetizaron
cinco materiales tipo HDL a partir de etéxido de magnesio en presencia de
acetilacetonato de aluminio, galio, indio, estafio y circonio utilizando la técnica sol-
gel. Las suspensiones coloidales obtenidas inicialmente fueron gelificadas y
finalmente separadas por centrifugaciéon. La caracterizacién mediante XRD
confirmé la estructura tipo hidréxido doble laminar de los materiales y los
espectros IR y Raman nos proporcionaron informacion sobre las diferencias entre

los sélidos.

» Eneltrabajo “Use of Raman spectroscopy to assess the efficiency of MgAl
mixed oxides in removing cyanide from aqueous solutions” se estudié la
capacidad de actuacion de los HDLs como remediadores ambientales,
concretamente en la purificacién de agua conteniendo cianuro. El proceso se basa
en el “efecto memoria” de los HDL. La cinética del proceso se siguié por
espectroscopia Raman. Se demostré que la relacion metalica del HDL tiene una
influencia crucial en la capacidad de adsorcion del 6xido mixto resultante tras la
calcinacidn. La caracterizacion mediante XRD confirmd la estructura laminar de los
HDLs y la estructura de tipo periclasa de los 6xidos mixtos obtenidos tras
calcinacién. En este trabajo se utilizé por primera vez la espectroscopia Raman

para monitorizar el proceso de adsorcion, obtenido como resultado un proceso
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eficaz y expeditivo para el propoésito previsto, permitiendo la monitorizacién in situ

del proceso de adsorcion

» En el trabajo “Microwave-assisted synthesis of hybrid organo-layered
double hydroxides containing cholate and deoxycholate” se sintetizaron
materiales hidréxidos dobles laminares (HDLs) organico-inorganicos mediante
intercalacion de los aniones colato y desoxicolato. Se emple6 un método de sintesis
asistido por microondas. La caracterizacién mediante difraccion de rayos X y
espectroscopia Raman muestra que la intercalacién de los aniones organicos se
produce después de un tratamiento de 1h bajo microondas, lo que supone acortar
los tiempos de sintesis frente a otros métodos mas convencionales de obtener este
tipo de solidos. En ambos 6rgano-HDLs el espaciado basal nos indica que los
aniones organicos se sitllan en la regién interlaminar sin entrecruzamiento. Esta
distancia interlaminar ha podido ser confirmada con las micrografias de HR-TEM.
Asimismo, se ha comprobado que la temperatura de descomposiciéon del anién
organico aumenta sensiblemente al ser intercalado en el HDL. Esta observacién se
ha realizado por medidas termogravimétricas y se ha confirmado por
espectroscopia Raman, a través de una monitorizaciéon de la sefial del anion

organico durante el periodo de calefaccion.

> En el trabajo “Microwave-assisted synthesis of basic mixed from
hydrotalcites” se sintetizaron tres hidroxidos dobles laminares (HDLS)
empleando diferentes métodos de irradiacion con microondas: un procedimiento
de coprecipitacion, este mismo procedimiento, pero en presencia de un agente
director de estructura como es el Pluronic P123 y un procedimiento de
precipitacion homogeénea con urea. Estos tres HDLs, tras ser calcinadas a 450 °C
formaban de fases de 6xidos mixtos de composicion MgAIlOx, cuyas propiedades
texturales y quimico-texturales dependian directamente del método de sintesis
empleado. El 6xido mixto obtenido a partir del HDL sintetizado por el método
de coprecipitacion homogénea es el que presentaba los valores mas elevados de
superficie especifica y de basicidad. Asimismo, presentaba una elevada

microporosidad. Los tres 6xidos mixtos han sido utilizados como catalizadores
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en la reaccion de Meerwein-Ponndorf-Verley de benzaldehido y 2-butanol,
pudiéndose certificar que la actividad catalitica es directamente proporcional a la
poblacién de centros basicos superficiales.

3. Conclusiones

Como conclusién general se puede decir que se han sintetizado con éxito
diferentes hidréxidos dobles laminares, los cuales presentaban una estructura de
tipo brucita. Algunos de estos HDLs y 6xidos mixtos obtenidos por calcinacién
fueron utilizados en procesos de adsorciéon y catalisis, mostrando buenas

propiedades adsortivas y cataliticas.

A continuacion, se detallara las conclusiones especificas obtenidas en cada uno
de los trabajos que han dado como resultado la presente Memoria de Tesis

Doctoral.

> En el trabajo “Vibrational spectroscopic study of sol-gel layered double
hydroxides containing different tri-and tetravalent cations” se sintetizaron
HDLs de Mg/Al, Mg/Ga, Mg/In, Mg/Al/Sn y Mg/Al/Zr en una relacién metalica de
3 [(Mg/M(1II) + M(IV)] utilizando el método de sol-gel.

+ Los patrones de DRX revelaron que los cinco s6lidos poseen una estructura
de HDL y el andlisis elemental mostré una relacién metalica muy cercana a la

teorica.

+ El entorno de los grupos hidroxilos fue estudiado en detalle utilizando la
espectroscopia IR. La region IR de 2800-3900 cm-! dio sefiales similares para los
cinco soélidos, confirmando la presencia de unidades Mgz;OH y Mg,Al-OH en los

HDLs.

4+ Lapresencia de un cation trivalente distinto del aluminio o la incorporacion
de un metal tetravalente en la red cristalina del HDL gener6 variaciones poco

significativas en los espectros de FT-IR de los sdlidos.

4+ La espectroscopia Raman fue utilizada para examinar los aniones de la

regién interlaminar y los enlaces metal-oxigeno de los HDLs sintetizados.

14



Resumen

+ Losespectros Raman se registraron en dos zonas diferentes. Laregidn entre
1000-1100 cm-! del espectro contenia sefiales asignadas a la vibracion del anién
carbonato, cuya posicion varia al variar el tamafio del catién trivalente; sin
embargo, la inserciéon de un catién tetravalente no provocd ningin efecto. La
segunda region entre 135-700 cm-1, presenté grandes diferencias entre los HDLs

sintetizados. En esta region aparecen las vibraciones de los enlaces M(111)-O.

» Eneltrabajo “Use of Raman spectroscopy to assess the efficiency of MgAl
mixed oxides in removing cyanide from aqueous solutions” se estudié la
capacidad de eliminacién de CN- en disoluciéon acuosa de un HDL de Mg/Al

calcinado a 450 °C.

+ Laespectroscopia Raman demostro ser una técnica eficaz, precia y expedita
para monitorizar y cuantificar la adsorcién del ion cianuro en el 6xido mixto

obtenido tras la calcinacién de un HDL.

# El cianuro se adsorbe mediante un proceso de rehidratacion basado en el
“efecto memoria” que restaura la estructura inicial del HDL. La adsorcién decrecia
con el aumento de la relaciéon metalica de Mg/Al del HDL utilizado como precursor

para el 6xido mixto empleado, siendo el mejor el 6xido mixto con relaciéon Mg/Al=2.

+ Lacinética del proceso se ajustd a un modelo de Lagergren de primer orden.
La adsorcion de cianuro aumentaba al aumentar la temperatura, lo que sugiere que
el proceso era endotérmico. Basandonos en la energia de activacion del proceso, la

adsorcion del cianuro se rige por una reaccion con el 6xido mixto y no por difusion.

+ Finalmente, se observo como la calcinacion del HDL después de la adsorcion
del cianuro restaura el 6xido mixto original haciendo posible la reutilizacién del

material.

» En el trabajo “Microwave-assisted synthesis of hybrid organo-layered
double hydroxides containing cholate and deoxycholate” se sintetizaron 6rgano-
HDLs mediante un método asistido por microondas suponiendo un considerable
ahorro de tiempo en la obtencién de estos compuestos al ser comparados con los

sintetizados por otros métodos de sintesis.
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4 La cristalinidad que se obtiene para los mismos es elevada, produciéndose

una sustitucidn total del anidn nitrato del HDL de partida por los aniones organicos.

4+ Elaumento de tiempo del tratamiento con microondas mas alla de una hora
redunda negativamente en la cristalinidad del HDL sintetizado. Por primera vez se
describe en la literatura el HDL intercalado con colato, cuyas caracteristicas son

similares a las del HDL conteniendo desoxicolato.

4+ Enambos casos, la distancia interlaminar, determinada experimentalmente
por difraccion de rayos X y confirmada por HR-TEM, tiene un valor cercano al doble
de la longitud de las cadenas de colato o desoxicolato, lo que determina que las

cadenas organicas se sitiian en el interior del HDL sin entrecruzamiento.

4+ Finalmente, se ha aplicado, también por primera vez, la espectroscopia
Raman al seguimiento de la descomposiciéon térmica del &rgano-HDL.
Monitorizando las bandas de tension de los enlaces C-H de las moléculas de colato
o desoxicolato se puede establecer la temperatura a la cual se produce la
descomposicién del mismo, produciéndose el colapso de la estructura del HDL,
para transformarse en un 6xido mixto de magnesio y aluminio. Este seguimiento
nos ha permitido establecer que al intercalar el anién organico en el HDL se

produce un aumento considerable de su temperatura de descomposicion.

» En el trabajo “Microwave-assisted synthesis of basic mixed from
hydrotalcites” los 6xidos mixtos obtenidos por calcinacién de hidréxidos dobles
laminares sintetizados empleando distintos métodos de irradiacion con
microondas se han empleado como catalizadores en la reacciéon de Meerwein-

Ponndorf-Verley de benzaldehido con 2-butanol.

4+ De los tres oOxidos mixtos, el obtenido empleando un método de
precipitacion homogénea con urea presenta un elevado caracter microporosoy una
basicidad superficial casi el doble de la de los dos 6xidos mixtos obtenidos por el

método coprecipitacion (uno de ellos en presencia de Pluronic P-123).

4+ Todos los 6xidos mixtos presentan tres tipos de centros basicos: débiles,

medios y fuertes.
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# El mas activo en la reacciéon MPV estudiada es el que posee una mayor
poblacién de centros basicos de fortaleza moderada a media, como se ha puede

justificar por el mecanismo propuesto para la reaccion.

+ También se realizéd la reaccion de MPV de ciclohexanonas y algunos
derivados, obteniendo excelentes valores de conversion. En la metilciclohexanona,
cuando el sustituyente metilo cambia de posicion 4 a 3 y 2, se produjo una
disminucion significativa de la conversién, la cual pudo ser explicada por el

impedimento estérico generado por el grupo metilo en el complejo adsorbido.

+ Finalmente, se realizaron varias reutilizaciones del catalizador en la
reaccion de MPV entre ciclohexanona y 2-butanol obteniendo valores de

conversion y selectividad similares a la reaccion inicial.
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SUMMARY OF THE DOCTORAL THESIS, “ORGANIC-INORGANIC
LAYERED HYDROXIDES FOR APPLICATIONS IN CATALYSIS AND
ADSORPTION"

1. Introduction or motivation of the Doctoral Thesis

The synthesis of inorganic and organic-inorganic hybrid materials with different
textures and porous systems is a very attractive research field, due to the multiple
applications that these materials can find in different scientific and/or industrial
areas. The solution to many environmental or industrial problems from the current
society can be in the use of materials that own some unique properties. Among
these materials we can stand out the layered double hydroxides (LDHs) [1]. In fact,
nowadays LDHs are being used in different fields like catalysis, pollution contro],
or anionic exchange, among others [2]. These applications have to do with the
structural regularity at nanometer level that own LDHs, as well as the separation
between existent charges between the brucite-type layers and the anions situated

in the interlayered region [3].

Generally, LDHs are set up of divalent and trivalent anions, standing out over all
the hydrotalcite, a natural mineral formulated as MggAl,(OH)16CO3-H0, that can
easily be synthesised in large scale [4]. Nevertheless, LDHs containing tetravalent
metals and also Li* have been described. The general formula that we can establish
for a LDH is [M(II)1xM(III)x(OH)2]**(A™)x/n'm-H20 [5,6] where M(II) and M(III) are
di and trivalent metals, respectively; A is an anion and x is the metallic ratio given
by M(I) /[(M(I[)+M(III)]. The A anion compensates the defect in the brucite-type
layer’s charge and can have a very different inorganic and organic nature [7]. When
we introduce organic anions, we obtain hybrid organic-inorganic materials that

open up an enormous range of applications.

On the other hand, many of the LDHs own an enhanced capacity of ionic
exchange. Many others, when they are calcined, they turn into mixed oxides with
extraordinary surface chemical and textural properties making them attractive to

be employed as catalysts [8].
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2. Content of the research

This Doctoral Thesis covers the synthesis, characterization and applications of
LDHs. As a result of this research, different layered materials using different
synthesis methods with applications in adsorption and catalysis have been

obtained.

In the paper “Vibrational spectroscopic study of sol-gel layered double
hydroxides containing different tri-and tetravalent cations”ffive different
layered double hydroxides were synthesized from magnesium ethoxide in the
presence of aluminium, gallium, indium, tin and zirconium acetylacetonates by
using the sol-gel technique. The colloid suspensions initially obtained were gelled
and separated by centrifugation. XRD diffraction patterns confirmed that the five
solids thus obtained possessed a layered double hydroxide structure. Also, IR and

Raman spectra revealed differences between the solids.

In the paper “Use of Raman spectroscopy to assess the efficiency of MgAl
mixed oxides in removing cyanide from aqueous solutions” the ability of LDHs
as environmental remediators was studied, specifically in the purification of water
containing cyanide. The process is based on the “memory effect” of LDHs. The
kinetics of the process was examined by Raman spectroscopy. The metal ratio of
the LDH was found to have a crucial influence on the adsorption capacity of the
resulting mixed oxide. The characterization by XRD confirmed the layered
structure of the LDHs and the periclase-like structure of the mixed oxides obtained
by calcination. In this work, Raman spectroscopy was for the first time used to
monitor the adsorption process. Based on the results, this technique is an effective,
expeditious choice for the intended purpose and affords in situ monitoring of the

adsorption process.

» In the paper “Microwave-assisted synthesis of hybrid organo-layered
double hydroxides containing cholate and deoxycholate” Organic-inorganic
layered double hydroxides (LDHs) were synthesized by intercalation of the cholate
and deoxycholate ion. A microwave-assisted synthesis method was used. The

characterization by X-ray diffraction and Raman spectroscopy for the resulting
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LDHs showed that a treatment time of only 1 h sufficed to ensure complete
intercalation of the organic anions. This makes the proposed synthetic method
more expeditious than existing alternatives for the same purpose. Based on the
baseline spacing for the organo-LDHs, the organic anions were intercalated with no
cross-over between their molecular chains. The interlayer distance of the solids
was confirmed by high-resolution transmission electron micrographs (HR-TEM).
As revealed by thermogravimetric monitoring measurements, and confirmed by
Raman spectra, the decomposition temperature for the LDHs increased

considerably upon intercalation of the organic anion.

» In the paper “Microwave-assisted synthesis of basic mixed from
hydrotalcites” three layered double hydroxides (LDHs) were prepared by using
three different microwave irradiation methods, namely: coprecipitation in the
absence and presence of Pluronic P123 as template, and homogeneous
precipitation in the presence of urea. Calcination at 450 °C of the three
hydrotalcites gave MgAlOx mixed oxides. Their textural and surface chemical
properties were found to depend on the particular synthetic method used. The
mixed oxide obtained from the hydrotalcite prepared by homogeneous
coprecipitation exhibited the highest specific surface area and basicity, in
addition to a high microporosity. The three mixed oxides were used as catalysts
in the Meerwein-Ponndorf-Verley reaction of benzaldehyde with 2-butanol,
where the activity was found to be directly proportional to the population of

basic surface sites.

3. Conclusions

As a general conclusion, it can be said that several layered double hydroxides
(LDHs) have been synthesized successfully, exhibiting a brucite-type structure.
Some of these LDHs and mixed oxides obtained by calcination were used in
adsorption processes and catalysis, most of them showing good adsorptive and

catalytic properties.
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Coming up next, the specific conclusions of each of the articles published that

have resulted from this Doctoral Thesis are detailed.

» In the paper “Vibrational spectroscopic study of sol-gel layered double
hydroxides containing different tri-and tetravalent cations” we prepared Mg/A],
Mg/Ga, Mg/In, Mg/Al/Sn and Mg/Al/Zr LDHs in a metal ratio of 3 [(Mg/M(III) +
M(1IV)] by using the sol-gel method.

+ XRD patterns revealed that the five solids possess a layered double

hydroxide structure and a metal ratio very close to the theoretical one.

+ The environment of hydroxyl groups was studied in detail by using IR
spectroscopy. The IR zone from 2800 to 3900 cm-! was quite similar for the five
solids and seemingly confirms the presence of MgzOH and Mg,Al-OH environments

in the LDHs.

+ The presence of a trivalent cation other than aluminium or the insertion of
a small amount of a tetravalent ion in the LDH crystal network had little effect on

the FT-IR spectra for the solids in this zone.

+ Raman spectra were recorded in two different zones. One spanned the
wavenumber range 1000-1100 cm-! and contained the signal for stretching
vibrations in carbonate, its position changing with the size of the trivalent cation —
inserting a tetravalent cation had no effect on it, however. The other zone, 135-700
cm-1, was that exhibiting the greatest differences between LDHs. In this region, the

stretching vibration of M(III)-OH bonds was also present.

+ In the paper “Use of Raman spectroscopy to assess the efficiency of MgAl
mixed oxides in removing cyanide from aqueous solutions” the removal capacity

of CN-in aqueous solution of an LDH of Mg / Al calcined at 450 ° C was studied.

+ Raman spectroscopy is an effective, accurate, expeditious technique for
monitoring and quantifying the adsorption of cyanide ion on a mixed oxide

obtained by calcining a layered double hydroxide (LDH).

+ Cyanide is adsorbed by a rehydration process based on a “memory effect”

that restores the initial structure of the LDH. The adsorption rate was found to
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decrease with increase in metal (Mg/Al) ratio of the LDH used as precursor for the

mixed oxide, being optimum for the oxide with Mg/Al = 2.

+ The kinetics of the process conformed to a first-order Lagergren model. The
fact that the cyanide adsorption rate increased with increasing temperature
suggests that the process is endothermic. Based on the activation energy for the
process, the adsorption of cyanide is governed by its reaction with the mixed oxide

rather than by diffusion.

+ Finally, calcination of the LDH after adsorption of cyanide restores the

original mixed oxide, which can thus be reused as a cyanide sorbent

» In the paper “Microwave-assisted synthesis of hybrid organo-layered
double hydroxides containing cholate and deoxycholate” microwave-assisted
anion-exchange provides substantial time savings in synthesizing organo-LDHs

when compared with those synthesized by other methods of synthesis.

+ The resulting solids possess a high crystallinity by effect of the starting

nitrate anion being completely substituted by the organic anions.

4+ More than 1 h of microwave treatment was found to have an adverse impact
on crystallinity, however. A cholate-containing LDH was for the first time prepared

here whose properties were similar to those of the deoxycholate-containing solid.

+ In both, the interlayer distance as determined by XRD spectroscopy and
confirmed by HR-TEM measurements was almost twice the length of a cholate or

deoxycholate chain; there was thus no cross-over of organic chains in the LDHs.

+ Finally, Raman spectroscopy was also for the first time used to monitor the
thermal decomposition of the organo-LDHs through the stretching vibrations of C-
H bonds in cholate and deoxycholate. This allowed the temperature at which the
LDHs collapsed by decomposition into an Mg/Al mixed oxide to be precisely
established. As shown by the results, intercalating an organic anion into an

inorganic LDH considerably raises its decomposition temperature.

» In the paper “Microwave-assisted synthesis of basic mixed oxides from

hydrotalcites” mixed oxides obtained by calcining hydrotalcites prepared under
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microwave irradiation were used as catalysts in the Meerwein-Ponndorf-Verley

(MPV) reaction between benzaldehyde and 2-butanol.

#+ Out of the three mixed oxides, the oxide obtained by homogeneous
coprecipitation with urea possessed a high microporosity and a surface basicity
almost doubling that of the two oxides obtained by coprecipitation both in the

absence or presence of Pluronic P123 as template.

+ All oxides contained three types of basic sites, namely: weak, medium and

strong.

+ The most active oxide in the target MPV reaction was that possessing the
largest population of moderate to strong basic sites, which is consistent with the

proposed reaction mechanism.

+ Also, the MPV reaction of cyclohexanones and some compounds related to
it were carried out, obtaining excellent conversion values. In the case of
methylcyclohexanone, when the methyl substituent changes from position 4 to 3
and 2, there was a significant decrease in conversion. This decrease can be
explained by the steric hindrance of the methyl group on the proposed adsorbed

complex.

+ Finally, several reuses of the catalyst were carried out in the reaction of
MPV between cyclohexanone and 2-butanol, obtaining similar conversion and
selectivity values to the initial reaction.
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I. HIDROXIDOS DOBLES LAMINARES

1.1. INTRODUCCION

Los hidroxidos dobles laminares (HDLs), naturales o sintéticos, también
denominados hidrotalcitas (HT) son compuestos pertenecientes a la familia de las
arcillas aniénicas. Fueron descubiertos en Suecia (1842) y forman un conjunto
natural de hidroxidos de metales divalentes y trivalentes. En 1942, Feitknecht [1]
sintetizé varios compuestos que presentaban una estructura parecida a los HDLs,
siendo denominados “doppleschichstrukturen” (estructura doble laminar). Los
HDLs se organizan en el espacio en estructuras laminares, compuestas por dos o

mas cationes diferentes. La formula general de estos hidroxidos es:
[M(11) 1xM(1I1)x(OH) 2*[Ax/n]""mH20 [ 2,3]

donde M(II) y M(III) representan a un metal divalente y trivalente,
respectivamente, ocupando posiciones octaédricas en las laminas hidroxilicas; Ar-
es el anion interlaminar; m es el nimero de moléculas de agua interlaminar; y x es

la relacion metalica, dada por M (III)/ [M (I11)+M (II1)].
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1.2. ESTRUCTURA DE LA BRUCITA

Para comprender la estructura de los hidréxidos dobles laminares, es
fundamental conocer la estructura de la brucita [4], Mg(OH).. En la figura 1 se
muestra la estructura tridimensional de una lamina de brucita. Esta estructura
consta de atomos de Mg2* coordinados octaédricamente a grupos hidroxilos (OH-)
cuyos octaedros comparten sus aristas formando laminas. La estructura de la
brucita se denomina trioctaédrica, debido a que cada grupo OH- esta rodeado por

tres posiciones ocupadas octaédricamente.

S B == B

Figura 1. Estructura tridimensional de una ldmina de brucita

La figura 2 muestra el apilamiento de laminas de Mg(OH). formando la
estructura de la brucita. El gran espaciado a lo largo del eje c es ocasionado

mediante enlaces débiles entre laminas adyacentes por puentes de hidrégeno.

@® oH

Figura 2. Estructura tridimensional de la brucita

La unidad basica de la brucita consiste en laminas de cationes Mg?2+ localizados
en el centro de octaedros. Estos cationes Mg?+ se encuentran coordinados
octaédricamente por seis grupos OH-. De este modo, si los vértices y los centros de

los octaedros son grupos hidroxilos y cationes, respectivamente, la ldmina es
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eléctricamente neutra. Segin Pauling [5], cada catién de Mg?* comparte su carga
con seis grupos hidroxilos, aportando +2/¢ = +1/3 de carga; mientras que cada
hidroxilo (OH-) se encuentra coordinado con tres centros de magnesio, aportando

-1/3 = -1/3, generando por tanto una carga electrostatica total neutra (+1/3 - 1/3 =
0)[6].

1.3. ESTRUCTURA Y COMPOSICION DE LAS LAMINAS TIPO BRUCITA

La estructura de los hidréxidos dobles laminares se comprende facilmente
relacionandola con la estructura de la brucita. Consiste en laminas hidroxilicas
cargadas positivamente, con un espaciado interlaminar con aniones, encargados de
compensar la carga positiva de estas, junto a moléculas de agua. Como se muestra
en la figura 3, la carga positiva de las laminas procede de la sustitucién isomorfica,
del metal divalente (Mg?*) por un metal trivalente (Al3*), el cual genera una carga

residual positiva a lo largo del hidr6xido doble laminar.

A la cohesién entre laminas contribuyen los grupos OH- de los vértices del
octaedro, los cuales interaccionan por puentes de hidrégeno. Las moléculas de agua

y los aniones se sitian en el espacio interlaminar.

Sustitucion isomorfica
Mg?* por Al3*

Brucita HDL-Mg/Al

Figura 3. Sustitucién isomérfica de una lamina de brucita

Este conjunto de laminas apiladas posee una secuencia de empaquetamiento
AbCbA..., donde Ay C, se refieren a las laminas formadas por cationes y los grupos

hidroxilo, mientras que b hace referencia al espacio interlaminar formado por las
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moléculas de agua y los aniones que conforman el HDL[7], como se muestra en la

figura 4.

Figura 4. Estructura laminar de un HDL

La carga neta de las ldminas estara determinada por el nimero de cationes
metalicos trivalentes que sustituyen a los divalentes. De este modo, la cantidad de
aniones interlaminares sera proporcional a la densidad de carga residual generada.
La fraccion x, que indica la relaciéon metalica M(III) /[M(IT)+M(III)], es un parametro
que puede variar dentro de un intervalo. En el caso de HDLs de Mg/Al naturales, el
limite superior de x es 0.35, correspondiente a una relacién Mg/Al=2 [8]. En los
HDLs sintéticos, el valor de x puede ser mayor, afectando asi a la cristalinidad del
s6lido [9]. En general se obtienen materiales con buena cristalinidad para

relaciones 2 < Mg/, <4.

El tamaiio de los radios cationicos, con respecto a la sustitucion isomorfica del
metal trivalente por el divalente, es un parametro a tener en cuenta. Las
sustituciones isomorficas son producidas por metales cuyos radios catiénicos son
semejantes [10]. La sustituciéon del metal provoca una leve deformacién en los
octaedros de las laminas de tipo brucita. Cuando se realiza la sustitucién de un
metal cuyo radio catiénico sea muy superior al Mg2* puede provocar la ruptura del
octaedro, llevando a la destruccién de la estructura tipo brucita del HDL, mientras

que la sustitucion de un metal de radio muy inferior puede provocar el cambio de
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estructura octaédrica por tetraédrica, generando defectos en la estructura del

sélido.

La tnica condicidn para realizar la sustituciéon isomorfica es que las unidades
constituyentes de la lamina sean octaedros, para que se puedan disponer de forma
planar, compartiendo sus aristas. Asi, podria pensarse en sélidos con multiples

cationes diferentes que cumplan esta condicion.

Se han realizado diversas investigaciones sobre la sustitucidn parcial del Mg2*
por cationes de radio catiénico diferente, como es el caso del In3+ (0.93 A). Este
posee un radio catiénico considerablemente mayor al Al3+ (0.67 A) [11]. Cuando se
realiza la sustituciéon completa del ion Mg?+ por metales de diferente radio idnico,

se produce una sustituciéon mas inestable [12].

La caracteristica principal de las 1dminas de HDL es la existencia de cationes
heterovalentes en su composicion, provocando un defecto de carga en las mismas.
La composicion metalica de las laminas se representa principalmente por pares
cationicos, tales como M2z+/M3+, M+/M3+, M2+/M4+, donde los cationes divalentes
[13-15] pueden ser Mg?+, Zn?+, Co?+, Ni2+, Cu2+, Mn?+, etc., los trivalentes [14,16,17]
Al3+, Cr3+, Fe3+, Co3+, Ni3+, Mn3+, Ga3+,In3+,etc., los monovalentes [18] pueden ser
Unicamente Li* y los tetravalentes [19-21] Ti*4*, Zr#+, Sn#+,etc. La coexistencia de tres
0 mas tipos de cationes en las laminas supone una mayor variedad en las
propiedades de los HDLs [22-24]. Estos ultimos HDLs seran explicados con mayor

detenimiento en el capitulo II de esta tesis doctoral.

El orden-desorden con respecto a la distribucién catiénica en las laminas
octaédricas de los HDLs es aleatorio. La elevada pseudometria, microcristalinidad
y desorden en el apilamiento de las laminas dificultan su analisis. Hofmeister y von
Platen [25], postularon que la mayoria de las estructuras de un HDL, posee una
distribucién catiénica que sigue un orden complejo, donde la ordenaciéon de
cationes divalentes y trivalentes dependera de la relacién metalica M(11)/M(III).
Brindley y Kikkawa [26] demostraron que los centros metdlicos trivalentes se

posicionan lo mas lejos posible entre si, con el objetivo de minimizar las posibles

35



Capitulo I. Introduccién

repulsiones catidnicas generadas y bajo ningin concepto encontrarse dos centros

trivalentes unidos por sus aristas, formando M(III)-M(III).
1.4. EL ESPACIADO INTERLAMINAR

Los HDLs contienen en su region interlaminar tanto moléculas de agua como
aniones inorganicos y/o organicos gracias a la elevada densidad de carga de las

laminas.

Las moléculas de agua presentes en la region interlaminar estan unidas a través
de puentes de hidrégeno con los grupos OH- de los octaedros de las laminas de tipo
brucita, y en algunas ocasiones también con los aniones situados en esta region
interlaminar. Debido a la continua ruptura y formacién de estos puentes de
hidrégeno, las moléculas de agua se mueven con cierta libertad en la region

interlaminar sin destruir la estructura del HDL [27].

La naturaleza de los aniones puede ser diferente. Podemos encontrar aniones
monovalentes (Cl, Br, I, NOs) [28], divalentes (COs7,S04 ,Cr0s7) [29,30],
trivalentes (P043) [31] y tetravalentes (Fe(CN)s*) [32]. A su vez, la geometria
molecular de los aniones puede ser sencilla, plana-triangular, tetraédrica,

octaédrica o incluso ldminas tetraédricas bidimensionales.

Los HDLs conteniendo aniones organicos son muy abundantes. Se han descrito
HDLs conteniendo aniones organicos de cadena larga (oleato [33], sulfatos
organicos [34]), aniones de fArmacos (ibuprofeno [35], diclofenaco [36]) o aniones
derivados de ciclodextrinas [37], entre otros. Debido a la capacidad que poseen los
HDLs de aumentar su espaciado interlaminar, es posible la incorporacion de estos
aniones tan voluminosos [38]. La incorporacién de aniones de naturaleza organica
crea un nuevo grupo de HDLs hibridos, denominado 6rgano-HDLs, cuyas

propiedades seran discutidas en capitulos posteriores.
1.5. PROPIEDADES DE LOS HIDROXIDOS DOBLES LAMINARES

En este apartado se mostraran algunas de las propiedades mas importantes de
los HDLs, las cuales influyen enormemente en su aplicacién como adsorbentes y/o

catalizadores.
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1.5.1 Intercambio anidénico

Una de las propiedades mas importantes de los hidréxidos dobles laminares, es
su capacidad para intercambiar aniones en su region interlaminar. Gracias a la
particular estructura de los HDLs, el intercambio idnico realizado es de tipo
topotactico, es decir, la estructura laminar se mantiene invariable con respecto al
intercambio realizado, mientras los enlaces mas débiles entre los aniones y las
ldminas se rompen [39]. De este modo, el intercambio aniénico esta relacionado
Unicamente con la carga y el tamafio del ani6on entrante, no afectindose la

estructura tipo brucita del HDL [40].

La cantidad de aniones intercambiados es proporcional a su afinidad por las
laminas del HDL. Miyata [41] establecid6 una escala de afinidad hacia la
intercalacién de los aniones, superior para aniones divalentes respecto a los

monovalentes, siguiendo el orden:
NO3< Br< Cl-< F-< OH-< M0042-< SO42-< CrO42-< HAsO42-< HP042-< CO32-

Por ello, un HDL con nitrato como anién interlaminar obtendrd mejores
resultados en un intercambio aniénico debido a la baja afinidad de este ani6n por
las ldminas. Adema4s, la gran afinidad del carbonato exige el uso de atmésferas

inertes y disolventes descarbonatados que eviten la contaminacién por CO..

El intercambio idnico se realiza habitualmente dispersando el hidréxido doble
laminar en una disolucién acuosa que contiene el anién a intercalar, en condiciones
de agitacion constante y pH adecuado. El uso de métodos de intercambio asistidos
por microondas [42] disminuye sustancialmente el tiempo necesario para el

intercambio.

Este proceso de intercambio anidnico permite sintetizar innumerables
materiales de tipo HDL conteniendo aniones como por ejemplo, oleato [43], colato
[44], polimeros anidnicos [45] o derivados de la ciclodextrina [46]. La figura 5
muestra el proceso de intercambio del anién sulfato de B-ciclodextrina, en un HDL

de Mg y Al con nitrato como anién precursor. Existen técnicas de caracterizacion,
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como la difraccién de rayos X, que permiten el seguimiento de la intercalacion de

dichos aniones [47], tal y como se comentara en posteriores apartados.

HDL-BCD

Figura 5. Sulfato de -Ciclodextrina en un HDL de Mg/Al

1.5.2 Tratamiento térmico de los HDLs

Cuando un HDL se somete a un tratamiento térmico sufre un proceso que puede
ser descrito en tres etapas [48]. La primera de ellas, hasta los 250°C
aproximadamente, supone la pérdida de las moléculas de agua interlaminar
persistiendo su estructura. En la segunda etapa (hasta los 450-500 °C), se produce
la deshidroxilacién de las laminas de tipo brucita, junto con la pérdida de los
aniones interlaminares produciéndose la formacién de un 6xido mixto (MgAlOy)
[49]. Esta etapa supone colapso de la estructura laminar [50]. Cuando sometemos
el HDL a temperaturas superiores se produce la transformacién del 6xido mixto en
una espinela [51]. Para el caso de un HDL de Mg/Al tendriamos el siguiente proceso

de descomposiciéon térmica:

MgeAly(OH),5CO05 - nH,0 % MgeAl,(OH)14CO5 4505% Mg(AD o, 222 Mgal,o0,
H,0 H,0 + CO,
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Los 6xidos mixtos calcinados a una temperatura de 450 °C, obtenidos a partir de
estos HDLs de Mg/Al, presentan pares acidos-base, centros acidos de Lewis (debido
a la presencia de cationes Al3+) y distintos tipos de centros basicos de fortaleza

variable [52]. Estos ultimos pueden ser de naturaleza:

+ Fuerte, (centros 02- directamente unidos a los metales).
+ Maedia, (centros 02- enlazados a &tomos adyacentes a los centros metéalicos).

4+ Débil, (grupos OH- superficiales).
I.5.3 Efecto memoria

Como acabamos de comentar, cuando se calcina un HDL a temperaturas en el
intervalo de 300-600 °C se produce el colapso de la estructura laminar,
obteniéndose un 6xido mixto [53]. Este nuevo 6xido mixto posee la capacidad de
rehidratarse al ser tratado con una disoluciéon acuosa que contenga el anién a
intercalar, restableciéndose la estructura de HDL. A este fendmeno se le denomina
“efecto memoria”. En la figura 6 se esquematiza el efecto de la rehidratacion para

la intercalacién de un nuevo anion.

@ carbonato ®Agua

® Nuevoanién

Figura 6. Aplicacion del efecto memoria de los HDLs.

Si la temperatura de calcinacién es superior a los 700 °C se produce la
segregacion de fases, formandose una fase espinela. Esta fase espinela es
termodinamicamente mas estable, haciendo que el proceso de reconstruccion deje

de ser reversible [54].

1.6. SINTESIS DE HIDROXIDOS DOBLES LAMINARES
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Las sintesis de hidroxidos dobles laminares, tanto a nivel de laboratorio como
industrial, son relativamente sencillas y de bajo costo. Existen diversos métodos de
sintesis de estos sélidos. Después de la sintesis se suelen aplicar tratamientos de
envejecimiento para mejorar las propiedades estructurales y texturales. A

continuacion, algunos métodos de sintesis seran brevemente comentados.

» Coprecipitacion: es el método mas cominmente utilizado para la sintesis de
HDLs en grandes cantidades. Se puede llevar a cabo en dos condiciones:

o Precipitacion a baja supersaturacion: consiste en la adicion lenta de
una disolucion, que contiene los cationes metalicos, a un reactor que contiene una
disolucién acusa con el anién interlaminar deseado. Una segunda disolucién
alcalina es afiadida al reactor simultaneamente a una velocidad controlada, para
mantener el valor de pH constante que conduce a la coprecipitaciéon del HDL.

o Precipitacion a alta supersaturacion: este método requiere de la
adicion de una disolucion que contiene los cationes metalicos a un reactor que
contiene una disolucién alcalina con el anién interlaminar deseado. Generalmente
esta sintesis da como resultado materiales menos cristalinos, debido al elevado
numero de nucleos de cristalizacién [55].

» Método de precipitacién homogénea: consiste en la adicién de una

disolucién de las sales metalicas a un reactor con una disolucién acuosa con urea a
una temperatura determinada. La hidrélisis de la urea produce su descomposicién
en amonio y bicarbonato generando un pH basico en el medio que favorece la
precipitaciéon del HDL [56].

» Reconstruccion: este método esta basado en el “efecto memoria” que

poseen los 6xidos mixtos obtenidos tras la calcinaciéon de un HDL. Para ello se
dispersan los 6xidos mixtos en una disolucién acuosa con el aniéon deseado a
intercalar. El agua es absorbida por el 6xido mixto recobrando la estructura tipo
brucita. Los aniones, junto con el agua, son incorporados en la regién interlaminar
del nuevo HDL [57]. Este proceso esta favorecido en disoluciones basicas [58]. En
un tiempo prolongado, el contacto con la atmésfera puede también provocar la

reconstruccién del material [59].
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» Hidrdlisis inducida: este método consiste en la adicidn, gota a gota, de una
disolucion acida de sales metdlicas trivalentes sobre 6xidos metdlicos divalentes.
Los 6xidos son disueltos progresivamente, precipitando el HDL siempre que el pH
se encuentre tamponado por el 6xido o hidréxido en suspension [60].

» Técnica sol-gel: Este método esta basado en una previa obtencién del sol, es
decir una suspension coloidal de particulas de tamafio conocido (1-100 nm de
didmetro). Dicho sol se forma por la dispersién de un éxido o hidréxido metélico
insoluble en un disolvente apropiado, o por la adicion de un alcéxido metalico que
reacciona con el disolvente formando dicha suspension coloidal. Finalmente, el sol
es envejecido y tratado a cierta temperatura formandose un gel, que consiste en un
sélido semirrigido en cuya matriz coloidal esta inmerso el disolvente [61].

» Hidrotermal: esta sintesis se basa en la adiciéon de una disolucién de las
sales metalicas a un pH determinado en un autoclave. Este autoclave se introduce
en un horno a elevada temperatura durante un cierto tiempo, produciendo la
precipitaciéon del HDL [62].

» Ultrasonidos: este método de sintesis estd basado en la aplicacion de
ultrasonidos a una disolucion acuosa de las sales metalicas y los aniones deseados.
Los efectos producidos por los ultrasonidos son derivados de la creacion,
expansion y destruccion de burbujas pequefias que aparecen cuando un liquido es
sometido a ultrasonidos. Este fendmeno es conocido como cavitacion [63].

» Microondas: consiste en la aplicacion de radiacion de microondas durante
el proceso de sintesis del HDL, acelerando los pasos de crecimiento y
envejecimiento del sélido. La irradiacion de microondas da como resultado
materiales de elevada cristalinidad y aporta ciertas variaciones en las propiedades

fisico-quimicos del HDL [60].

Los métodos de sintesis empleados en esta tesis doctoral han sido el método de
coprecipitacion, precipitacion homogénea, sol-gel y reconstruccion. Se han usado
tratamientos asistidos por microondas y agentes directores de estructura en
algunos de estos procesos de sintesis. Por esta razén, a continuacion,

profundizaremos en estos métodos.
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1.6.1 Sintesis por coprecipitacion

Como deciamos anteriormente, de todos los métodos de sintesis de hidréxidos
dobles laminares, el mas comtinmente utilizado es el método de coprecipitacion.
Frecuentemente es utilizado para la sintesis de HDLs a gran escala. Se utilizan como
precursores las disoluciones acuosas de M2+ (o mezclas metalicas de M2+) y M3+ (o
mezclas), que se adicionan a una disolucién acuosa que contiene el anién que se
quiere incorporar al HDL. Cuando el anidn que se quiere incorporar coincide con el
anién de las sales metalicas la adicion se realiza directamente sobre agua al pH

deseado.

Para garantizar la precipitaciéon simultanea de dos o mas cationes es necesario
trabajar en condiciones de supersaturaciéon. Normalmente, las condiciones de
supersaturacién se consiguen a través del control del pH en la disolucidn. Los dos
métodos de coprecipitacibn mdas utilizados son la precipitacion a baja
supersaturacion y precipitacion a alta supersaturacion. El primero de ellos ha sido
el empleado en esta tesis doctoral, ya que se conduce a materiales de una elevada

cristalinidad y relacién metalica cercana a la teérica.

En las condiciones cominmente empleadas en el método de precipitacion a baja
supersaturacién el pH varia entre 7-11, la temperatura entre 50-80 °C y la

concentracion metalica es baja [7].

Para la sintesis de HDLs de Mg/Al por el método de coprecipitacion se realiza
una adicién lenta de una disolucion de las sales metalicas de Mg(NO3)2:6H20 y
Al(NO3)3-9H;0 (relacion Mg/Al=2) a un reactor con 500 ml de agua bidestilada y
desionizada con agitaciéon vigorosa. Los HDLs tienen una elevada afinidad por los
aniones carbonato y, por lo tanto, la sintesis se lleva a cabo con una atmésfera de
nitrogeno para evitar la absorcién del diéxido de carbono atmosférico que

generaria iones carbonato in situ.

Para mantener el pH ajustado a 10, se adiciona de manera controlada una

disolucién acuosa de NaOH 2M [64,65].
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Una vez finalizado el proceso de adicion de las sales metalicas, el contenido del
reactor se mantiene en agitaciéon a una temperatura de 80 °C durante 24 h. Esta
etapa de envejecimiento puede ser también realizada mediante un tratamiento
asistido por microondas, introduciendo el reactor en un horno microondas. En la

figura 7 se muestra el microondas empleado.

Figura 7. Envejecimiento de un HDL asistido por microondas

Transcurrido este tiempo de envejecimiento, el reactor se deja enfriar para ser
filtrado y lavado con abundante agua destilada. Finalmente, el s6lido obtenido es
secado en estufa a 110 °C. La figura 8 muestra de forma esquematica los pasos

seguidos en el proceso de sintesis aplicado.
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Figura 8. Etapas del procedimiento de sintesis

Los principales factores que deben ser considerados en la sintesis de los HDLs
son la naturaleza de los cationes, relaciéon molar, naturaleza de los aniones, pH,
temperatura, tipo de envejecimiento y método de coprecipitacién (alta o a baja
supersaturaciéon). Se ha demostrado que este método de sintesis proporciona al
HDL interesantes propiedades, tales como una elevada cristalinidad, tamafios de

particula pequerfios, elevada area superficial y diametro de poro medio-alto [66].
1.6.2 Sintesis por precipitacion homogénea

En el método por coprecipitacidn, la supersaturacidon del agente precipitante
utilizando un medio alcalino fuerte se alcanza rapidamente y se mantiene constante
una vez obtenido el pH o6ptimo. Esto provoca la nucleaciéon continua de los
hidréxidos dobles junto al crecimiento de las laminas de forma rapida, resultando
una amplia distribucién del tamafio de particula. Al utilizar un retardante como la
urea, la etapa de nucleacién es independiente del crecimiento y envejecimiento

desde el principio [60].

La hidrélisis de la urea permite alcalinizar soluciones de forma lenta y
homogénea, lo que facilita el control de las condiciones de precipitacion. Este
procedimiento es el método de (co)precipitacion en fase homogénea mas utilizado,
permitiendo la obtencion de excelentes resultados en la sintesis de hidréxidos,

oxohidroxidos, 6xidos, hidréoxidos mixtos, entre otros.

El método de precipitacién homogénea consiste en la disolucién de las sales
metalicas, en nuestro caso Mg(N03)2:6H20 y Al(NO3)3:9H,0 en una relacion del
metal divalente con respecto al metal trivalente de 2 (Mg/Al=2), en el interior de
un reactor a una temperatura de 80 °C. A dicha disolucién se le afiade una cierta
cantidad de urea sdélida en proporciéon 10:1 con respecto al metal divalente. A
continuacion, el reactor es acoplado a un sistema de reflujo o introducido en un
reactor de microondas [67,68]. Transcurrido este tiempo, el reactor se deja enfriar
y el contenido del mismo se filtra y lava con abundante agua destilada. Finalmente,

el sélido obtenido es secado en estufaa 110 °C.
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El método de precipitacion homogénea asistido por microondas es similar al
anterior, con la diferencia de que ahora los reactores son sometidos a una radiacion
de microondas durante un tiempo determinado y a una temperatura de 80 °C. El
control de temperatura se realiza mediante un termopar integrado. El dispositivo

experimental se muestra en la figura 9.

Figura 9. Sintesis por el método de precipitacién homogénea asistida por microondas

La presencia de urea solida en el reactor (figura 10), evita el proceso de adiciéon
de una disolucidn alcalina a la disolucién metdlica, debido a que su descomposicion

al ir disolviéndose aporta el medio basico.

Entre los 70 y 90 °C, la reacciéon de descomposicion de la urea ocurre en dos

etapas:
Formacion reversible de cianato de amonio
OC(NH,), = OCN™ + NH}
Hidrdlisis irreversible de los iones cianato
OCN™ + 2H,0 + H* - NH] + HCO3
HCO3 = CO5 +H™

En condiciones hidrotermales, la cinética de hidrdlisis de la urea puede

describirse como dos pasos irreversibles sucesivos e independientes del pH [69].
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El valor de pH méaximo es alcanzado a los pocos segundos de sintesis, como pudo

demostrar en sus investigaciones Thomas Brill [70].

0]
Mg(NO,),-6H,0 I
Al(NO,);-9H,0 HZN/C\NHZ
Urea
T=80°C

Figura 10. Esquema del reactor de sintesis para el método de la urea

Por todo ello, podemos decir que la sintesis mediante el método de precipitaciéon
homogénea con urea es eficiente en la sintesis de HDLs con una elevada
cristalinidad [71]. A suvez, la presencia de aniones carbonato en la descomposiciéon

de la urea proporciona HDLs con este anién en su region interlaminar.
1.6.4 Sintesis por el método sol-gel

Para llevar a cabo la sintesis de un HDL mediante el método sol-gel se requiere
la hidrolisis de sus precursores en una secuencia adecuada. La hidrdlisis del
precursor se realiza en presencia de acido, normalmente HCI, permitiendo un

control de la velocidad y de la extension de la reaccion.

La sintesis de los HDLs se realiza disolviendo et6xido de magnesio en etanol con
una pequefia cantidad de HCl acuoso para obtener un pH de 3 que favorezca la
formacion de una suspension coloidal (sol). El sol esta formado por pequeiias
particulas suspendidas en el disolvente por el movimiento Browniano, donde las
interacciones son atribuidas a fuerzas de corto alcance (Van der Waals) y a las
cargas superficiales. Esta disolucion es sometida a reflujo durante tres horas. A
continuacion, se afiade una disolucién con la sal o sales del otro u otros metales
que forman el HDL. La disolucién resultante es ajustada a pH 10 utilizando
amoniaco y calentada a reflujo favoreciendo la formacién de un gel. El gel es una
red molecular en una fase liquida continua formado por dos fases, donde la fase

solida es una red que atrapa e inmoviliza la fase liquida.
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El gel es aislado mediante centrifugacion, lavado con agua destilada y secado en
estufaa 100 °C. Finalmente, los HDLs obtenidos son intercambiados con carbonato
obteniendo una composicién anidnica homogénea. El procedimiento de
intercambio se llevd a cabo suspendiendo 1 gramo del HDL en una disolucién
acuosa con 0.345 g de Na;COs. Dicho intercambio fue realizado a 100 °C durante 2
h en agitacién vigorosa. Una vez finalizado el proceso de intercambio el HDL se

filtro, lavo y secd a una temperatura de 80 °C.
1.6.4 Sintesis por reconstruccion

El método de reconstruccion o rehidratacién se basa en la propiedad de “efecto
memoria” que poseen los 6xidos mixtos procedentes de la calcinacién de los HDLs.
Estos 6xidos mixtos formados se pueden rehidratar en una disolucién acuosa con
aniones pudiendo recuperar la estructura tipo brucita [72]. El agua se absorbe
reconstruyendo las ldminas hidroxilicas, incorporandose los nuevos aniones y el

agua a la regién interlaminar [73].

Actualmente, se estan realizando muchas investigaciones empleando el método
de reconstruccion [74,75] de HDLs procedentes de oxidos mixtos en la
descontaminacién de compuestos de aguas conteniendo aniénicos inorganicos y
organicos. Algunos ejemplos de esto se presentan en la tabla 2,

Tabla 2. Compuestos aniénicos inorgdnicos y orgdnicos capturados por HDLs mediante el proceso de

rehidratacion

Contaminante Origen Efectos
Ion arseniato [76] Insecticida Reemplaza el fosfato inorganico en la glucdlisis, como
(As043) resultado, provoca la perdida de ATP
Ion antimoniato [77] Mineria e Metaloide cancerigeno, el cual es facilmente
(Sb(OH)eY) industrial absorbido por las raices de las plantas
Ion molibdato [78] Metalurgia y Formacién de complejos de Mo, los cuales afectan a
(Sb042) mineria procesos metabolicos
Ion seleniato [79] Industrial y Elevada toxicidad para el ser humano y medio
(Se032; Se042°) suelo ambiente a elevadas concentraciones
Ion cromato [80] . Elevada toxicidad provocando dermatitis cutanea,
Industrial ~ o . ..
(Cr2072) dafio hepatico y carcinogenicidad
Ion yoduro [81] Residuos Facil adsorcién por el ser humano generando una
(1) radiactivos elevada toxicidad radiactiva
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Ion Bromato [82] Purificacion Esta considerado un carcinégeno potencial de dificil
(Br0s3) del agua eliminacion del cuerpo humano
Ion nitrato [83] Fertilizantes y Formacién de nitrosaminas cancerigenas, asi como
(NO3°) abonos problemas de diabetes
Ion Tecnecio [84] Desechos Compuesto de larga vida y muy soluble, el cual no
(TcO4) radiactivos puede ser remedido por los materiales geoldgicos
Ion Renato [85] Desechos Anién homologo al ion tecnecio, el cual posee una
(Re0y4) radiactivos larga vida y elevada reactividad
Fabricacién Las aguas residuales generadas son ricas en acido
Tereftalato (TA) [86] iy tereftalico, el cual provoca la inhibicién de procesos
poliéster f VA
biolégicos
Sulfametoxanol [87] Industria Incidencia relativamente alta de resistencia
(SMX) farmacéutica bacteriana a este antibiético
Debido a su elevada solubilidad es lixiviado en
Dicamba [88] Pesticidas regiones de cultivo, contaminando las aguas

subterraneas

Elevada toxicidad, carcinogenicidad, mutagenicidad y

Rojo Congo (CR) [89] deficiente degradacién

Industria textil
Carmin de indigo . . Provoca coloracién del agua afectando a sus
Industria textil .. e
[90] actividades fotoquimicas

Téxico para muchos microorganismos, causando la
destruccidn e inhibicién de sus capacidades
cataliticas

Azul brillante R [91]  Industria textil

En esta tesis doctoral, nos hemos centrado en el anién cianuro como potencial
contaminante del agua. La presencia de aniones cianuro en el agua suele indicar
una contaminacion de tipo industrial, procedente en la mayoria de los casos de la
metalurgia, sobre todo del sector de la joyeria, muy abundante en Cérdoba y
también de instalaciones de tratamiento de materiales metalicos. El cianuro posee
una elevada toxicidad por lo que hay que controlar sus vertidos al medio ambiente

[92].

En la actualidad, existen diversos métodos para la eliminacién del ion cianuro
de efluentes industriales. Generalmente se elimina del agua mediante cloracion
alcalina, pero también se puede eliminar mediante el uso de otros oxidantes
quimicos [93]. Otras técnicas alternativas son la oxidacién fotocatalitica [94], la
biorremediaciéon enzimatica [95] y la tecnologia 6mica (cianémica) [96]. En esta

tesis doctoral se ha empleado el uso del método de reconstruccién de HDLs de
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Mg/Al para la eliminacién de aniones cianuro del agua. Este punto se abordara con

mas detalle en el capitulo III.
1.6.4. Sintesis empelando agentes directores de estructura.

En la actualidad, se estan realizando nuevas investigaciones relacionadas con el
uso de agentes directores de estructura o “templates” en la sintesis de HLDs. El uso
de estos agentes proporciona a los HDLs nuevas propiedades, tales como una

estructura mesoporosa jerarquizada y una elevada superficie especifica.

El papel que juegan estos “templates” en la sintesis de materiales, afecta
principalmente a los procesos de cristalizacion. Es bien conocido el uso de agentes
directores de estructura para la sintesis de materiales tales como M41S [97], PMOs
[98], carbén mesoporoso [99], etc, pero en el caso de los HDLs no esta aclarado su

papel [100]. Por ello, lo hemos abordado en el capitulo V de esta tesis doctoral.

El uso de agentes directores de estructura permite controlar la estructura
porosa y el area superficial de los HDLs. Se han realizado diversas investigaciones
usando particulas “templates” de poliestireno [101] o micelas de copolimeros de
bloque [98] (como el Pluronic F-127 [102] y Pluronic 123 [100]). Dichos
“templates” poseen la caracteristica de ser no iénicos. La utilizacién de compuestos
i6nicos en la sintesis de HDLs provocaria un efecto competitivo con el precursor en

la incorporacioén en la regién interlaminar.

Como ha sido mencionado, en la sintesis del HDL el control del pH es vital, por
ello no se puede utilizar cualquier agente director de estructura. Asi, nos
centraremos en el Pluronic 123 (P123), un tensoactivo no iénico ampliamente

utilizado en la formacién de compuestos mesoporosos.

La sintesis ha sido realizada utilizando el método de coprecipitacion
anteriormente explicado, pero afiadiendo un 2% en peso de Pluronic-123 al reactor

que contiene los 500 ml de agua bidestilada y desionizada.

El P123 es un copolimero simétrico formado por el polietilenglicol (PEO) y el
polipropilenglicol (PPO). Su estructura es a base de bloques donde podemos

encontrarlo como PEO-PPO-PEO (figura 11).
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Figura 11. Estructura polimérica del Pluronic 123

1.7. CARACTERIZACION DE HIDROXIDOS DOBLES LAMINARES

Las principales técnicas de caracterizacion utilizadas para la determinacion de
la composicién, propiedades estructurales y texturales, morfologicas y fisico-
quimicas de los hidroxidos dobles laminares se muestran en la tabla 1.

Tabla 1. Técnicas de caracterizacion comunes usadas para la determinacion estructural de los HDLs

TECNICA DE CARACTERIZACION OBJETIVO

Acoplamiento de plasma inductivo-
espectroscopia de masas Andlisis elemental y relacién metalica

Fluorescencia de Rayos X
Difraccion de Rayos X Caracterizacién estructural

Caracterizacion del anién interlaminar y estudio de

Epecies cr il an los grupos hidroxilo de las 1aminas de tipo brucita

Resonancia Magnética Nuclear Caracterizacion del entorno catiénico y aniénico

Cuantificacion de la cantidad de agua en el sélido,

oS anidn interlaminar y cambios de fase

Porosimetria de adsorcion-desorcion

.y Determinacion de las propiedades texturales
de nitrégeno

Microscopia electronica de barrido
Caracterizacion morfologica
Microscopia electronica de transicion

Determinaciéon de las propiedades quimico-

Desorcion a temperatura programada ..
superficiales

1.7.1 Determinacion de la relacion metalica.

La determinacién de la relacion metalica en un HDL se realiza a partir de los
datos obtenidos tras la cuantificacion de los metales que lo forman. Esta
cuantificacion se puede realizar empleando diferentes técnicas instrumentales
como el acoplamiento de plasma inductivo-espectrometria de masas (ICP-MS), la
espectroscopia de fluorescencia de rayos X (XRF) o la espectroscopia de absorciéon

atomica (AAS). En este trabajo hemos empleado tanto la ICP-MS como la XRF. Con
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ambas técnicas se obtienen resultados similares y la diferencia fundamental es que

con la segunda la muestra puede ser recuperada.

En la ICP-MS es necesario realizar una digestién, normalmente con acido nitrico,
para oxidar los metales presentes en la misma, para posteriormente se ionizados
por un plasma de argén acoplado inductivamente para su posterior separacion y

deteccion mediante espectrometria de masas.

A diferencia de la anterior, en la XRF utilizamos la muestra sin necesidad de
tratamiento previo. La muestra es “bombardeada” con rayos X de alta energia o
rayos gamma excitando la muestra, para posteriormente emitir rayos X

secundarios caracteristicos del material.
I.7.2 Caracterizacion Estructural de los HDLs.

La difracciéon de rayos X (XRD) es la técnica principal en la caracterizacion
estructural de HDLs. Esta técnica no destructiva proporciona informacién sobre la

estructura cristalina del material y permite determinar los parametros de red.

En la difraccién de Rayos X se hace incidir un haz de rayos X sobre una muestra
en polvo pulverizada y extendida de forma plana y uniforme sobre un
portamuestras. La XRD puede interpretarse mediante un modelo de reflexiones de

fotones por los planos cristalograficos del material (figura 12).

Haz de rayos X Haz de rayos X
incidente difractado
26
0 / A \ 0
Planosdel ” | ¢ oD . .
cristal (hkl) \ B

Figura 12. Esquema del proceso de difracciéon
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La condicidén para que los haces reflejados se encuentren en fase viene dada por

la ley de Bragg:
n-1l=2-d-senf

donde A es la longitud de onda de la radiacion incidente, d es el espaciado entre los
planos cristalograficos, n un namero entero y 0 es el angulo que forma el haz

incidente y el plano de reflexion.

La figura 13 muestra un difractograma tipico de un hidréxido doble laminar de
Mg/Al con anidn carbonato en su region interlaminar. Presenta en su perfil lineas
estrechas e intensas a valores de 26 bajos y lineas menos intensas generalmente

asimétricas a valores angulares mayores.

(003)

(006) (012)
(009)
(015) (018)
jL (110) (113)
10 20 30 40 50 60 70

20
Figura 13. Difractograma de rayos X tipico de un HDL de Mg/Al

El andlisis por difracciéon de rayos X permite diferenciar entre reflexiones
basales (001) (bandas intensas y estrechas a bajos valores de d) y reflexiones no

basales. Mediante el analisis de un XRD podemos obtener informacién sobre:

+ Lasreflexiones basales correspondientes a sucesivos 6rdenes del espaciado
basal c¢’, que representa la distancia entre dos laminas de un HDL medida
desde el centro de una lamina, es decir serfa la distancia interlaminar mas

el grosor de una lamina.
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+ La reflexion (110) puede emplearse para calcular el pardmetro a
(a=2d@10)). El pardmetro a se puede asimilar a la distancia entre dos
cationes contiguos en una lamina del HDL.

+ El parametro c (c=3c") dependera del tipo de anioén, valor de x y grado de

hidratacién y es el triple de la distancia interlaminar.

En el caso de existir mas de un anidén en la region interlaminar, se apreciarian
varias reflexiones basales o un espaciado basal en una fase interestratificada con

secuencias alternativas de ldaminas combinadas [40].
1.7.3. Técnicas espectroscdpicas en la caracterizacion de los HDLs

En la actualidad, para la caracterizaciéon de los HDLs se emplean diferentes
técnicas espectroscopicas, incluyendo la espectroscopia infrarroja con
transformada de Fourier (FT-IR) [7], la espectroscopia Raman [103] y la resonancia

magnética nuclear de estado sé6lido (MAS-NMR) [98].

Las dos primeras se emplean, basicamente, para la determinaciéon del anién
interlaminar y el estudio de los grupos hidroxilos de las laminas de tipo brucita y
del agua interlaminar. La MAS-NMR tiene aplicaciones mas concretas para el
estudio del entorno molecular de los diferentes nticleos que conforman el HDL. En
este trabajo hemos empleado la espectroscopia infrarroja con transformada de

Fourier (FT-IR) y la espectroscopia Raman.

La FT-IR es una técnica basada en la absorcién de radiacidén infrarroja por los
enlaces de una molécula, en la que los electrones son excitados hasta niveles
vibracionales superiores. Cada tipo de enlace absorbe radiaciéon a una frecuencia
distinta, lo que permite determinar los grupos funcionales de la molécula

estudiada.

El andlisis por FT-IR ha sido usado para la identificacién de los aniones
interlaminares y los grupos hidroxilos procedentes de la estructura tipo brucita. En
los HDLs podemos asignar un conjunto de bandas caracteristicas. La figura 14
muestra el espectro FT-IR de un HDL con anién nitrato en su region interlaminar.

Todos los HDLs presentan una absorcién ancha entre 2800-3700 cm-! atribuida a
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las vibraciones de tension de los O-H de los grupos hidroxilos de las laminas tipo
brucita y del agua interlaminar. Sobre los 1600 cm-! aparece una banda asignada a
la vibracién de deformacion del agua. En la zona de 1000-1800 cm'! se encuentran
las bandas vibracionales de los aniones y finalmente a valores inferiores alos 1000

cm! aparecen varias bandas relacionadas con las vibraciones catién-oxigeno.

1800-1000

3700-3000

1000

4000 3500 3000 2500 2000 1500 1000 500

cm?

Figura 14. Espectro FT-IR tipico de un HDL

La espectroscopia Raman es una técnica basada en los efectos de interaccion de
la luz con una muestra. El “efecto Raman” se produce cuando un haz de luz laser
monocromatica incide en una muestra y es dispersada inelasticamente. Esta
radiacién dispersada ofrece informaciéon sobre las vibraciones de los enlaces

atémicos en las moléculas de la muestra excitada por la energia de la luz incidente.

La figura 15 muestra el espectro Raman de un HDL con anién nitrato en su
region interlaminar. La banda a 557 cm-! se asigna a las vibraciones de red de las
laminas octaédricas de tipo brucita, Al-0-Mg, la cual aparece en todos los HDLs de
MgAl [103]. Las bandas correspondientes a 1055 y 710 cm-! han sido asignadas a
las vibraciones del ani6n nitrato [104]. Finalmente, se observan unas bandas
intensas y anchas alrededor de 3500 cm<, asignadas a las vibraciones

caracteristicas de los grupos O-H.
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Figura 15. Espectro Raman tipico de un HDL de Mg/Al con nitrato

1.7.4 Andlisis termogravimétrico / analisis térmico diferencial (ATG/ATD)

El analisis térmico consiste en el estudio de las variaciones provocadas en las
propiedades (fisicas y/o quimicas) de una muestra mientras es sometida a una
variacion de temperatura controlada. Esta técnica se ha empleado principalmente
para determinar la cantidad de agua de cristalizaciéon y la cantidad de aniones en

los HDLs.

La figura 16 muestra una curva ATG/ATD tipica de un HDL de relacion Mg/Al=2
con carbonato como anién en la region interlaminar. En la curva ATG/ATD se
observan tres etapas comprendidas entre 30-250 °C, 250-500°C y T>500 °C,
atribuidas a la pérdida de agua interlaminar, de los grupos hidroxilos estructurales

y carbonato interlaminar, respectivamente.
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Figura 16. Curvas ATG/ATD para un HDL de Mg/Al con carbonato

En la primera etapa (hasta los 250 °C) se aprecia sobre 100 °C un pequefio
hombro correspondientes a la eliminacidn del agua fisisorbida en el material. La
eliminacion de las moléculas de agua interlaminar es la responsable de la pérdida

de peso producida sobre los 250 °C.

En la segunda etapa, a temperaturas cercanas a los 300 °C, se forma la fase
totalmente deshidratada, provocando una disminucién del espaciado interlaminar
para “reacomodar” al anién carbonato. Para ello se requiere la sustitucion de los
grupos hidroxilos (originales del HDL) por grupos O- (de los iones carbonato) en
los vértices de algunos octaedros M(OH)s de las laminas, acortando la distancia
entre ellas. Entre los 450 y 500 °C se lleva a cabo la descarbonatacién y

deshidroxilacion de las laminas.

En la tercera etapa, a partir de los 500 °C se produce una pequefia pérdida de
peso correspondiente a procesos de deshidroxilacién de los 6xidos mixtos

formados, conduciendo a la formacion de fases espinela.
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Finalmente, el andlisis térmico diferencial (ATD) proporciona informacién
sobre el tipo de transformacion provocada durante el tratamiento térmico, ya sea

exotérmico o endotérmico [105].
1.7.5 Determinacion de las propiedades texturales

La porosimetria de adsorcién-desorcién de nitréogeno determina la superficie
especifica (Sger), volumen acumulado de poro (V;), didmetro de poro (dy) y la
funcion de tamafio y distribucidn de poros de un material. La adsorcion fisica es un
fend6meno superficial por el que un liquido o un gas (adsorbato, normalmente
nitréogeno) se acumula en la superficie de un sélido (adsorbente, en nuestro caso,
el HDL). Dependiendo del tipo de adsorcién podemos agrupar las isotermas en seis

grupos siguiendo la clasificacion de la IUPAC [60,106].

El resultado del andlisis mediante porosimetria de adsorcién-desorcién de
nitrégeno de un HDL es una isoterma de adsorcién-desorcidn (figura 17), donde se
representa la cantidad de gas adsorbido en funcion de la presién relativa (P/Po) en
el intervalo 0<P/Py<1, siendo P, la presién de vapor de equilibrio del adsorbato y

Py, la presion de vapor de adsorbato liquido puro [7].

—&— Adsorcién
—O— Desorcion

0,0 0,2 0,4 0,6 0,8 1,0

Presion relativa (P/P )

Figura 17. [soterma de adsorcién-desorcién de un HDL
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.7.6 Determinacion de la morfologia.

Existen diversas técnicas de caracterizacién para determinar la morfologia de
un HDL. Las técnicas de microscopia electronica se basan en la interacciéon de un
haz de electrones de alta energia para generar una imagen. Entre las técnicas de
microscopia electrénica mas utilizadas podemos encontrar la microscopia

electrénica de barrido (SEM) y la microscopia electrénica de transmision (TEM).

Mediante un microscopio electrénico de barrido (SEM) se puede reconocer la
superficie de un sé6lido mediante un rastreo programado con un haz de electrones
de alta energia. Esta técnica nos permite observar y estudiar la superficie de sé6lidos
deshidratados y eléctricamente conductores. En muestras poco conductoras es
necesario realizar un pretratamiento de las mismas basado en un recubrimiento

del material con metales conductores (Au, Pt o C) [64].

La microscopia electrénica de transmision (TEM) se utiliza ampliamente como
técnica de caracterizacion para obtener informacion acerca de la microestructura,
morfologia y distribucién de tamafio de las particulas obtenidas. Esta técnica se
fundamenta en la formacién de una imagen mediante el uso de lentes, utilizando
un haz de electrones en lugar de luz como fuente de iluminacidn. Una vez que el haz
atraviesa la muestra, una lente objetivo forma la imagen, que a su vez es amplificada

y proyectada por un conjunto de lentes proyectoras [64].
1.7.6. Determinacion de las propiedades quimico-superficiales.

Los hidréxidos dobles laminares, tras la calcinacion, se transforman en 6xidos
mixtos con propiedades quimico-superficiales de gran interés. Estas nuevas
propiedades pueden ser medidas mediante quimisorcién (etapa esencial en los
procesos cataliticos), donde la molécula adsorbida forma un complejo intermedio
superficial susceptible de dar una reaccién quimica. Los analisis de quimisorcién se
aplican para determinar la eficiencia relativa del catalizador en la promocion de
una reaccion en particular. Permiten estudiar el envenenamiento de catalizadores
y controlar la pérdida de la actividad catalitica con el tiempo de uso. Las técnicas

de quimisorciéon a temperatura programada estudian el efecto de la temperatura
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sobre la superficie de reaccion, basadas en los centros acidos o basicos propios de

los metales que los componen.

Mediante la desorciéon a temperatura programada de CO; (TPD) podemos
obtener informaciéon sobre la basicidad superficial del material, asi como la
fortaleza y distribucién de los centros basicos. La caracterizacion de los centros
basicos de un oxido mixto procedente de la calcinacién de un HDL se lleva a cabo

mediante la quimisorcién de una mezcla gaseosa de Ar/CO,[107].

La figura 18 muestra un perfil TPD de un 6xido mixto procedente de la
calcinacién de un HDL de Mg/Al [108]. Generalmente, el perfil TPD-CO; de los
6xidos mixtos presenta tres tipos de centros bdasicos activos: Centros basicos de
fortaleza débil (grupos OH- de la superficie), centros basicos de fortaleza media
(grupos Mg2+-02- y Al3+-02-) y centros basicos de fortaleza fuerte (aniones 0%)

[108].

Figura 18. Perfil TPD-C0O2 de un 6xido mixto de Mg/Al
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1.8. APLICACIONES DE LOS HIDROXIDOS DOBLES LAMINARES

Desde los afios 70 del siglo pasado, la aplicaciéon a nivel industrial de los
hidréxidos dobles laminares ha ido en auge, sobre todo en su empleo como
catalizadores para reacciones de hidrogenacién [109]. En la actualidad, los HDLs y
sus productos de calcinacion presentan diversas aplicaciones en distintos dmbitos

cientificos y/o industriales, tal y como se recoge en la figura 19.

Adsorbente de sustancias contaminantes Soporte de moléculas de interés

APLICACIONES

Catalizador de procesos orgdnicos

Otras aplicaciones Reaccion de Meerwein-Ponndorf-Verley

Figura 19. Principales aplicaciones de los HDLs

Una de las ventajas mas importantes de los HDLs radica en la modificacién de
sus propiedades fisico-quimicas adquiridas al variar su composicién y metodologia
de sintesis. Esto permite obtener materiales que pueden ser utilizados en multitud

de aplicaciones.
1.8.1. Adsorbente de sustancias contaminantes

El medio ambiente engloba a todos los seres vivos de nuestro planeta [110]. El
efecto que ejerce sobre él la contaminacion es debido a la presencia de sustancias
o formas de energia no deseables en concentraciones que afecten a la salud y

bienestar de las personas, animales y/o plantas.

Los contaminantes pueden tener un origen natural o antropogénico. Este
segundo puede originarse en fuentes estacionarias o en fuentes moviles. Los
contaminantes emitidos directamente por ambas fuentes de manera continua
pueden tener una naturaleza muy amplia, provocando la contaminacion del agua,
aire y suelo. De esta forma, encontramos contaminantes de naturaleza fisica,
quimica [111] (inorganicos y/o organicos) y biologicos [110] (nutrientes,

farmacos, microorganismos, entre otros).

Si nos centramos en la contaminacién hidrica, podemos decir que procede

mayoritariamente de instalaciones industriales y de actividades agrarias y/o
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ganaderas. El desarrollo industrial genera toneladas de agua residual, haciendo
necesario la descontaminacién de esta para su posterior incorporacién al medio
ambiente. Muchos compuestos quimicos organicos e inorganicos identificados en
aguas residuales industriales son objeto de una regulacién referente a su toxicidad

o0 a sus efectos a largo plazo en el medio ambiente [112].

Debido a las propiedades de reconstruccion e intercambio anidnico de los HDLs,
se posicionan como potenciales adsorbentes para la eliminacién de contaminantes

anidnicos inorganicos y organicos del agua [113-115].

Por ello, se han realizado multitud de estudios basados en el uso de HDLs para
la adsorciéon de contaminantes aniénicos del agua, ya que proseen una elevada
capacidad de adsorcion. Existe una amplia variedad de contaminantes aniénicos
estudiados [116] como son los haluros [117], oxoaniones no metalicos [118],
aniones oxometalatos [119], complejos aniénicos de metales de transicion [120] y
otros muchos de naturaleza organica. En la tabla 3 se muestran algunos de estos
estudios realizados descritos en la literatura.

Tabla 3. Compuestos anidnicos inorgdnicos y orgdnicos adsorbidos por HDLs mediante el proceso de

intercambio iénico

Contaminante Origen Efectos
Ion Fluoruro [121
(F) [121] Industrial Provoca enfermedades 6seas y moteado dental
Ion Cloruro [122] Vertederos Corrosion de las tuberias de desagtie, y efectos
Cl- erjudiciales al cultivo agricola
(cr) perjudiciales al cultivo agricol
Ion Bromuro [123] Areas costeras Peligro debido a la transformacién del aniéon
Br- romato (carcinogénico
(Br) b —
Ion perclorato [124] Pirotecnia y Afectaala glgndglg Fi,roides en los huma'r}os,
(C10+) herbicida provocando la inhibicién en la incorporacién de
"

Ion fosfato [113]

Fertilizantes y

yodo

En exceso, provoca la eutrofizacion de lagos,

(P043") detergentes lagunas, rios y mares

Ion cromato [125
(Crogz )[ | Industrial Cardacter carcinogénico y elevada toxicidad

42

Ion Vanadato [118] Industrial Es acumulado en el aire, provocando bronquitis,

(V043 neumonias e irritacion
Polioxometalato [126] Industrial, El volframio esta considerado como altamente
PW12040]3- epoxidacion toxico con peligro de explosion e incendio
(I 13) Y pelig P
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Complejos metalicos

[127] Electrocatalisis Compuesto szgtizii,éiéirsente toxicoy
([Ru(CN)4L]?)
Benzoato [128] - En exceso, pue.de provocar.dlﬁgultades
H ] Aditivo respiratorias, perdida de consciencia, sangre en
(CeHsCO0) orina y heces
Bencenosulfonatos Rrs En elevadas concentraciones provoca efectos
Uso doméstico o . R e
[129] toxicos por inhalacidn o ingestion
Azul de Bromotimol ) Tinte no degradable, de naturaleza toxica,
Industrial L. L
[130] mutagénica y carcinogénica
Naranja de metilo Industrial Peligrosidad leve, generando irritacion en el
[131] (MO) tracto gastrointestinal por ingestion
Polietileno sulfonado Residuos Baja toxicidad, en exceso puede provocar
[132] (PSS) farmacoquimicos problema respiratorios y necrosis

1.8.2. Soporte de moléculas de interés

Los métodos de intercambio idénico y rehidrataciéon son cominmente usados
para sintetizar nuevos HDLs. Cuando en el espacio interlaminar intercalamos
compuestos organicos anidnicos, surgen unos nuevos materiales denominados

genéricamente organo-HDLs. Algunos de estos organo-HDLs se muestran en la

tabla 4.

Tabla 4. Nuevos érgano-HDLs y nuevas propiedades adquiridas.

Nuevo HDL Anidén Propiedad adquirida
LDH-Cholate Proporciona al HDL la capacidad de adsorber
Colato :
[133] contaminantes emergentes del agua
ILs/LHDs [134] Sales de amonio Aumento de la capacidad d.e adsorci6on de
colorantes reactivos
CaAl-Co (II)-His- Histidina
LDH [135]
CaAl-Co (11)-Cys- o Los HDL protegt?n alos aniones 1nterc§lados
LDH Cisteina de la degradacién fotoquimica y permiten la

liberacién controlada de los mismos
CaAl-Co (II)-Tyr-

LDH Tirosina

Los HDLs obtienen la capacidad de poder
Sx-LDH [136] Polisulfuro adsorber cationes de uranio, los cuales son
potenciales contaminantes

Gly-LDH [137] Glicina Los Gly-LPH poseen una mayor selec.t1v1dad y
capacidad de adsorcién de oxoaniones
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CA/Mg-Al LDH
[138]

MnFe-LDH/PMS
[139]

HT-DDS
[140,141]

SOS-LDH [142]
SDS-LDH
SOBS-LDH

SDBS-LDH

SCD-LDH [143]

NA-LDH-OA [144]

RL-LDH [145]

Curcumin-LDH
[146]

CS-LDH [147]

BC-LDH [148]

Acetato de celulosa

Peroximonosulfato
(PMS)

Dodecilsulfato

Octilsulfato
Dodecilsulfato
4-octilbencenosulfonato

Dodecilbencenosulfonato

Ciclodextrina

Oleato sédico

Bio-surfactante
rhamnolipid

Curcumina

Quitosan

Biochar

Este nuevo 6rgano-HDL permite la eliminaciéon
de sustancias farmacéuticas de las aguas
residuales

Este HDL permite la activacion del PMS para la
degradacion de contaminantes organicos

Capacidad de adsorcién de hidrocarburos
aromaticos policiclicos (HAP), retardante de
llama

Obtencion de propiedades superficiales
hidrofébicas, permitiendo la adsorcién de
compuestos organicos no iénicos

Proporciona al HDL la capacidad de adsorber
compuestos organicos no idnicos como
derivados del fenol

Conduce a un mayor almacenamiento y rapida
difusion de iones por la interldmina, actuando
como electrodos supercapacitores positivos

Mejora la sacarificacion enzimatica y la
produccioén de etanol de Artemisia ordosica

La combinacién de la curcumina-HDL con
irradiciacién LED azul, podria amplificar el
efecto citotéxico y proapoptético de la
curcumina

El quitosan le confiere al HDL una elevada
capacidad de remocién y un proceso de
adsorcion rapida de Pb2+ y Cd2* en agua

El biochar confiere al HDL la capacidad de
adsorber compuestos tales como fosforo (P)
procedente de la produccién agricola

En esta tesis doctoral hemos aprovechado la propiedad de intercambio idnico

de los HDLs para obtener nuevos materiales de esta naturaleza conteniendo

aniones desoxicolato y colato en su regién interlaminar. El mecanismo de

intercambio ha sido realizado mediante un tratamiento asistido por microondas,

permitiendo disminuir sustancialmente el tiempo necesario para el intercambio de

48h a 1h. A su vez, nuestro grupo de investigacion se encuentra realizando diversas
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investigaciones basadas en la adsorciéon de contaminantes emergentes en aguas
con estos nuevos 6rgano-HDLs. La sintesis y caracterizacion de estos HDLs sera

detallada de manera exhaustiva en el capitulo IV.
1.8.3. Catalizadores de procesos organicos

Los HDLs y sus productos de calcinacién se han aplicado en multitud de
procesos organicos catalizados tanto en quimica fina como en quimica industrial
[149,150]. En este apartado, Unicamente vamos a hacer referencia al uso de so6lidos

calcinados en procesos de catalisis basica.

Existen multitud de procesos cataliticos de naturaleza basica que pueden ser
realizados con 6xidos mixtos obtenidos a partir de HDLs. Entre ellos podemos
destacar la condensacidn alddlica [151,152], la condensacion de Claisen-Schmidt
[153] y la condensacién de Knoevenagel [154]; la reducciéon de Meerwein-
Ponndorf-Verley (MPV) [155]; la reaccién de Henry [156,157]; isomerizaciones

[158,159] y polimerizaciones [160], entre otras.

De todas estas reacciones, nos centraremos en la reacciéon de reduccién de
compuestos carbonilicos de Meerwein-Ponndorf-Verley (MPV). Esta reaccion esta
basada en la transferencia de hidrégeno desde un alcohol, preferentemente
secundario, hasta un compuesto carbonilico. Este es un método sencillo para la
obtencion de alcoholes de cualquier naturaleza. En condiciones suaves se obtiene
una elevada selectividad en la reduccion de los grupos carbonilos. En la figura 20

se muestra el esquema general de la reaccién de MPV.

T' ' T Catalizador ‘|’ T '
/CH\ * /C\ P /C\ * /CH\
H4C CH; R R, ReaccionMPV y c CH; R Ry

Figura 20. Reaccién de Meerwein-Poondorf-Verley

Normalmente, esta reaccion suele estar catalizada por un alcdxido metalico, en
fase homogénea. En los dltimos afios, se han realizado multiples estudios acerca del
uso de catalizadores heterogéneos en la reaccion de MPV. Entre ellos podemos

destacar los d6xidos metalicos (MgO, Al;O3, TiO2, ZrO4) [161-163], fosfatos de
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magnesio [164], hidroxidos dobles laminares [165], s6lidos mesoporos [166,167]
y compuestos zeoliticos [168,169]. Los 6xidos mixtos derivados de HDLs también

se han empleado como catalizadores de esta reaccion.

Concretamente, nuestro grupo de investigacion posee una amplia experiencia
en el uso de estos so6lidos como catalizadores de la reaccion de este proceso[170-
178]. En el capitulo V de esta tesis doctoral empleamos 6xidos mixtos procedentes
de la calcinaciéon de HDLs sintetizados por diferentes métodos de sintesis en la

reaccion de MPV.

Toda esta labor investigadora nos ha llevado a proponer el mecanismo de
reaccion mostrado en la figura 21, segin el cual la transferencia de hidrégeno es
producida por un proceso concertado a través de un intermedio ciclico de seis
eslabones, formado por el alcohol secundario y el aldehido o cetona diana. Ambos
se encuentran adsorbidos sobre un par acido-base de la superficie del 6xido mixto
de magnesio y aluminio. La fortaleza del centro acido-base es crucial para llevar a
cabo dicha reaccion. El paso determinante de la velocidad se encuentra en la
interaccion ejercida entre el alcohol con el centro acido-base provocando su

disociacion al correspondiente alcoxido.

\CH /@ 3 \CH
H3C\ /H \<|3 ch\
[e]

-

O L
\c MgAIO,  HC .CHz H\l/©
c - N

0
0 —H- o——H- o. H/O
—M—0—M—0—M—O0—M—0—M—0— M— —M—0—M—0—M—0—M—
5+ 6 5+ 6-

Figura 21. Mecanismo para la reaccion de MPV catalizada por 6xidos mixtos procedentes de la

calcinacion de un HDL de Mg/Al

1.8.4. Otras aplicaciones
En las dos ultimas décadas, el interés por los hidréxidos dobles laminares ha
aumentado sustancialmente. Esto es debido a su facil sintesis, versatilidad en el

alojamiento de iones interlaminares y las multiples aplicaciones en diferentes

ambitos cientificos [179]. Los HDLs han tenido un notable protagonismo en areas

65



Capitulo I. Introduccién

como ciencias de los materiales [180] e industrial [181], pudiendo actuar como
electrodos [182], materiales diseflados por modelado computacional [183],
fotocatalizadores [184], emisores de luz [185], sensores bioldgicos [186],
almacenadores de energia [187], catalizadores en la produccion de biodiesel [188]

y retardantes de llama [189].

El uso de los HDLs en el campo de la medicina y biologia ha tenido una
importante repercusion en los ultimos afios. Dichos materiales han sido utilizados
como medicamentos antidcidos debido a su inocuidad y su elevado nimero de
grupos hidroxilos a lo largo de su estructura [190]. Actualmente, se estan
realizando multitud de investigaciones relacionadas con el uso de HDLs en la
liberacidn controlada de farmacos [191], la captacion celular y liberacion de genes

[192], actividad antimicrobiana [193] o tratamientos contra el cancer [194].
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ABSTRACT

Five different layered double hydroxides were synthesized from magnesium
ethoxide in the presence of aluminium, gallium, indium, tin and zirconium
acetylacetonates by using the sol-gel technique. The colloid suspensions initially
obtained were gelled and separated by centrifugation. XRD diffraction patterns
confirmed that the five solids thus obtained possessed a layered double hydroxide

structure. Also, IR and Raman spectra revealed differences between the solids.

Keywords: Sn-layered double hydroxide, Zr-layered double hydroxide, FT-IR

spectroscopy, Raman spectroscopy, Sol-gel method.
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IL.1. INTRODUCTION

Natural and synthetic layered double hydroxides (LDHs) have aroused
enormous interest in various scientific areas such as catalysis and adsorption
research [1-4]. These compounds are mixed metal hydroxides of general formula
[M(I1)1-x M(1I1)x(OH)2]**[Ax/n]"--mH20, where M(II) and M(III) denote a divalent and
a trivalent metal, respectively, and A4 is an anion. The structure of LDHs is similar to
that of brucite, Mg(OH),, with Mg2+ cations occupying the centres of octahedra
joined by their edges to form infinitely superimposed layers linked by hydrogen
bonds between hydroxyl groups at octahedral vertices [5]. A wide variety of LDHs
containing diverse di- and trivalent cations (Mg, Zn, Cr, Al, Fe, Ni, Co) in
combination with different anions (CO32-, SO42-, NO3-, PO43-, Cl-, organic anions)
have been reported [4]. Most have been obtained by synthesis, especially by using
the co-precipitation method. Alternatives such as the sol-gel method [6-8] and
homogeneous precipitation by urea hydrolysis [9-11] have also been used to

prepare them and to alter some textural chemical or surface property.

A number of authors have used spectroscopic techniques to characterize
Mg/Al layered double hydroxides. However, LDHs containing less common metals
such as Ga or In have been less widely examined —and even less have those
containing Sn or Zn. The most commonly used techniques for characterizing LDHs
are Fourier-transform infrared (FT-IR) spectroscopy and solid-state nuclear
magnetic resonance (MAS NMR) spectroscopy of nuclei such as 1H, 27Al or 71Ga [12-
14]. Recently, Raman spectroscopy was also successfully used to characterize LDHs
of variable chemical composition [15-20]. However, none of these techniques has
been used to examine LDHs containing tetravalent metals prepared with the sol-
gel method. In this work, we prepared Mg/Al, Mg/Ga, Mg/In, Mg/Al/Sn and
Mg/Al/Zr LDHs in Mg/M(III) or Mg/[M(III) + M(IV)] ratios of 3 by using the sol-gel
method, and characterized them in structural and surface terms by using Raman

spectroscopy in addition to XRD spectroscopy and nitrogen porosimetry.

I1.2. MATERIALS AND METHODS
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Obtaining intercalated compounds with the sol-gel method requires that their
metal precursors be hydrolysed in an appropriate sequence. In order to prepare
hydrotalcites containing Mg and Al, Ga or In, we dissolved 0.15 mol of magnesium
ethoxide in 200 mL of ethanol containing a small amount of 35% aqueous HCI to
obtain a final pH of 3. The solution was refluxed under continuous stirring for 3 h
and then supplied with 0.05 mol of aluminium, gallium or indium acetylacetonate
dissolved in 200 mL of acetone. The Sn and Zr LDHs were synthesized by adding
appropriate amounts of tin or zirconium acetylacetonate (0.005 mol) and using a
reduced amount of aluminium salt (0.045 mol). The resulting solution was adjusted
to pH 10 by adding aqueous ammonia and refluxed until a gel was formed. The gel
was isolated by centrifugation, washed with distilled water several times and dried
at 100 2Cin a stove. In order to ensure a homogeneous composition, the solids were
ion-exchanged to have carbonate as the sole anion in the interlayer spacing. To this
end, the two hydrotalcites were suspended in 50 mL of water containing 0.345 g
Na;C03/g hydrotalcite at 100 °C for 2 h, after which the solids were isolated by
centrifugation, washed and dried. This treatment was repeated twice on each
hydrotalcite. The Mg/Al, Mg/Ga and Mg/In LDHs were designated MgAl, MgGa and
Mgln, respectively, and the Mg/Al/Sn and Mg/Al/Zr LDHs MgAISn and MgAlZr,

respectively.

The five LDHs were analysed by X-ray diffraction spectroscopy in order to
check whether they possessed a layered structure, and also by Raman and FT-IR

spectroscopies.

The metal ratio in each solid was determined by inductively coupled plasma
mass spectrometry (ICP-MS) on a Perkin-Elmer ELAN DRC-e spectrometer.
Crystallization water was determined by thermogravimetric analysis. X-ray
diffraction patterns were obtained on a Siemens D-5000 diffractometer using CuK,
radiation. Patterns were recorded over the 20 range from 5 to 702 Fourier
transform infrared (FT-IR) spectra were recorded on a Perkin-Elmer Spectrum
100 FTIR spectrophotometer by co-adding 32 scans with a resolution of 4 cm-1.
Samples were prepared by mixing appropriate, powdered aliquots of the solids
with KBr as reference. The Raman spectra for the solids were acquired with a
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Renishaw Raman instrument (InVia Raman Microscope) equipped with a Leica
microscope furnished with various lenses, monochromators and filters, in addition
to a CCD. Spectra were obtained by excitation with green laser light (532 nm) from
100 to 2000 cm-1. A total of 32 scans per spectrum were performed in order to
improve the signal-to-noise ratio. All spectral treatments (baseline correction,
smoothing, normalization and deconvolution) were done with the Peakfit v. 4.11

software package.
I1.3. RESULTS AND DISCUSSION

Table 1 shows the formulae of the five synthesized layered double hydroxides.
As can be seen, the final metal ratios of the solids were quite close to the theoretical
value (3:1), which suggests that the cations were completely incorporated into each

layered solid phase.

Table 1. Formulae, experimentally determined metal ratios and lattice parameters of the LDHs.

LDH Formula Mg/M(IID)exp x2 ab cb te

MgAl Mgo.754Al0.246(0H)2(C03)0.123-0.62H20 3.06 0246 3.081 23.177 191
MgGa Mgo.757Gao.243(0H)2(C03)0.121-0.52H20 3.00 0.250 3.143 23.097 134
Mgln Mgo.744Al0.256(OH)2(C03)0.128-0.69H20 284 0.260 3.186 23.388 99

MgAlSn  Mgo.743Al0.230Sn0.027(0H)2(C03)0.142:0.73H20  3.11 0.243 3111 23340 141
MgAlZr  Mgo.749Al0.220Z10.031(OH)2(C03)0.128:0.66H20 291 0.254 3.109 23.101 149

ax = M(IID) ([Mg(ID+M(II)+M(IV)]; bLattice parameters (A); cCrystal size (A).

I11.3.1 XRD study.

The XRD patterns for the five samples (figure 1) are consistent with simple
crystal phases with x values close to 0.25. The XRD patterns are also consistent with
the proposed LDH structure, which consists of layered double hydroxides with
brucite like-layers of [Mgi.«[M(III)M(IV)]x(OH)2]**(CO3)x/22-mH20 composition.
From the previous results it follows that the structure of synthesized solids is
consistent with that of an LDH; thus, it contains positively charged brucite-like
[MgeM(II1)2(OH)16]?* layers, with carbonate ions and loosely bound water
molecules occupying the interlayer region [21]. The XRD patterns allowed basal

(001) reflections —strong peaks at low 20 values— and non-basal reflections to be
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distinguished, thereby facilitating their discrimination from those due to
impurities. Basal reflections corresponded to successive orders in the ¢ basal space.
The weak reflection at ca. 260 = 60° was indexed as (110). This reflection is
independent of the particular layer stacking pattern and can thus be used to
calculate parameter a in the equation a = 2-d119) [22], where a is the mean cation-
cation distance in the brucite-like layer, and c is related to the distance between
brucite-like layers and obtained from the equation ¢ = %2 [dgo3) + 2:d(0os)]- As can be
seen, a increased from Al to In. This suggests that both Ga and In were effectively
incorporated into the LDH lattice; in fact, an increase in ionic radius in the trivalent
ion should result in an increased distance between cations (the ionic radius for Al3+,
Ga3+ and In3+is 0.51, 0.62 and 0.83A, respectively). On the other hand, c exhibited
no clear-cut trend; in any case, it varied little among the LDHs, which is logical since
replacing a cation with another of the same charge should have no significant effect
on this parameter. The XRD patterns also revealed that the height or width of all
peaks decreased with increasing ionic radius of the isovalent ion, which is
consistent with previous findings [23,24]. Table 1 also shows the crystallite sizes
for the (003) and (006) diffractions in the LDHs as determined from the Debye-
Scherrer equation [25] as a measure of crystallinity along the direction of the c-axis.
As can be seen, crystallinity decreased with increasing ionic radius of the trivalent
cation in the LDHs. Identical conclusions can be drawn for the LDHs containing
tetravalent ions (Sn*+ or Zr%*). As can be seen, a increased and crystallite size
decreased; the changes, however, were not so marked as in the LDHs containing
Ga3* or In3* because the amount of tetravalent ion incorporated into the LDH

structure was not too large.
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Figure 1. X-ray diffraction patterns for the LDHs.

I11.3.2. Spectroscopic study

The amount of charge present in the brucite-like layer of LDHs is dictated by the
trivalent—or tetravalent— cation replacing Mg?*. As a result, the cation
concentration should be correlated with the number of interlayer ions. Also, all
hydroxyl groups in octahedral layers should coordinate to three metal sites. In Mg
and Al LDHs, all hydroxyl groups are coordinated to three metal sites; therefore,
four different local environments that can be designated Mgz;OH, Mg;AlIOH,
MgAl,OH and Al30H are possible. By using 'H MAS NMR, Sideris et al. [26]
previously found Mg/Al LDHs with metal ratios higher than 2 to exhibit an orderly

distribution of cations in their brucite-like layers; therefore, no contact between

97



Chapter II. Results and discussion (Paper 1)

Al3+ jons exists or these structural units are present in very low proportions. As a
result, Mgz+ and Al3+ cations adopt a beehive-like structure as shown in Fig. 2 and
only two different environments are possible, namely: Mg,AIOH and MgzOH. A
similar distribution can be expected from Ga3* and In3*. Also, exchanging a small

amount of Al3+ with a tetravalent cation should have little effect on the octahedral

MGMAT-OH ’é ‘\.(‘\.0.\‘.

units.

TATAVAVAYA g
LR .

AVAVAVAA:

Figure 2. Schematic representation of brucite-like layers with possible distribution of M(III)

octahedra (black) and Mg(II) octahedral (red).

In order to identify these structures, we characterized the solids by vibrational
spectroscopy. The region where stretching bands for O-H bonds appear in the
Raman or IR spectrum range from about 2800 cm-! to 3800 cm-1. The spectrum for
an LDH in this region should contain the signals for O-H stretching vibrations in
water molecules in the interlayer region and those for O-H groups in brucite-like
structural units. However, water is a very poor Raman scatterer, so this technique
is of little use with metal-bonded O-H groups in hydrotalcites. This led us to use
FT-IR spectroscopy to examine O-H stretching vibrations and Raman spectroscopy
for other bonds (viz., stretching vibrations of C-0 bonds in carbonate ions, 1000-

1100 cm-t, and M-0 bonds, 100-700 cm'1).

I11.3.2.1 Region 2800-3800 cm-1 (FT-IR spectroscopy)
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Figure 3 shows the normalized, deconvoluted spectra for the five LDHs over the
0-H bond stretching region. All spectra included a strong band at ca. 3450 cm-1
that was assigned to stretching vibrations in Mg-bonded OH groups (Mg-OH)
[27,28] in addition to another three. That at the smallest wavenumber (2950-3050
cm-1) can be assigned to stretching vibrations of OH groups in interlayer water
molecules bonded to carbonate ions [29]. A third band was observed at ca. 3200
cm-! that was assigned to stretching vibrations of hydroxyl groups in water
molecules [30]. Also, a fourth band appeared at ca. 3600 cm-! that can be assigned
to stretching vibrations in O-H groups bonded to the trivalent metal. Finally, a fifth,
very weak band was observed above 3700 cm-! that was assigned to stretching
vibrations in Sn-OH or Zr-OH bonds. These assignations were based on the
assumption that an increase in cation charge would shift the bands to greater

wavenumbers.

MgAIZr

MgAISh

Mgln

Absorbance (a.u.)

MgGa

MgAl

T T T T
3850 3500 3150 2800
Wavenumber (cm™)

Figure 3. FT-IR spectra in the 2500-3900 region for the LDHs.
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Table 2 lists the exact wavenumbers of the bands for each LDH and the
corresponding percent areas. As can be seen, the proportions of the stretching
bands for Mg-OH, M(III)-OH and M(IV)-OH were similar, which is consistent with
the structural formulae of the LDHs —where the amount of magnesium was also
similar. In addition, these results seemingly confirm the previous comment
regarding the results of Sideris et al. [26] that most of the structural environments
were of the MgzOH or Mg,AIOH type. Accordingly, the spectra should exhibit two
bands for stretching vibrations in O-H bonds as was in indeed the case. The FT-IR
spectra for the LDHs with tetravalent metals exhibited a third vibrational mode

corresponding to an Mg;SnOH or Mg,ZrOH environment.

3900-2500 cm1

LDH
Center (cm-1) Area (%)
3597 18.3
3462 27.6
MgAl
3213 32.5
3011 21.6
3583 17.3
3456 26.0
MgGa
3198 33.0
2990 23.7
3582 19.5
3436 26.8
Mgin
3220 28.7
3025 25.0
3722 6.0
3584 20.5
MgAlISn 3459 22.0
3246 28.3
3037 23.2
3742 7.6
3578 18.2
MgAlZr 3452 22.3
3250 28.1
3035 238
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I11.3.2.2. Region 1000-1100 cm! (Raman spectroscopy)

As can be seen in Fig. 4, all solids exhibited a strong signal in this zone. The band
was assigned to stretching vibrations of carbonate ion in the interlayer region
[16,17]. There is general agreement that the symmetry of carbonate ion depends
on how perturbed by neighbouring species it is. Thus, in the absence of
perturbations, carbonate ion adopts D3, symmetry. A comprehensive analysis of
group theory for carbonate ion reveals that its C-O bonds possess four normal
vibration modes designated vi: (symmetric stretching, A:"), vz (out-of-plane
bending, A,"), vs (in-plane bending, E) and v4 (asymmetric stretching, E'). Modes
V1, V3 ¥ v4 are Raman-active in perturbed carbonate ions, but only mode v; is in
unperturbed ions. Because carbonate ions in the interlayer region of LDHs can be
altered by water molecules in that region and hydroxyl groups in brucite-like
octahedral layers, they can be assumed to be unperturbed and hence to possess a
single active Raman vibration mode (v1) and to exhibit a single Raman signal. In
fact, as can be seen from Fig. 4, the Raman spectra for the LDHs exhibited a strong
band in the zone 1000-1100 cm-!, which is that where v; typically appears.
However, the wavenumber for all LDHs (ca. 1060 cm-1) was smaller than that for
free carbonate ion, which is also the case with magnesite (MgCO3, 1094 cm-1) and
calcite (CaCO3, 1088 cm-1) [31,32]. The decreased wavenumber can be ascribed to

the above-described interactions of carbonate ions in the interlayer region of LDHs.

However, as can be seen from Fig. 4, the strong signal at ca. 1060 cm-! can
be deconvoluted into several smaller bands suggesting the presence of various
types of carbonate ions in the interlayer regions (viz., carbonate ions subject to
various types of interactions). Since, as noted earlier, the trivalent metal lies in a
single environment, carbonate ion also has a single environment to interact with
the metal. Also, because the trivalent ion (Al3+, Ga3* or In3+) is the more abundant,
the band at 1060 cm-! can be assigned to carbonate ions bonded to it. The other,
much weaker bands fell above and below the wavenumber of the main band and
were assigned to “free” carbonate ions (i.e. ions bonded to neither the brucite-like
layer nor interlayer water [33]); also, the band at the higher wavenumber was

assigned to carbonate ions strongly hydrogen-bonded to water molecules. It should
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be noted that the main band was slightly shifted to lower wavenumbers with
increase in cation size. Finally, inserting a tetravalent cation had little effect on the

shift and only caused a slight decrease in wavenumber.

MgAIZr A
MgAISn/ZL
Mgin A
MgGaA

1000 1025 1050 1075 1100

Raman Intensity

Wavenumber (cm™)

Figure 4. Raman spectra for LDHs in 1000-1100 cm-! region.

I11.3.2.3. Region 1000-1100 cm! (Raman spectroscopy)

This zone contained the stretching vibration bands for M-0 bonds. Figure 5
shows the Raman spectra for the LDHs in this zone. As can be seen, the most salient
bands appeared at ca. 150, 470 and 560 cm-1. The latter two were unequivocally
assigned to symmetric stretching vibrations in Al-OH bonds (modes Aig and Eg,

respectively [34]). As with the stretching vibration band for C-O bonds, the
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wavenumber decreased markedly with increasing size of the cation (from 559 cm-
1 in solid MgAl to 538 cm-!in MgGa and 514 cm-! in the indium-containing LDH).
Therefore, this signal can be used to unambiguously distinguish LDHs containing
different trivalent metals. Inserting a tetravalent metal into an Mg/Al LDH shifts
the stretching vibration band for Al-OH bonds by 6-8 cm-1; however, the most
salient result is that it distorts the band —a sign of the presence of a tetravalent
cation. The cation also affected the band at ca. 470 cm1; however, the effect was
much less marked and hence more difficult to observe. Finally, the band at ca. 140-
160 cm-! cannot be unambiguously assigned but the shift it undergoes from Al3+ to
In3+ suggests that it is due to Mg-0-M(III) bonds —some authors, however, have

assigned it to deformation vibrations in 0-M-0 bonds [35].

MgAIlZr

MgAISn

Mgin

MgGa

MgAl

Raman Intensity (a.u.)

200 400 600

Wavenumber (cm™)

Figure 5. Raman spectra for LDHs in 100-700 cm-! region.
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I1.4. CONCLUSIONS

Five magnesium LDHs containing various trivalent metals (aluminium, gallium
and indium) and tetravalent metals (tin and zirconium) in a metal ratio of 3
[(Mg/M(III) + M(IV)] were prepared by using the sol-gel method. XRD patterns
revealed that the five solids possess a layered double hydroxide structure and a
metal ratio very close to the theoretical value. The environment of hydroxyl groups
was studied in detail by using IR spectroscopy, and the interlayer anion and metal-
oxygen bonds were examined by Raman spectroscopy. The IR zone from 2800 to
3900 cm-! was quite similar for the five solids and seemingly confirms the presence
of MgzOH and Mg,Al-OH environments in the LDHs since only two stretching
vibration modes for metal-bonded OH groups were observed. Also, the presence of
a trivalent cation other than aluminium or the insertion of a small amount of a
tetravalent ion in the LDH crystal network had little effect on the FT-IR spectra for
the solids in this zone. Raman spectra were recorded in two different zones. One
spanned the wavenumber range 1000-1100 cm-! and contained the signal for
stretching vibrations in carbonate, its position changing with the size of the
trivalent cation —inserting a tetravalent cation had no effect on it, however. The
other zone, 135-700 cm-1, was that exhibiting the greatest differences between
LDHs [especially in the signal for the stretching vibration of M(III)-OH bonds,

which can be used to unequivocally distinguish between LDHs].
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1. Introduction

Cyanide is an anion easily bonding to metals such as gold, silver,
copper, zinc or mercury to form chelates that are usually highly
water-soluble but differ markedly in stability. This key property
of cyanide has been used to extract metals such as gold or silver
from mineral ores. Cyanide is also used for other purposes such
as plastic, agrochemical, dye and pharmaceutical production [1].
This anion is present in virtually negligible amounts in uncontam
inated natural wakrs 2] but can each levels millons oftimes
her in wastewater sses. The

obtained by calcining LDHs to adsorb anioas such s nitrate [3.4
fivoride (5] phosphate [6.7]. radioactive species [8.9]. herbicides
or humic acid 12]. However, mixed oxides from LDHs have
never to the authors' knowledge been used to adsorb cyanide.
Some authors have successfully removed hydrogen cyanide by
using nickel-based LDHs to form cyanide complexes of formula
INHCN)e 7 |13]. Als, cyanide can be removed from aqueous solu
tions using activated carbon as adsorbent | 14].
Layered double hydroxides (LDHs) are a class of anionic clays
structurally Smilr o brucite, ME(OH), excep that some Mg’

£0ld mining industry s the greatest source O e
tion with cyanide. which poses serious hazards owing to the high
toxcity of the anion. Cyanide is typically removed from water by
alkaline chiorination but can also be eliminated by using other
chemical oxidants such as hydrogen peroxide, sulphur dioxide or
azone, as well as alternative techniques such as osmosis. cidifl-
cation/olatilization or even photolysis. Most of these techni
however, are energy-consumingor use environmentally unfriend
reagents.
Adsorption methods are being increasi diaetytogurily
aqueous solutions containing anionic ionic contaminants
e Japere doue Iyraakdes (LDFS) or miaed cides
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Tm\mlm(hnrm(mm deficiency which causes brucite-like Lay-
ers to be positively charged. Restoring electroneutrality requires
inserting an appropriate anion {17] in addition to crystallization
water in the interlayer region (

The general formula of LDHs is [M(I)_MII\
(O} *[Auun 1" 10, where NEI) and MUIIT) are 3 divalent
t octahedral positions of Mg?*
like layers and A is the interlayer anion — which can
idely in nature and be either inorganic or organic. x, which
represents th MM + M) typically rangs
0.1710.0.33, which correspands to an M(ID/M(ll) ratio of 24
Calcination at 400-700-C of an LDH containing magnesium and
aluminium as metals, and carbonate as interlayer anion, gives 3
mixed oxide of the same cations via the follawing reaction:

ME, (AL (COL) 2(OH), ™ Mgy AL 1+ 2005
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ABSTRACT

Calcining magnesium/aluminium layered double hydroxides (Mg/Al LDHs) at
450 °C provides excellent sorbents for removing cyanide from aqueous solutions.
The process is based on the “memory effect” of LDHs; thus, rehydrating a calcined
LDH in an aqueous solution restores its initial structure. The process, which
conforms to a first-order Kinetics, was examined by Raman spectroscopy. The
metal ratio of the LDH was found to have a crucial influence on the adsorption
capacity of the resulting mixed oxide. In this work, Raman spectroscopy was for the
first time use to monitor the adsorption process. Based on the results, this
technique is an effective, expeditious choice for the intended purpose and affords
in situ monitoring of the adsorption process. The target solids were characterized
by using various instrumental techniques including X-ray diffraction spectroscopy,
which confirmed the layered structure of the LDHs and the periclase-like structure

of the mixed oxides obtained by calcination.

Keywords: Layered double hydroxides, cyanide removal, Raman spectroscopy,

memory effect.
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IIL.1. INTRODUCTION

Cyanide is an anion easily bonding to metals such as gold, silver, copper, zinc or
mercury to form chelates that are usually highly water-soluble but differ markedly
in stability. This key property of cyanide has been used to extract metals such as
gold or silver from mineral ores. Cyanide is also used for other purposes such as
plastic, agrochemical, dye and pharmaceutical production [1]. This anion is present
in virtually negligible amounts in uncontaminated natural waters [2] but can reach
levels millions of times higher in wastewater from the previous production
processes. The gold mining industry is the greatest source of water contamination
with cyanide, which poses serious hazards owing to the high toxicity of the anion.
Cyanide is typically removed from water by alkaline chlorination but can also be
eliminated by using other chemical oxidants such as hydrogen peroxide, sulphur
dioxide or ozone, as well as alternative techniques such as osmosis,
acidification/volatilization or even photolysis. Most of these techniques, however,

are energy-consuming or use environmentally unfriendly reagents.

Adsorption methods are being increasingly used lately to purify aqueous
solutions containing anionic or cationic contaminants. Some use layered double
hydroxides (LDHs) or mixed oxides obtained by calcining LDHs to adsorb anions
such as nitrate [3,4], fluoride [5] phosphate [6,7], radioactive species [8,9],
herbicides [10,11] or humic acid [12]. However, mixed oxides from LDHs have
never to the authors ‘knowledge been used to adsorb cyanide. Some authors have
successfully removed hydrogen cyanide by using nickel-based LDHs to form
cyanide complexes of formula [Ni(CN)4]2- [13]. Also, cyanide can be removed from

aqueous solutions using activated carbon as adsorbent [14].

Layered double hydroxides (LDHs) are a class of anionic clays structurally
similar to brucite, Mg(OH),, except that some Mg?+ ions are replaced by trivalent
metals of a similar ionic radius [15,16]. This introduces a charge deficiency which
causes brucite-like layers to be positively charged. Restoring electroneutrality
requires inserting an appropriate anion [17] in addition to crystallization water in

the interlayer region (figure 1).
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Mg-Al-(OH),
layers

Hydrogen 4 Water and carbonate ions

bonds

e Hydrogen

N\ninan

Figure 1. Structure of layered double hydroxide containing Mg(II), Al(III) and carbonate as
interlayer anion.

The general formula of LDHs is [M(I1)1-M(II)x(OH)2]**[Ax/m]™-nH20, where
M(1I) and M(III) are a divalent and trivalent metal, respectively, at octahedral
positions of Mg?+ in brucite-like layers and A is the interlayer anion —which can
vary widely in nature and be either inorganic or organic. x, which represents the
ratio M(11)/[M(II) + M(III)], typically ranges from 0.17 to 0.33, which corresponds
to an M(II)/M(1II) ratio of 2-4 [15]. Calcination at 400-700 2C of an LDH containing
magnesium and aluminium as metals, and carbonate as interlayer anion, gives a

mixed oxide of the same cations via the following reaction:

400-700 °C
Mgl—xAlx(CO3)x/2(0H)2 —_— Mgl—xAlx01+x/2 + x/2 COZ

Rehydrating the resulting oxide restores the original LDH structure (Cavani
et al, 1991) except that the interlayer anion is now that present in the rehydrating

aqueous solution:
Mgl—xAlx01+x/2 + X/Tl An_ + (1 + x/2)H20 — Mgl—xAleE(OH)Z + XOH_
n
The reaction occurs at variable temperatures and can even be effected by water
vapour, which introduces hydroxyl groups in the interlayer region [17]. In any case,

the rehydration process involves the release of OH- ions and the combination of the

mixed oxide with An-ions in solution. This property, known as the “memory effect”,
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was used in this work to develop a method for removing cyanide ions from aqueous

solutions by using a magnesium-aluminium mixed oxide.

As noted earlier, LDHs and their calcination products have been widely used to
remove anionic contaminants from various types of aqueous matrices on the
grounds of their high adsorption capacity. In this work, we used a calcined Mg/Al
LDH to remove cyanide from aqueous solutions. One other novelty of our proposal
is the use of Raman spectroscopy, a highly sensitive technique subject to no
interferences, to monitor the course of cyanide adsorption by the mixed oxide in

real time.
I11.2. EXPERIMENTAL
I1.2.1 Preparation of the materials

The LDHs used was prepared by using a coprecipitation method described
elsewhere [18]. In a typical synthetic run, a solution containing 0.3 mol of
Mg(NO3)2:-6H20 and 0.15 mol of Al(NO3)3-9H20 in 250 mL of de-ionized water was
used (Mg/Al = 2). The solution was slowly dropped over 500 mL of an Na,CO3
solution at pH 10 at 60 °C under vigorous stirring, the pH was kept constant by
adding appropriate volumes of 1 M NaOH during precipitation. The suspension
thus obtained was kept at 80 °C for 24 h, after which the solid was filtered and
washed with 2 L of de-ionized water. The layered double hydroxide thus prepared
was ion-exchanged with carbonate to remove nitrate ions intercalated between
layers. The procedure involved suspending the solid in a solution containing 0.345
g of NazCO3 in 50 mL of bidistilled, de-ionized water per gram of hydrotalcite at 100
°C for 2 h. Then, the solid was filtered off in vacuo and washed with 200 mL of
bidistilled, de-ionized water. The new LDH thus obtained was subjected to further
ion-exchange under the same conditions, and named MgAl-2. This solid was
calcined at 450 °C in the air for 8 h, using a temperature gradient of 1 °C/min and
named MgAl-2-450. A similar procedure was used to prepare two other LDHs in
theoretical metal ratios of 3 and 4 that were named MgAl-3 and MgAl-4,
respectively, and calcined at 450 2C to obtain the solids MgAl-3-450 and MgAl-4-
450, respectively.
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II1.2.2 Characterization of the materials

The Mg/Al ratio of each solid was determined by inductively coupled plasma
mass spectrometry (ICP-MS) on an ELAN DRC-E Perkin Elmer ICP-MS instrument
operated under standard conditions. X-ray diffraction (XRD) analysis was
performed on a Siemens D-5000 diffractometer using CuKa radiation over the
range 5-802. Raman spectra for the solids were acquired with a Renishaw Raman
instrument (InVia Raman Microscope) equipped with a Leica microscope furnished
with various lenses, monochromators and filters in addition to a CCD. Spectra were
obtained by excitation with green laser light (532 nm) from 150 to 1500 cm-1. A
total of 32 scans per spectrum were done in order to improve the signal-to-noise
ratio. Thermogravimetric analyses were performed on a Setaram Setsys 12

instrument by heating in an argon atmosphere from 25 to 800°C at 10°C/min.
I11.2.3 Adsoprtion experiments

Adsorption tests were performed by placing in a flask a 0.25 L volume of a
solution containing a 9 mg/L concentration of potassium cyanide (Aldrich ref.
31252) in decarbonated, de-ionized water at the pH resulting from dissolution at
room temperature (22 2C). The solution was then supplied with 0.16 mg of mixed
oxide (MgAl-x-450) and fitted with a refluxing condenser for vigorous agitation of
the flask contents for a present time. Samples of the solution were withdrawn at
regular intervals to quantify the amount of adsorbed cyanide by Raman
spectroscopy. Following centrifugation at 5000 rpm for 8 min to remove suspended
solid, Raman spectra were recorded under the same conditions as those for the

LDH and its calcination product, albeit over the wavenumber range 2040-2100 cm-

1-

The kinetics of adsorption was studied by using a volume of 0.25 L of the
previous solution at 22 2C under the above-described conditions. The amount of
cyanide ion adsorbed by the calcined LDHs was calculated from the following

equation:

CN~], — [CN7],
B il e il Y
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where g; is the sorption capacity of the calcined LDH at time ¢, in mg CN-/gaqs, V
is the solution volume (L), [CN-]o and [CN-]; (mg/L) are the cyanide concentrations
at time zero and ¢, respectively, and m is the amount of calcined LDH (g.4s) used as

sorbent.

Adsorption tests under different conditions were used to identify the most
suitable LDH for the intended purpose, which was then used to establish a kinetic

model at different temperatures.
I11.3. RESULTS AND DISCUSSION
I11.3.1 Characterization of materials.

Table 1 shows the metal ratio x = Al/(Mg + Al) for each LDH and its
calcination product, as well as the formula of each solid. The amount of water
present in each LDH was determined from thermogravimetric data as
described below. The theoretical values were consistent with experimental
data, which suggests that the cations were thoroughly incorporated into the
solid phase.

Table 1. Theoretical and experimental values of x, and of the lattice parameters, for the LDHs

and their calcination products.

SOLID XtHer  XExp A (4) C(A) FORMULA
MGAL-2 0.33 0.37 3.046 22.860 Mgo.631Alo0.369(0OH)2(C0O3)0.185:0.65H20
MGAL-3 0.25 0.29 3.052 22.878  Mgo.710Al0.290(OH)2(C03)0.145-0.61H20
MGAL-4 0.20 0.22 3.068 23.421  Mgo.779Alo0.221(0OH)2(C03)0.110-0.60H20
MGAL-2-450 0.33 0.37 4.159 - Mgo.671Al0.36901.185
MGAL-3-450 0.25 0.29 4.175 - Mgo.710Al0.29001.145
MGAL-4-450 | 0.20 0.22 4.189 - Mgo.779Al0.22101.110

Figure 2 shows the X-day diffraction patterns for the three Mg/Al solids.
All exhibited the typical signals for hydrotalcite [19], namely: symmetric,
strong, narrow peaks for the (003), (006), (110) and (113) planes, and
broader, less symmetric peaks for the (009), (015) and (018) planes, all of
which are typical of clay minerals with a layered structure. Table 1 shows the
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experimental lattice parameters a and c¢ as determined from the XRD
patterns. As can be seen, a increased with decreasing metal ratio, x, which is
consistent with the increasing distance between cations in brucite-like layers
as the proportion of trivalent cation —aluminium here— is increased [20].
Parameter c also increased with decrease in x, but its dependence on the

metal ratio has not been unambiguously established [20].

(003)
MgAl-2
(006)
(009)
(015)(016) (11
(113)
~ MgAI-3
=
<
N
2
87
o
Q
+—
=
e
MgAl-4
20 40 60 80

26 (°)

Figure 2. XRD patterns for the as prepared LDHs.
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The thermal decomposition of LDHs containing Mg and Al alone above
450 °C seemingly gives completely crystalline phases of a periclase-like
Mg/Al mixed oxide with a lattice parameter a that is smaller than that of pure
periclase (MgO) by the likely effect of a small amount of Al3* ions being
dissolved in the MgO lattice to form solid solutions [15,21,22]. In this work,
a was calculated from the XRD patterns for the (200) and (220) planes, using
the following equation: a = dx (h2? + k2 + [2)1/2, The average a values from the
XRD patterns for the solids calcined at 450 2C (Fig. 3) are shown in Table 1.

As can be seen, all were smaller than that for pure MgO, which is 4.211 [23].

(200)

MgAl-2-450

MgAl-3-450

Intensity (a.u.)

MgAI-4-450

Figure 3. XRD patterns for the calcined LDHs.
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Figure 4 shows the thermogravimetric curves for the three LDHs. The
decomposition profiles were similar to those previously reported for these
materials [24,25]; also, the total weight loss invariably exceeded 40%. The
solids exhibited three distinct weight loss regions. One spanned the
temperature range 25-220 2C and exhibited an endothermic peak at ca. 200
2C that can be assigned to the release of water from interparticle pores [26].
Another region exhibited an endothermic peak at ca. 400 2C due to the
release of carbonate ions from the interlayer region and hydroxyl ions from
brucite-like layers [26]. The third region cannot be unequivocally assigned
but was seemingly due to sustained release of water probably resulting from

dehydroxylation of the mixed oxides formed (MgAlO,) above 450 °C.
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Figure 4. TG and DTA curves for the as prepared LDHs
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I11.3.2. Adsorption experiments

The Mg/Al ratio in the mixed oxides obtained by calcining the layered double
hydroxides was the first variable to be examined with a view to identifying the best
performer in removing (adsorbing) cyanide. Figure 5 shows the variation of the

proportion of cyanide adsorbed by the MgAl-x-450 solids as a function of time.

100
-

e ————V

A

® MgAl-2-450
v MgAl-3-450
A MgAl-4-450

%CN" adsorbed

0 16 2‘0 3;0 4‘0
Time (h)

Figure 5. Influence of time on cyanide adsorption by the calcined LDHs.

As can be seen, the amount of cyanide adsorbed changed little —and similarly—
at an early stage. However, as time elapsed and the cyanide concentration in
solution decreased, the adsorption capacity of the solids increased with decreasing
Mg/Al ratio. Also, only MgAl-2-450 succeeded in reducing the cyanide
concentration below the legally established maximum level (1 ppm) within 24 h.
This result can be ascribed to the increased amount of Al present in MgAl-2-450
since the metal was ultimately responsible for cyanide adsorption by effect of its
positive charge being partly offset by the negative charge of cyanide ion. As noted
under Experimental, the time course of the process was monitored via the Raman
signal for stretching vibrations in C=N bonds at 2080 cm-1. This was the only signal
observed in this spectral region, which afforded direct, uninterfered integration —
and hence quantitation— of cyanide. By way of example, Fig. 6 shows the profile

for solid MgAl-2-450.
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Raman Intensity (a.u.)

2040 2060 2080 2100 2120
-1
Wavenumber (cm™)

Figura 6. Time course of the signal for stretching vibrations in C=N bonds during the adsorption of
cyanide ion. T = 22 °C. Initial cyanide concentration = 9 mg/L. Amount of solid = 0.16 g (MgAl-2-
450).

A Kinetic study of the adsorption process followed. As noted earlier, the
adsorption curves of Fig. 5 suggest that cyanide ion was rapidly adsorbed early in
the process —until about 24 h, when equilibrium was reached an the equilibrium
concentration, q., determined. Recent adsorption experiments with anions such as
nitrate [3,4] and similar solids, revealed that the kinetics of the process conformed
to a first-order Lagergren model based on which adsorption in solid/liquid systems

is governed by the following equation:
In (qe - qc) = In qe - Kaas't

where g and g; are the amounts of cyanide adsorbed at equilibrium and time ¢,
respectively, both in mg CN-/g.ds, and kags is the rate constant for the process.
Linearity in a plot of In (g. - g¢) against time confirms the validity of the Lagergren
model. Table 2 shows the kinetic results and correlation coefficients (R?) for the

three mixed oxides.

Once the solid with an Mg/Al ratio of 2 (viz., MgAl-2-450) was found to be that

with the highest cyanide adsorption capacity, the influence of temperature on its
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performance was assessed. There is evidence that temperature has a strong effect
on the ability of calcined LDHs to adsorb anions [4,27]. We examined cyanide
adsorption by solid MgAl-2-450 at 22, 50, 70 and 90 °C. As can be seen from Fig. 7,
the adsorption capacity of the solid increased with increasing temperature. Usually,
physisorption processes are exothermic; therefore, the adsorption capacity of the
solid should have decreased with increasing temperature. This suggests that the
adsorption of cyanide on a calcined LDH involves some endothermic chemical

reaction.

The energy of activation for the adsorption process was calculated by using

Arrhenius’ law in logarithmic form:
ln kads = lnA - (Ea/Rn

Plotting the adsorption rate in the form of k. against the reciprocal
temperature gave a straight line with an acceptable correlation coefficient (R? =
0.949). The slope of the curve, -(E./R), provided the energy of activation and the

intercept, In 4, the Arrhenius constant.

The energy of activation for diffusion-controlled adsorption processes is lower
than 20 kJ/mol (Ho et al., 2000). The calculated E, value for the adsorption of
cyanide on a calcined LDH was 159 k] /mol. Therefore, the adsorption process must

be governed by a reaction of cyanide with the mixed oxide rather than by diffusion.
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I11.4. CONCLUSIONS

Raman spectroscopy is an effective, accurate, expeditious technique for
monitoring and quantifying the adsorption of cyanide ion on a mixed oxide
obtained by calcining a layered double hydroxide (LDH). Cyanide is adsorbed
by a rehydration process based on a “memory effect” that restores the initial
structure of the LDH. The absorption rate was found to decrease with
increase in metal (Mg/Al) ratio of the LDH used as precursor for the mixed
oxide, and to peak for the oxide with Mg/Al = 2. The kinetics of the process
conformed to a first-order Lagergren model. The fact that the cyanide
adsorption rate increased with increasing temperature suggests that the
process is endothermic. Based on the energy of activation for the process, the
adsorption of cyanide is governed by its reaction with the mixed oxide rather
than by diffusion. Calcination of the LDH after adsorption of cyanide restores

the original mixed oxide, which can thus be reused as a cyanide sorbent.
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ABSTRACT

Organic-inorganic layered double hydroxides (LDHs) were obtained by using a
microwave-assisted method to intercalate cholate or deoxycholate ion into an
Mg, Al mixed LDH. Based on the X-ray diffraction and Raman spectra for the
resulting LDHs, a treatment time of only 1 h sufficed to ensure complete
intercalation of the organic anions. This makes the proposed synthetic method
more expeditious than existing alternatives for the same purpose. Based on the
baseline spacing for the organo-LDHs, the organic anions were intercalated with no
cross-over between their molecular chains. The interlayer distance of the solids
was confirmed by high-resolution transmission electron micrographs (HR-TEM).
As revealed by thermogravimetric monitoring measurements, and confirmed by
Raman spectra, the decomposition temperature for the LDHs increased

considerably upon intercalation of the organic anion.

Keywords: Organo-LDHs, cholate, deoxycholate, Raman spectroscopy.
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IV.1. INTRODUCTION

Layered double hydroxides (LDHs), also known as “anionic clays” or
“hydrotalcite-like compounds”, are a family of naturally occurring compounds of
general formula [M(11)1-x M(I11)x(OH)2]**[Ax/n]?-mH20, where A denotes a charge-
neutralizing anion and x, which usually ranges from 0.20 to 0.36, is the fraction of
trivalent metal substituting the divalent metal in hydroxide layers [1-3]. LDHs are
assumed to come from the natural compound  hydrotalcite
[MgsAl,CO3(0OH)16-4H20], which is structurally similar to brucite [Mg(OH):].
Brucite has a layered structure consisting of an infinite number of stacked Mg(OH)e
octahedra connected by hydrogen bonds. A variable number of Mg?+ ions in an LDH
can be substituted by a trivalent ion, the resulting charge deficiency being
neutralized by anions occupying the space between layers together with water
molecules. However, Mg2+ can also be substituted by another divalent ion, which
has led to the wide variety of LDHs known. The only condition to be fulfilled by the
divalent or trivalent metal is having an ionic radius similar to that of magnesium
[2]. The three-dimensional structure of the LDH is preserved thanks to electrostatic

interactions between the trivalent cation and interlayer anions [2].

The nature of the anion can be very varied, including organic anions [4]. The
intercalation of an organic anion into an LDH produces a hybrid (organic-
inorganic) solid with a unique microstructure governed by interactions between
the anion and inorganic layers in the solid. These hybrid solids can be obtained by
direct LDH synthesis, which involves coprecipitation from solutions of a divalent
and a trivalent metal in the presence of the organic anion to be intercalated [5,6].
Alternatively, hybrid LDHs can be obtained by anion-exchange [7] or by
reconstructing mixed oxides prepared by calcining a precursor LDH. Hybrid LDHs
have interesting uses by virtue of their being hydrophobic and hence especially
suitable for adsorbing organic compounds [8-10] or metals [11,12] of a high
environmental significance. Also, they have proved useful as polymeric additives,

magnetic materials, catalysts and catalyst precursors [13].
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Most organo-LDHs are obtained by coprecipitation, which provides
aggregates consisting of nanocrystals containing hundreds or thousands of layers
[14]. In recent years, however, increasing effort has been aimed at producing LDHs
of small, uniform particle size in addition to a high specific surface area. One of the
most effective methods for this purpose is microwave-assisted treatment [15-20].
Although the earliest organo-LDH thus prepared was reported over twenty years

ago [21], relatively few have been produced ever since [22-27].

The aim of this work was to synthesize cholate/MgAl and
deoxycholate/Mg,Al layered double hydroxides by microwave-assisted ion-
exchange from an LDH containing nitrate as interlayer anion. The starting LDH was
used as host and the anion (cholate or deoxycholate) as guest. To our knowledge,
very few deoxycholate-containing LDHs have to date been reported [28-30]; also,
none was obtained by using a similar method. Moreover, no cholate-containing
seems to have been reported; rather, the anion has been used as a drug sorbent and

the cholate-sorbent couple subsequently intercalated into an LDH [31-33].
IV.2. MATERIALS AND METHODS
IV.2.1. Materials

Sodium cholate hydrate (CH) and sodium deoxycholate (DCH), whose structures
are shown in Figure 1, were Sigma-Aldrich ref. 27029 and D6750, respectively. The
metal salts [Mg(NO3),:6H,0, ref. 141402; AI(NO3)3-9H:0, ref. 131099] and sodium
hydroxide (NaOH, ref. 141687) were supplied by Panreac.

IV.2.2. Synthesis of the nitrate-containing LDH

The nitrate-containing LDH was obtained by coprecipitation in a previous work
[34], using two solutions containing 0.25 mol of MgNO03-6H,0 and 0.1 mol of
AINO3-9H;0, respectively, in 200 ml of deionized water [Mg/Al = 2.5]. The mixture
was slowly dropped over 500 ml of a solution of NaOH at pH 10 at 60 2C under
vigorous stirring, the pH being kept constant by adding appropriate volumes of 1
M NaOH during precipitation. The suspension thus obtained was kept at 80 ¢C for
24 h, after which the solid was filtered and washed with 2 1 of deionized water. The

solid finally obtained was named LDH-NO:s.
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1V.2.3. Synthesis of organo-LDH

The cholate- and deoxycholate-containing LDHs were prepared by microwave-
assisted ion-exchange. For this purpose, appropriate amounts of sodium cholate or
sodium deoxycholate and LDH-NO3; were added to 20 ml of de-ionized water. The
suspension of LDH in cholate o deoxycholate was placed in a 100 ml Teflon
autoclave that was heated in a Flexiwave MA186-001 microwave oven from
Milestone S.r.l. operating at 300 W and 90 2C for 1, 2 or 3 h. This was followed by
decantation and washing with de-ionized water. The resulting intercalated solids
were named LDH-CH-X (cholate) or LDH-DCH-X (deoxycholate), where X is the

treatment time in hours (1, 2 or 3).
IV.2.4. Characterization of LDH

All LDHs were analysed by X-ray diffraction in order to check whether they
possessed an LDH structure, and also by Raman spectroscopy. Also, they were
assessed for thermal degradation by thermogravimetry and Raman spectroscopy.
The Mg/Al ratio in the LDHs was determined by inductively coupled plasma mass
spectrometry (ICP-MS) on an ELAN DRC-E Perkin Elmer ICP-MS instrument
operating under standard conditions. X-ray diffraction patterns over the 26 range
from 1 to 702 were obtained on a Siemens D-5000 diffractometer using CuKq
radiation. Raman spectra for the solids were acquired with a Renishaw Raman
instrument (InVia Raman Microscope) equipped with a Leica microscope furnished
with various lenses (5%, 20x, 50x and 100x), monochromators and filters, as well
as a CCD. Spectra were obtained by excitation with red laser light (750 nm, 2500-
4000 cm-!) and green laser light (532 nm, 100-2000 cm-1). These two lasers
provided spectra of increased quality in all windows examined. A total of 32 scans
per spectrum were obtained in order to ensure a high signal-to-noise ratio. All
spectral treatments (baseline correction, smoothing, normalization and
deconvolution) were done with the software package Peakfit v. 4.11. Raman
spectra were acquired at increasing temperatures by using a Linkan thermal
camera. To this end, a small amount of sample was placed in a glass disc that was

fitted to the camera’s silver plate. Spectra were thus acquired at 30 °C intervals,
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using a 5x lens and a total of 3 scans per sample. The thermogravimetric analysis
was performed by using an amount of sample of 15-20 mg and a 10 2C/min

gradient on a Cahn 2000 thermobalance.
IV.3. RESULTS AND DISCUSSION
1V.3.1. Metal ratio

All LDHs were subjected to elemental analysis. The Mg/Al ratio in LDH-NO3,
which was similar to that for the starting solution (2.43), was slightly lowered upon

exchange of nitrate ion by cholate (2.41) or deoxycholate (2.41).
1V.3.2. X-ray diffraction patterns

Figure 2 shows the XRD patterns for the interlayer region of the nitrate- cholate-
and deoxycholate-containing LDHs (LDH-NOz;, LDH-CH-X and LDH-DCH-X,
respectively). As can be seen from Figure 2a, the pattern for the nitrate-containing
solid (LDH-NO3) was typical of an LDH, with sharp, symmetric, strong lines at low
20 values, and weaker, less symmetric lines at high 22 values, and its diffraction
pattern has already been commented in a previous work [34]. The XRD spectra
allowed us to distinguish baseline reflections (001), which were sharp, strong lines
at low 20 values, and non-baseline reflections. The baseline reflections
corresponded to successive orders of the baseline spacing ¢’ (viz., the distance
between two brucite-like layers in the LDH as measured from the centre of the layer
or, in other words, the combination of the distance between layers and the layer
thickness). The weak reflection above 60° was indexed as (110). Because this
reflection is independent of the type of stacking, it can be used to calculate
parameter a [a = 2-d(110)]- This parameter can be taken to represent the distance
between two neighbouring cations in a brucite-like layer. The calculated values of
a are shown in Table 1 together with those of the lattice parameter ¢, which was
obtained from ¢ = (3/2)-[d(003) + 2-d(006)]. Obviously, ¢ depends on the particular
intercalated anion and its orientation, and also on the strength of electrostatic
interactions between anions and brucite-like layers. The a and c values for the
nitrate-containing LDH were similar to those for solids with similar metal ratios
and nitrate anion in their interlayer region [2, 35].
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Figure 1. Sodium salt structures and more stable conformations for cholate (a) and deoxycholate (b).

Figures 2b and 2c show the XRD patterns for the organo-LDHs. Clearly, the
baseline reflections for these LDHs occurred at lower 26 values than in LDH-NO:s.
Thus, the (003), (006) and (009) reflections appeared at 3.246, 1.645 and 1.201
nm, respectively, in LDH-CH-1, and at 3.186, 1.677 and 1.125 nm, respectively, in
LDH-DCH-1. These values are slightly lower, but still similar, to those for
deoxycholate-containing LDHs obtained with other synthetic methods [28,30].
Also, as expected for LDHs with a large baseline spacing, the (110) and (113)
reflections for the organo-LDHs were overlapped and hence indistinguishable.
Based on the (003) and (006) baseline reflections, the crystallinity of these solids

decreased with increasing treatment time.
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Figure 2. XRD diffraction patterns for: (a) LDH-NOs; (b) LDH-CH-Xy (c) LDH-DCH-X.

As noted earlier, the baseline spacing of LDH-DCH-1 was 3.268 nm, which is
similar to but not identical with previously reported values for this organo-LDH
[28,30], probably because the deoxycholate molecule adopted a different
arrangement in the interlayer region. Quantum mechanical computations with the
software Hyperchem Professional 8.0 revealed that the length of a deoxycholate
molecule is 1.434 nm. Since the width of a brucite-like layer is 0.48 nm, the baseline
spacing for LDH-DCH-1 is consistent with the absence of cross-over in deoxycholate
chains (see Fig. 3) The c values for the cholate-intercalated LDH suggest that
cholate molecules in the interlayer region arranged themselves similarly to

deoxycholate molecules.
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Figure 3. Proposed packaging for deoxycholate chains in the interlaminar region of LDH.
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Table 1 shows the lattice parameters for each LDH. As noted earlier, with
organic anions these parameters are closely related to the orientation of
hydrocarbon chains in the interlayer region as well as with electrostatic
interactions between the polar portion of the hydrocarbon part and the brucite-like
layers in the LDH —which in turn is dependent on the crystallinity of the solid.
Parameter ¢ decreased with increasing length of the microwave treatment in both
LDH-CD and LDH-DCH, probably as a result of the loss of water from the interlayer
region [30]. In fact, the thermogravimetric curves revealed that the amount of
interlayer water decreased with time (Table 1). Finally, parameter a was very
similar for all organo-LDHs as a result of the Mg/Al ratio remaining virtually

unchanged during the microwave treatment.

Table 1. Lattice parameters determined for the LDHs.

LDH ¢ (nm)a a (nm)b

NOs3 2.627 0,304
CH-1 9.804 0.304
CH-2 9.754 0.305
CH-3 9.578 0.303
DCH-1 9.810 0.305
DCH-2 9.797 0.305
DCH-3 9.578 0.307

aLattice parameter c; PLattice parameter a
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IV.3.3. Raman spectroscopy

Raman spectroscopy is highly suitable for characterizing the interlayer anion in
an LDH [36, 37] and the nature of hydroxyl groups in the solid [37, 38]. In this work,
we used it both to check that the anion was successfully intercalated —which was
previously confirmed by the XRD patterns— and to ensure that nitrate ion was
completely removed from the interlayer region. Figure 4 shows the Raman spectra
for all solids. Only those obtained by microwave-assisted heating for 1 h are
discussed here as they were the most crystalline. As can be seen from the figure,
the spectrum for the nitrate-containing LDH differed markedly from those for the
organo-LDHs. In fact, the former only exhibited a strong band at 1056 cm-! for
nitrate ion, whereas the latter exhibited a number of bands including those for
stretching vibrations of C-H bonds in CH, CH, and CH3 groups in the cholate or

deoxycholate molecule, which appeared in the region from 2800 to 3000 cm-1.
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Figure 4. Raman spectra for LDHs: (a) LDH-NOs; (b) LDH-CH-1; and (c) LDH-DCH-1.
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The Raman bands for O-H stretching vibrations typically occur at
wavenumbers from 2800 to 3700 cm-L. In an LDH, this zone usually exhibits the
bands for O-H bond stretching in interlayer water molecules and brucite-like
structural units. However, water is a very poor scatterer, so Raman spectroscopy is
poorly suitable for this purpose despite its proven suitability for metal-bound OH
groups in brucite-like units [37, 38]. Figure 5 shows the Raman bands for the LDHs
in the region 2500-3800 cm-1. The bands for the nitrate-containing LDH (Figure
5a) were exclusively due to hydroxyl groups in LDH layers and in interlayer water;
the bands fell at 3612 cm-! and 3508 cm-!, and were assigned to stretching
vibrations of OH groups in brucite-like layers of Mg;OH and Mg,0H structural units,
respectively. The latter band was deconvoluted into three components including
the parent band and two others at 3326 and 3115 cm-! (results not shown).
Similarly to IR bands for LDHs [5], the Raman band at 3115 cm-! can be assigned to
0-H bond stretching of hydroxyl groups hydrogen-bonded to interlayer nitrate
ions. In carbonate-containing LDHs, this band has been assigned to stretching
vibrations of hydroxyl groups in water molecules acting as acceptors or donors of
hydrogen bonds between M30H and carbonate ions [39]. The band at 3326 cm-!

can be assigned to OH groups of water molecules in the interlayer region.

Raman Intensity (a.u.)

3000 3200 3400 3600 3800 4000
Wavenumber (cm)

Figure 5. Raman spectra (2500-3800 cm-! region) for LDHs: (a) LDH-NOs3; (b) LDH-CH-1; and (c)
LDH-DCH-1.
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As can be seen from Figures 5b and 5c, the bands in the 2800-3700 cm-1 region
for the organo-LDHs were weaker but still allowed the previous types of hydroxyl
groups to be identified. Also, the organo-LDHs exhibited an additional band at 3670
cm-! that was assigned to stretching vibrations of hydroxyl groups in cholate or

deoxycholate molecules.

In addition to the above-described bands, the spectrum for LDH-NO3
included a sharp, strong band at 1056 cm-! due to stretching of N-O bonds in
interlayer nitrate and two other, weaker bands the most salient of which were
those at 550 and 717 cm-. The former band and another, weaker one at 470 cm-1
can be unequivocally assigned to symmetric stretching of AI-OH bonds
(specifically, to A1z and Eg vibrations, respectively [40]). The band at 717 cm-! is
due to Mg-0 bond stretching [41]. These bands were barely distinguishable in the
Raman spectra for the organo-LDHS owing to the presence of a large number of
cholate and deoxycholate bands in this region. On the other hand, the band at 1056
cm-1 was absent from the spectra for the two organo-LDHs (see insets in Figure 4),
which confirms that nitrate ion was completely replaced with the organic anions

and hence that the microwave treatment was applied under optimum conditions.

1V.3.4. Thermogravimetric analysis and Raman thermal monitoring
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Figure 6. TGA and DTA of (a) LDH-CH-1 and (b) LDH-DCH-1.
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As can be seen in Figure 6, the TG-DSG curves for LDH-CH-1 and LDH-DCH-1
were similar. Their weight losses occurred in three distinct stages. The first (25-
295 2(C), involved the desorption of physisorbed water and water in the interlayer
region. The second (295-550 2C) caused the decomposition of LDH into a mixed
oxide MgAlO, and the destruction of all organic matter, so it was the stage leading
to the greatest weight loss. The last stage (above 550 2C) was the conversion of the
previous oxide into a spinel (MgAl;04) [42] with a minimal weight loss. A
comparison of these TG-DSC results with those for sodium cholate and
deoxycholate (not shown) revealed that both ions decomposed at a higher
temperature when intercalated into the LDHs, which was possibly a consequence
of interactions between the organic anions and brucite-like layers in the LDH and

was confirmed by monitoring the decomposition of the LDHs at a variable
temperature under the Raman microscope. Tests were conducted over the typical
range for C-H vibrations in cholate and deoxycholate (2700-3100 cm-1). As can be
seen from Figure 7, band intensity in this region remained constant up to 290 °C,

above which the LDH structure collapsed through removal of the organic anion and

the resulting formation of an Mg/Al mixed oxide.

i
WY
N

I\

Intensity (a.u-)
S

Intensity (2.u-)

Figure 7. Raman thermal monitoring for organo-LDHs (a) LDH-DCH-1; (b) LDH-DC-1.

IV.3.4. Transmission electronic microscopy

As can be seen in Figure 8, the micrographs for both organo-LDHs showed

aggregates of unevenly shaped platelet-like particles. The high-resolution images
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revealed that these solids possessed a layered structure with a baseline spacing of

ca. 32 nm, which is consistent with the XRD results.

Figure 8. Transmission electron micrographs of (a) LDH-CH-1; (b) LDH-DCH-1 and HR-TEM images
for (c) LDH-CH-1 and (d) LDH-DCH-1.
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IV.4. CONCLUSIONS

Microwave-assisted anion-exchange provides substantial time savings in
synthesizing organo-LDHs. Also, the resulting solids possess a high crystallinity by
effect of the starting inorganic anion being completely substituted by the organic
anions. More than 1 h of microwave treatment was found to have an adverse impact
on crystallinity, however. A cholate-containing LDH was for the first time prepared
here whose properties were similar to those of the deoxycholate-containing solid.
In both, the interlayer distance as determined by XRD spectroscopy and confirmed
by HR-TEM measurements was almost twice the length of a cholate or deoxycholate
chain; there was thus no cross-over of organic chains in the LDHs. Finally, Raman
spectroscopy was also for the first time used to monitor the thermal decomposition
of the organo-LDHs through the stretching vibrations of C-H bonds in cholate and
deoxycholate. This allowed the temperature at which the LDHs collapsed by
decomposition into an Mg/Al mixed oxide to be precisely established. As shown by
the results, intercalating an organic anion into an inorganic LDH considerably

raises its decomposition temperature.
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ABSTRACT

Three hydrotalcites were prepared by using three different microwave
irradiation methods, namely: coprecipitation in the absence and presence of
Pluronic P123 as template, and homogeneous precipitation in the presence of
urea. Calcination at 450 ©C of the three hydrotalcites gave MgAlOx mixed oxides.
The textural and surface chemical properties of which were found to depend
on the particular synthetic method used. The mixed oxide obtained from the
hydrotalcite prepared by homogeneous coprecipitation was that exhibiting the
highest specific surface area and basicity, in addition to an also high
microporosity. The three mixed oxides were used as catalysts in the Meerwein-
Ponndorf-Verley reaction of benzaldehyde with 2-butanol, where their activity

was directly proportional to their population of basic surface sites.

Keywords: Hydrotalcite, mixed oxide, Meerweein-Ponndorf-Verley, catalytic

hydrogenation.
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V.1. INTRODUCTION

Hydrotalcites (HTs), also called layered double hydroxides (LDHs) or anionic
clays, are a major family of materials structurally similar to brucite [Mg(OH):]. In
hydrotalcites, a trivalent metal replaces a variable number of magnesium atoms,
thereby causing brucite-like hydroxyl layers to acquire positive charge. Such excess
charge is offset by anions present together with water molecules in the interlayer
region. In addition to a trivalent metal, the magnesium ions can also be replaced by
divalent metals, so the general formula of a hydrotalcite is [M(II) -y M (I11)x]**[An/x]"
-mH,0, M(II) and M(III) being a divalent and a trivalent metal, respectively; A the
interlayer anion; m the number of molecules of interlayer water; and x the
M(I11)/[M(11)+M(I11)] ratio, which usually ranges from 0.20 to 0.33. Unlike cationic
clays, hydrotalcites are scarcely abundant in nature; however, they can be easily
obtained with various laboratory methods the most widespread of which is
coprecipitation at a constant pH [1,2]. The resulting HT is aged by strong stirring at
60-80 2C in order to make it more crystalline. The HT can also be aged
hydrothermally, but efficiently raising its crystallinity takes much longer —a few
days in some cases [3,4]. Microwave irradiation, which makes the process much
faster than the conventional hydrothermal treatment, has been increasingly used
in recent years to obtain HTs of increased crystallinity and better textural
properties [5-10]. Also, microwave irradiation is compatible with homogeneous
coprecipitation with urea and conventional precipitation in the presence of a
surfactant. In any case, the resulting hydrotalcite is usually calcined. Calcining an
Mg/Al hydrotalcite at 450-500 2C gives an MgAlO, mixed oxide with interesting
surface basic properties. The typical hydrotalcite calcination conditions provide
little room for particle size and pore architecture control; thus, it is rather difficult
to directly obtain mixed oxides with a highly ordered structure, and a uniform pore
shape and size distribution. Template-based methods, which have proved highly
effective for synthesizing orderly structures, might also be useful for HTs as

suggested by the few existing reports on this topic [11-13].

The Meerwein-Ponndorf-Verley (MPV) reaction is a hydride transfer process
that can be mediated by a heterogeneous basic catalyst [14]. Thus, a hydride ion is
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transferred from an alcohol to a carbonyl compound to form a new carbonyl
compound and another alcohol. This process affords the production of alcohols
under very mild conditions and is highly selective towards the reduction of C=0
bonds in carbonyl groups preferentially over other double bonds, which are left
intact [15,16]. Traditionally, the MPV reaction was catalysed by homogeneous
catalysts [15,16]. Over the past two decades, however, a variety of acid and basic
heterogeneous catalysts have proved effective in the process and provided
conversion and selectivity results even better than those of homogeneous catalysts
in some cases [14,17]. Also, heterogeneous catalysts have the typical advantages of

heterogeneous catalysts including easy recovery or recycling.

Especially prominent among heterogeneous basic catalysts for the MPV reaction
are mixed oxides obtained by calcining hydrotalcites [18-20], a process with which

our research groups is highly acquainted [21-27].

The primary aim of this work is to prepare hydrotalcites by using various
microwave-assisted synthetic methods for their subsequent calcination to obtain
mixed oxides with different textural and surface chemical properties. The resulting
oxides will be used as catalysts in the MPV reaction of benzaldehyde with 2-
butanol. The synthesis methods used to obtain the hydrotalcites will be
homogenous coprecipitation, coprecipitation and a less usual method using

Pluronic P123 as template. All three methods used under microwave irradiation.
V.2. EXPERIMENTAL
V.2.1. synthesis of hydrotalcites and catalysts

As stated above, hydrotalcites were prepared by coprecipitation,
coprecipitation in the presence of a template (Pluronic P123) and homogeneous
coprecipitation. The three methods involved aging by microwave irradiation,
which reduced the preparation time from 24 h or more to barely 1 h. The resulting

hydrotalcites contained magnesium and aluminium in a 2:1 ratio (x = 0.33).

One hydrotalcite was obtained by using the widespread coprecipitation method,
which was previously used by our group to prepare various hydrotalcites [21,22].

The solid obtained was named HT-C. This method was also used in combination
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with Pluronic P123, which was added in a 2% proportion to 250 mL of water to
obtain a second hydrotalcite labelled HT-P123. Finally, homogeneous
coprecipitation in the presence of urea was used to obtain a third hydrotalcite. The
process involved adding solid urea to a solution containing 0.1 mol of
Mg(NO3)2-6H,0 and 0.05 mol of AI(NO3)3-9H;0, and heating at 80 °C in a Flexiwave
MA186-001 microwave oven from Milestore S.r.l. operating at 300 w for 1 h, the

resulting solid (HT-U) being filtered off and washed with 2 L of de-ionized water.

All three hydrotalcites were calcined in the air at 450 2C for 8 h to obtain
the mixed oxides to be subsequently used as catalysts. The oxides were given the

same names as the originating hydrotalcites and the suffix 450 (see table 1).

V.2.2. Characterization of the hydrotalcites and the catalysts.

The characterization of the hydrotalcites has been carried out using different
instrumental techniques. The metal ratio has been determined using X-ray
fluorescence (XRF). The textural properties of the solids were established from
nitrogen adsorption-desorption isotherms at liquid nitrogen temperature, which
were recorded on a Micromeritics ASAP-2010 instrument. Samples were outgassed
in vacuo at 100 2C for 12 h prior to use. Hydrotalcites and mixed oxides obtained
from them were checked for crystallinity by X-ray diffraction (XRD) analysis.
Diffractograms were recorded on a Siemens D-5000 diffractometer using CuK,
radiation over the range 5-702 The Raman spectra have been acquired in a
Renishaw Raman spectrometer (InVia Raman Microscope). This instrument is
equipped with a Leica microscope furnished with monochromators, filters and
various lenses, and a charge coupled device detector. A green laser light (532 nm)
was used to obtain the spectra from 200 to 4000 cm-1. To improve the signal-to-
noise ratio, a total of 64 scans per spectrum were performed. Thermal programmed
desorption of carbon dioxide was used to determine the chemical surface
properties (basicity) of the mixed oxides (Micromeritics Autochem II instrument
with a thermal conductivity detector). Samples of calcined hydrotalcites (100 mg)
were cleaned in an air stream (20 mL/min Ar, heating at 450 °C at a rate of 10

°C/min for 1 h and then cooled down to 40 °C). Then, solids were saturated with
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carbon dioxide (5% CO2/Ar flow at 20 mL/min for 1 h), physisorbed CO, removed
with Ar flow (20 mL/min for 0.5 h) and TPD monitored from 50 to 450 °C (5

°C/min), the final temperature being held for 1 h.
V.2.3. Meerwein-Ponndorf-Verley reaction

The Meerwein-Ponndorf-Verley reactions were conducted at 100 2C in a two-
mouthed flask containing 3 mmol of benzaldehyde, 60 mmol of 2-butanol (i.e. the
donor-acceptor ratio was 20) and 500 mg of freshly calcined mixed oxide. A reflux
condenser was fitted to one of the mouths of the flask. The other mouth of the flask
was used to take samples at regular intervals of time. The mixture of reactants and
catalyst was stirred throughout the process. CG-MS was used for the identification

of the reaction products (Varian 3900 instrument).
V.3. RESULTS AND DISCUSSION

V.3.1. Characterization of hydrotalcites and catalysts.
V.3.1.1. X-ray difraction

Figure 1 shows the XRD patterns for the hydrotalcites, which are typical for this
type of compounds and similar to those previously reported by other authors [2]
and our own group [21,22]. X-ray diffraction patterns allow one to discriminate
between baseline (00]) and other reflections. Baseline reflections correspond to
successive orders of the baseline spacing (c¢’, which is the distance between two
brucite-like layers in a hydrotalcite). Above 60° appears a weak reflection indexed
as (110). This reflection can be used to calculate parameter a from the equation a
= 2-d(110). a is equivalent to the distance between two neighbouring cations (Mg-Mg
or Mg-Al) in a hydrotalcite layer. Table 1 shows the estimated values of a and those
for the lattice parameter ¢ (¢ = 3/2:[dwo3) + 2d(00s)]), Which is three times c'.
Obviously, the nature of the intercalated anion, as well as its orientation and its

charge, have a definite influence on the value of this parameter.
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Figure 1. XRD patterns of (a) HT-C; (b) HT-P-123; and (c) HT-U.

As can be seen from figure 1, the solid obtained by homogeneous
coprecipitation, HT-U, was the most crystalline. This result is consistent with those
of other authors and ourselves [28-30]. The coprecipitation synthetic method and
that using Pluronic P123 led to an increased width of the (003) reflection relative
to coprecipitation with urea. The increase was a result of the decreased particle
size of the hydrotalcites. Also, parameter ¢ was smaller for solid HT-U than for those
obtained by coprecipitation in the presence or absence of a surfactant (see table 1).
The difference, which was quite substantial, suggests that the hydrotalcites might
contain a different interlayer anion. In fact, ¢’ values above 8.5 are typical or nitrate-
containing hydrotalcites [31,32] and this was the case with HT-C and HT-P123; by
contrast, the ¢’ value for HT-U was only 7.553, which suggests that its interlayer
anion was carbonate rather than nitrate [2]. The differences in parameter a among

solids were very small and more strongly related to the actual metal ratio than to
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the synthesis method used. In any case, the ¢’ and a values found were consistent
with reported values for solids with similar metal ratios containing nitrate or
carbonate ions in their interlayer region. Also, solid HT-P123 exhibited a broad
band at ca. 232 that was assigned to residual surfactant present in the HT.

Table 1. Nomenclature used to designate the hydrotalcites and their calcination products, metal

ratio and lattice parameters.

Mg/Al Lattice parameters
Sample Synthetic method :
ratio?2 c (A) a (A)
HT-C Coprecipitation + MW 2.0 26.303 3.048
HT-P123 Coprecipitation+ P123+ MW 1.9 26.187 3.041
HT-U Homogeneous coprecipitation + MW 2.0 22.659 3.038
HT-C-450 HT-C calcined at 450 2C 2.0 - -
HT-P123-450 HT-P123 calcined at 450 ©C 1.9 - -
HT-U-450 HT-U calcined at 450 2C 2.0 - -
aDetermined by XRF.

The mixed oxides to be used as catalysts were obtained by calcining the
previous three hydrotalcites at 450 2C. As can be seen from figure 2, their
diffraction patterns were very similar and included three bands consistent with the
(111), (200) and (220) reflections for periclase Mg0O. Calcination induced major
structural changes. Thus, as previously found by 27Al-MAS NMR [33] spectroscopy,
it caused Al3* to switch from octahedral coordination in the hydrotalcites to
tetrahedral coordination in the oxides. In this way, Al3* ions entered the crystal
network in periclase MgO by replacing Mg?+ isomorphically, thereby leading to a
periclase-like mixed oxide of general formula MgAIlO,. Interestingly, calcining solid
HT-P123 removed all residual surfactant through a complex decomposition

process [34].
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Figure 2. XRD patterns of (a) HT-C-450; (b) HT-P123-450; and (c) HT-U-450.

V.3.1.2. Raman spectroscopy

Like infrared spectroscopy, Raman spectroscopy can be used to identify
interlayer anions in hydrotalcites. Our group has successfully used it to
characterize hydrotalcites containing cyanide ion [35] and also to examine
hydroxyl structural units in a hydrotalcite [36,37]. In this work, we used
Raman spectroscopy to identify the anion present in the interlayer region of
the hydrotalcites in order to confirm the inferences from the XRD data.
Figure 3 shows the Raman spectra for the three hydrotalcites. As can be

seen, all exhibited a broad band in the region 3000-3800 cm-1 with two
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clearly visible peaks at ca. 3615 y 3500 cm-! in HT-C and HT-P123. These
bands can be assigned to various stretching vibrations of hydroxyl groups in
brucite-like layers. As shown in previous work, hydroxyl groups in HTs are
coordinated to three metal sites; as a result, there are four potentially
different local environments (e.g., MgsOH, Mg2AlOH, MgAl2OH and Al30H for
an Mg/Al HT). The band at ca. 1055 cm! in HT-C and HT-P123 can be
assigned to N-O bond stretching of interlayer nitrate groups in the HTs. The
band appeared at 1061 cm-1, which is typical of C-O bond stretching of
carbonate ion [37], in HT-U. The bands at ca. 710 and 555 cm-1 for the three
HTs can be assigned to lattice vibrations in brucite-like layers (viz., Mg-0-
Al and Mg-0-Mg stretching). Finally, the solid obtained in the presence of
Pluronic P123 exhibited the typical bands for C-H bond stretching in
hydrocarbon groups at 2986, 2941 and 2933 cm-1.
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Figure 3. Raman spectra of (a) HT-C; (b) HT-P123; and (c) HT-U
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V.3.1.3. Textural properties
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Figure 4. Nitrogen adsorption-desorption isotherms for HT-C-450 (a); HT-P123-450 (b); and HT-U-

450 (c).

Nitrogen adsorption isotherms for catalysts are shown in figure 4. For HT-C-450

and HT-P123-450 are isotherms of type-IV with a large step in the adsorption at

P/Po between 0,20-0,45 due to the capillary condensation of nitrogen in the

mesopores, indicating a highly mesopore structure (figure 5). The nitrogen

adsorption step is shifted to higher relative pressure for HT-P123-450 by the effect

of the increase in the pore size when a block copolymer was used as template [38].

Table 2. Textural properties of the hydrotalcites and the catalysts obtained from them.

Catalyst Seet? (M2/8)  Smicro? (M2/g)  Vp¢ (mL/g)  Vmicro? (mL/g) Dpd (nm)
HT-C-450 201 - 0.30 - 4.2
HT-P123-450 183 - 0.41 - 8.4
HT-U-450 125 67 0.10 0.03 3.7

aBET specific surface area determined in the range of relative pressures from 0,05 to 0,2.
bMicropore area and micropore volume, calculated by t-Plot method.

cSingle-point pore volume.

dDiameter pore average size, calculated according to DFT method.
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Table 2 shows the estimated values for surface area, pore volume and pore
diameter of the different catalysts, the catalyst HT-C-450 shows a higher surface
area (201 m?/g) in comparison with the catalyst obtained in the presence of
Pluronic (183 m2/g). However, the latter exhibits larger pore size (8.4 nm) and total
pore volume (0.41 mL/g). Catalyst HT-P123-450 exhibits a hysteresis loop of type
H1, which is indicative of the uniformity in the size of mesopores. In HT-U-450
catalyst, the adsorption and desorption curves are overlapped, which indicate that
this solid has less mesopores. This result is further confirmed by the pore size
distribution in figure 5c. Also, this solid has a wider distribution (2-10 nm,
maximum between 2.5-3.0 nm) of pore size than other samples, and its average

pore diameter (3.7 nm) is also smaller than that of others.
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Figure 5. DFT pore size distribution and cumulative pore volume of the synthetized catalysts: HT-C-

450 (a); HT-P123-450 (b); and HT-U-450 (c).
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V.3.1.4. Basic properties.
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Figure 6. TPD profiles for CO2 adsorption for the catalyst used in this work.

Figure 6 shows the carbon dioxide TPD profiles recorded with a view to
determining the basic properties of the catalysts. In catalysis, this method is
commonly used to determine both the number of basic centres and their strength.
[39-41]. Such strength can be calculated in terms of the desorption temperature of
previously adsorbed CO; molecules; thus, the higher the temperature is, the higher
is the strength of basic sites in the sorbent. Usually, mixed oxides obtained by
calcining hydrotalcites contain three types of basic sites reflecting the three ways

in which COz can be adsorbed at them depending on their strength.
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As can be seen in figure 6, the desorption curves for the three catalysts were
similar and their deconvolution provided four signals. The two peaks at the lowest
desorption temperature (below 200 2C) can be assigned to weak basic sites, and
the other two, in the regions 230-240 and 310-320 ¢C, to medium and strong sites,
respectively. Table 3 shows the total number of basic sites, the proportion of each
type and its density (viz., the number of sites per unit surface area) in the solids.
The weak basic sites in the catalysts were provided by surface hydroxyl groups. On
the other hand, the sites of medium basic strength were due to metal-bound oxygen
atoms [Mg(11)-02%- and Al(II1)-02-] and strong sites to coordinatively unsaturated

0Z-ions, these results are similar to those observed in the literature [42-44].

The desorption curves for catalysts HT-C-450 and HT-P123-450 were
similar. The greatest difference between the two was that the curve for the former
was slightly higher. As can be seen from table 3, the similarity between these two
solids resulted in also similar populations of basic sites. The desorption curve for
catalyst HT-U-450 was similar to those for the other two but much lower;
consistent with this result, the solid contained nearly twice as many basic sites. The
curve for HT-U-450 additionally included a shoulder at ca. 140 °C and its
deconvolution revealed that the population of basic sites was rather different from

those of the other two solids (see table 3).

Table 3. Basic properties of the catalyst.

Proportion of basic sites (%)c Dye
Catalyst np? Dpb
A% M S W M S
HT-C-450 880 4.3 53.2 27.5 19.3 2.3 1.2 0.8
HT-P123-450 775 4.2 60.8 229 16.3 2.5 1.0 0.7
HT-U-450 1408 7.3 37.8 50.2 12.0 2.8 3.7 0.8

aTotal number of basic sites (umol CO2/gcat).
bDensity of basic sites (umol COz/m?2).
cS: Strong; M: Medium; W: Weak.
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V.3.2. Meerwein-Ponndorf-Verley reaction.

The MPV reaction studied here is the reduction of benzaldehyde with 2-butanol.
The catalytic hydrogen transfer process oxidized 2-butanol to butanone and
released hydrogen that was used to reduce benzaldehyde to benzyl alcohol. Table
4 shows the initial catalytic activity of the three solids. Conversion after 24 h of
reaction exceeded 95% and selectivity was also higher than 95% with the three
catalysts. Based on these results, HT-U-450 was the most efficient catalyst, its
activity virtually doubling that of the other two. The activity values were quite
consistent with the number of basic sites in the solids; thus, the solid possessing
the greatest number of sites was the most active in the MPV reaction. The specific
catalytic activity (viz. the activity per unit surface area) was also greatest for the
oxide obtained by calcining the hydrotalcite prepared by homogeneous

precipitation.

Table. 4. Catalytic activity of the catalysts studied in the reaction of benzaldehyde with 2-butanol.a

Catalyst rab (x 103) re Conversion (%)d Selectivity (%)4
HT-C-450 1.19 1,35 94 99
HT-P123-450 0.96 1,24 96 95
HT-U-450 2.05 1.46 94 97

aReaction conditions: 3 mmol of benzaldehyde; 20 mmol of 2-butanol; T = 100 °C; 0,5 g of catalyst.
bCatalytic activity (mmol of benzyl alcohol/gcat-min).

cSpecific catalytic activity (mmol of benzyl alcohol/m?2-min)

dConversion of benzaldehyde (24 h).

eSelectivity to benzyl alcohol (24 h).

The above-described results can be explained in terms of the reaction
mechanism. In previous work [21,29], our group proposed a mechanism for the
catalytic hydrogen transfer reaction of aldehydes and ketones with isopropanol in
the liquid phase in the presence of mixed oxides acting as basic catalysts. The
hydrogen transfer is a concerted process involving a six-link cyclic intermediate
formed by the reactants (2-butanol and benzaldehyde) adsorbed at an acid-base
pair on the surface of the magnesium-aluminium double oxide (see scheme 1). The
rate-determining step of the reaction is the interaction of 2-butanol with an acid-
base site, which causes the alcohol to dissociate to the corresponding alkoxide.
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Therefore, the rate-determining step is adsorption of the alcohol at an acid-base
pair (i.e.,, at a moderately to strongly acidic site). Consequently, the most active
catalyst will be that with the highest density of moderate to strong basic sites (i.e.,
solid HT-U-450). Also, solids HT-P123-450 and HT-C-450, which possess a similar

density of basic sites, will be similar in terms of catalytic activity.

Scheme 1. Proposed mechanism for the MPV reduction of benzaldehyde with 2-butanol.

This most active catalyst (HT-U-450) was used in the MPV reaction of other
carbonyl compounds (see table 5). The reduction of pyridine-carboxaldehydes was
strongly influenced by the position of the nitrogen atom in the aromatic ring. In any
case, the introduction of this heteroatom in the ring produced a significant decrease
in conversion (table 6, entries 1, 2 and 3). On the other hand, we have also carried
out the MPV reaction of cyclohexanones and some compounds related to it.
Cyclohexanone, 4-methylcyclohexanone have excellent conversion values, similar
to those of benzaldehyde. However, when the methyl substituent changes from
position 4 to 3 and 2, there was a significant decrease in conversion. As we
described in a previous work [45], this decrease in the conversion can be explained
by the steric hindrance of the methyl group on the proposed adsorbed complex

showed in scheme 1.
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Table. 5. Conversion and selectivity of catalyst HT-U-450 in the MPV reaction of various carbonyl

compounds.
Entry Carbonyl compound Conversion (%)?2 Selectivity (%)P
0}
1 ©)L H 96 99
=
D
2 N 18 90
0
O
3 7 41 75
N
Oy _H
4 ‘ = 26 94

CHj
6 é’ 12 94
O
7 @\ 39 100
CHs
(0]
8
87 100

CHs

aConversion of carbonyl compound (24 h).
eSelectivity to alcohol (24 h).

Finally, we have made the reuse of the catalyst. For this purpose, when MPV
reaction between cyclohexanone and 2-butanol was finished, the catalyst was
separated by filtration and washed several times with methanol, followed by
calcination in the air at 450 °C. After three reuses the conversion and selectivity

values are similar to the reaction with the fresh catalysts.
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V.4. CONCLUSIONS

Mixed oxides obtained by calcining hydrotalcites prepared under microwave
irradiation were used as catalysts in the Meerwein-Ponndorf-Verley (MPV)
reaction between benzaldehyde and 2-butanol. The oxide obtained by
homogeneous coprecipitation with urea possessed a high microporosity and a
surface basicity almost doubling that of the two oxides obtained by coprecipitation
in the absence or presence of Pluronic P123 as template. All oxides contained three
types of basic sites, namely: weak, medium and strong. The most active oxide in the
target MPV reaction was that possessing the largest population of moderately to

strongly basic sites, which is consistent with the proposed reaction mechanism.
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CONCLUSIONES

Como conclusién general se puede decir que se han sintetizado con éxito
diferentes hidréxidos dobles laminares, los cuales presentaban una estructura de
tipo brucita. Algunos de estos HDLs y 6xidos mixtos obtenidos por calcinacién
fueron utilizados en procesos de adsorcién y catdlisis, mostrando buenas

propiedades adsortivas y cataliticas.

A continuacion, se detallara las conclusiones especificas obtenidas en cada uno
de los trabajos que han dado como resultado la presente Memoria de Tesis

Doctoral.

Articulo 1: “Vibrational spectroscopic study of sol-gel layered double

hydroxides containing different tri-and tetravalent cations”

+ Sesintetizaron HDLs de Mg/Al, Mg/Ga, Mg/In, Mg/Al/Sny Mg/Al/Zr en una
relacion metalica de 3 [(Mg/M(1II) + M(IV)] utilizando el método de sol-gel.

+ Los patrones de DRX revelaron que los cinco s6lidos poseen una estructura
de HDL y el anadlisis elemental mostré una relacién metalica muy cercana a la

tedrica.

+ El entorno de los grupos hidroxilos fue estudiado en detalle utilizando la
espectroscopia IR. La region IR de 2800-3900 cm-! dio sefiales similares para los
cinco soélidos, confirmando la presencia de unidades MgzOH y Mg,Al-OH en los

HDLs.

+ La presencia de un catién trivalente distinto del aluminio o la incorporacién
de un metal tetravalente en la red cristalina del HDL gener6 variaciones poco

significativas en los espectros de FT-IR de los sélidos.

+ La espectroscopia Raman fue utilizada para examinar los aniones de la

region interlaminar y los enlaces metal-oxigeno de los HDLs sintetizados.

+ Los espectros Raman se registraron en dos zonas diferentes. La region entre
1000-1100 cm-! del espectro contenia sefiales asignadas a la vibracion del anién

carbonato, cuya posicién varia al variar el tamafio del catiéon trivalente; sin
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embargo, la inserciéon de un catién tetravalente no provoc6 ningin efecto. La
segunda region entre 135-700 cm-1, presentd grandes diferencias entre los HDLs

sintetizados. En esta region aparecen las vibraciones de los enlaces M(II1)-0.

Articulo 2: “Use of Raman spectroscopy to assess the efficiency of MgAl mixed

oxides in removing cyanide from aqueous solutions”

+ Se estudié la capacidad de eliminacién de CN- en disolucién acuosa de un

HDL de Mg/Al calcinado a 450 °C.

+ La espectroscopia Raman demostré ser una técnica eficaz, precia y expedita
para monitorizar y cuantificar la adsorciéon del ion cianuro en el 6xido mixto

obtenido tras la calcinacién de un HDL.

+ El cianuro se adsorbe mediante un proceso de rehidratacion basado en el
“efecto memoria” que restaura la estructura inicial del HDL. La adsorcién decrecia
con el aumento de la relacién metalica de Mg/Al del HDL utilizado como precursor

para el 6xido mixto empleado, siendo el mejor el 6xido mixto con relacion Mg/Al=2.

+ La cinética del proceso se ajustd a un modelo de Lagergren de primer orden.
La adsorcion de cianuro aumentaba al aumentar la temperatura, lo que sugiere que
el proceso era endotérmico. Basandonos en la energia de activacion del proceso, la

adsorcién del cianuro se rige por una reaccion con el 6xido mixto y no por difusion.

+ Finalmente, se observé como la calcinacién del HDL después de la adsorcién
del cianuro restaura el 6xido mixto original haciendo posible la reutilizacion del

material.

Articulo 3: “Microwave-assisted synthesis of hybrid organo-layered double

hydroxides containing cholate and deoxycholate”

+ Se sintetizaron drgano-HDLs mediante un método asistido por microondas
suponiendo un considerable ahorro de tiempo en la obtencién de estos compuestos

al ser comparados con los sintetizados por otros métodos de sintesis.

+ La cristalinidad que se obtiene para los mismos es elevada, produciéndose

una sustitucién total del anioén nitrato del HDL de partida por los aniones organicos.
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+ Elaumento de tiempo del tratamiento con microondas mas alla de una hora
redunda negativamente en la cristalinidad del HDL sintetizado. Por primera vez se
describe en la literatura el HDL intercalado con colato, cuyas caracteristicas son

similares a las del HDL conteniendo desoxicolato.

+ Enambos casos, la distancia interlaminar, determinada experimentalmente
por difraccion de rayos X y confirmada por HR-TEM, tiene un valor cercano al doble
de la longitud de las cadenas de colato o desoxicolato, lo que determina que las

cadenas organicas se sitian en el interior del HDL sin entrecruzamiento.

+ Finalmente, se ha aplicado, también por primera vez, la espectroscopia
Raman al seguimiento de la descomposiciéon térmica del 6rgano-HDL.
Monitorizando las bandas de tension de los enlaces C-H de las moléculas de colato
o desoxicolato se puede establecer la temperatura a la cual se produce la
descomposicién del mismo, produciéndose el colapso de la estructura del HDL,
para transformarse en un 6xido mixto de magnesio y aluminio. Este seguimiento
nos ha permitido establecer que al intercalar el ani6én organico en el HDL se

produce un aumento considerable de su temperatura de descomposicion.
Articulo 4: “Microwave-assisted synthesis of basic mixed from hydrotalcites”

+ Los Oxidos mixtos obtenidos por calcinacion de hidréxidos dobles
laminares sintetizados empleando distintos métodos de irradiacion con
microondas se han empleado como catalizadores en la reacciéon de Meerwein-

Ponndorf-Verley de benzaldehido con 2-butanol.

+ De los tres Oxidos mixtos, el obtenido empleando un método de
precipitacion homogénea con urea presenta un elevado caracter microporoso y una
basicidad superficial casi el doble de la de los dos 6xidos mixtos obtenidos por el

método coprecipitacidon (uno de ellos en presencia de Pluronic P-123).

+ Todos los 6xidos mixtos presentan tres tipos de centros béasicos: débiles,

medios y fuertes.
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+ El mas activo en la reaccion MPV estudiada es el que posee una mayor
poblacién de centros basicos de fortaleza moderada a media, como se ha puede

justificar por el mecanismo propuesto para la reaccion.

+ También se realizo la reaccion de MPV de ciclohexanonas y algunos
derivados, obteniendo excelentes valores de conversion. En la metilciclohexanona,
cuando el sustituyente metilo cambia de posicion 4 a 3 y 2, se produjo una
disminucion significativa de la conversién, la cual pudo ser explicada por el

impedimento estérico generado por el grupo metilo en el complejo adsorbido.

+ Finalmente, se realizaron varias reutilizaciones del catalizador en la
reacciéon de MPV entre ciclohexanona y 2-butanol obteniendo valores de

conversion y selectividad similares a la reaccion inicial.
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CONCLUSIONS

As a general conclusion, it can be said that several layered double hydroxides
(LDHs) have been synthesized successfully, exhibiting a brucite-type structure.
Some of these LDHs and mixed oxides obtained by calcination, were used in
adsorption processes and catalysis, most of them showing good adsorptive and

catalytic properties.

Coming up next, the specific conclusions of each of the articles published that

have resulted from this Doctoral Thesis are detailed.

Paper 1: “Vibrational spectroscopic study of sol-gel layered double hydroxides

containing different tri-and tetravalent cations”

+ We prepared Mg/Al, Mg/Ga, Mg/In, Mg/Al/Sn and Mg/Al/Zr LDHs in a
metal ratio of 3 [(Mg/M(III) + M(IV)] by using the sol-gel method.

+ XRD patterns revealed that the five solids possess a layered double

hydroxide structure and a metal ratio very close to the theoretical one.

+ The environment of hydroxyl groups was studied in detail by using IR
spectroscopy. The IR zone from 2800 to 3900 cm-! was quite similar for the five
solids and seemingly confirms the presence of Mgz;OH and Mg;Al-OH environments

in the LDHs.

+ The presence of a trivalent cation other than aluminium or the insertion of
a small amount of a tetravalent ion in the LDH crystal network had little effect on

the FT-IR spectra for the solids in this zone.

+ Raman spectra were recorded in two different zones. One spanned the
wavenumber range 1000-1100 cm-! and contained the signal for stretching
vibrations in carbonate, its position changing with the size of the trivalent cation —
inserting a tetravalent cation had no effect on it, however. The other zone, 135-700
cm-1, was that exhibiting the greatest differences between LDHs. In this region the

stretching vibration of M(1II)-OH bonds was also present.
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Paper 2: “Use of Raman spectroscopy to assess the efficiency of MgAl mixed

oxides in removing cyanide from aqueous solutions”

+ the removal capacity of CN- in aqueous solution of an LDH of Mg / Al

calcined at 450 ° C was studied.

+ Raman spectroscopy is an effective, accurate, expeditious technique for
monitoring and quantifying the adsorption of cyanide ion on a mixed oxide

obtained by calcining a layered double hydroxide (LDH).

+ Cyanide is adsorbed by a rehydration process based on a “memory effect”
that restores the initial structure of the LDH. The adsorption rate was found to
decrease with increase in metal (Mg/Al) ratio of the LDH used as precursor for the

mixed oxide, being optimum for the oxide with Mg/Al = 2.

+ The Kkinetics of the process conformed to a first-order Lagergren model. The
fact that the cyanide adsorption rate increased with increasing temperature
suggests that the process is endothermic. Based on the activation energy for the
process, the adsorption of cyanide is governed by its reaction with the mixed oxide

rather than by diffusion.

+ Finally, calcination of the LDH after adsorption of cyanide restores the

original mixed oxide, which can thus be reused as a cyanide sorbent

Paper 3: “Microwave-assisted synthesis of hybrid organo-layered double

hydroxides containing cholate and deoxycholate”

+ Microwave-assisted anion-exchange provides substantial time savings in
synthesizing organo-LDHs when compared with those synthesized by other

methods of synthesis.

+ The resulting solids possess a high crystallinity by effect of the starting

nitrate anion being completely substituted by the organic anions.

+ More than 1 h of microwave treatment was found to have an adverse impact
on crystallinity, however. A cholate-containing LDH was for the first time prepared

here whose properties were similar to those of the deoxycholate-containing solid.
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+ In both, the interlayer distance as determined by XRD spectroscopy and
confirmed by HR-TEM measurements was almost twice the length of a cholate or

deoxycholate chain; there was thus no cross-over of organic chains in the LDHs.

+ Finally, Raman spectroscopy was also for the first time used to monitor the
thermal decomposition of the organo-LDHs through the stretching vibrations of C-
H bonds in cholate and deoxycholate. This allowed the temperature at which the
LDHs collapsed by decomposition into an Mg/Al mixed oxide to be precisely
established. As shown by the results, intercalating an organic anion into an

inorganic LDH considerably raises its decomposition temperature.

Paper 4: “Microwave-assisted synthesis of basic mixed oxides from

hydrotalcites”

+ Mixed oxides obtained by calcining hydrotalcites prepared under
microwave irradiation were used as catalysts in the Meerwein-Ponndorf-Verley

(MPV) reaction between benzaldehyde and 2-butanol.

+ Of the three mixed oxides, the oxide obtained by homogeneous
coprecipitation with urea possessed a high microporosity and a surface basicity
almost doubling that of the two oxides obtained by coprecipitation both in the

absence or presence of Pluronic P123 as template.

+ All oxides contained three types of basic sites, namely: weak, medium and

strong.

+ The most active oxide in the target MPV reaction was that possessing the
largest population of moderately to strongly basic sites, which is consistent with

the proposed reaction mechanism.

+ Also, the MPV reaction of cyclohexanones and some compounds related to
it were carried out obtaining excellent conversion values. In the
methylcyclohexanone, when the methyl substituent changes from position 4 to 3
and 2, there was a significant decrease in conversion. This can be explained by the

steric hindrance of the methyl group on the proposed adsorbed complex.
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+ Finally, several reuses of the catalyst were carried out in the reaction of
MPV between cyclohexanone and 2-butanol, obtaining similar conversion and

selectivity values to the initial reaction.
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Abstract Five different layered double hydroxides were
synthesized from magnesium ethoxide in the presence of
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pensions initially obtained were gelled and separated by
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centrifugation. XRD patterns confirmed that the five solids
thus obtained possessed a layered double hydroxide
structure. Also, IR and Raman spectra revealed differences
between the solids.
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Calcining magnesium/aluminium layered double hydroxides (Mg/Al LDHs) at 450 °C provides excellent
sorbents for removing cyanide from aqueous solutions. The process is based on the “memory effect” of
LDHs; thus, rehydrating a calcined LDH in an aqueous solution restores its initial structure. The process,
which conforms to a first-order kinetics, was examined by Raman spectroscopy. The metal ratio of the
LDH was found to have a crucial influence on the adsorption capacity of the resulting mixed oxide. In

this work, Raman spectroscopy was for the first time use to monitor the adsorption process. Based on

Keywords:

Layered double hydroxides
Cyanide removal

Raman spectroscopy
Memory effect

the results, this technique is an effective, expeditious choice for the intended purpose and affords in situ
monitoring of the adsorption process. The target solids were characterized by using various instrumental
techniques including X-ray diffraction spectroscopy, which confirmed the layered structure of the LDHs
and the periclase-like structure of the mixed oxides obtained by calcination.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Cyanide is an anion easily bonding to metals such as gold, silver,
copper, zinc or mercury to form chelates that are usually highly
water-soluble but differ markedly in stability. This key property
of cyanide has been used to extract metals such as gold or silver
from mineral ores. Cyanide is also used for other purposes such
as plastic, agrochemical, dye and pharmaceutical production [1].
This anion is present in virtually negligible amounts in uncontam-
inated natural waters [2] but can reach levels millions of times
higher in wastewater from the previous production processes. The
gold mining industry is the greatest source of water contamina-
tion with cyanide, which poses serious hazards owing to the high
toxicity of the anion. Cyanide is typically removed from water by
alkaline chlorination but can also be eliminated by using other
chemical oxidants such as hydrogen peroxide, sulphur dioxide or
ozone, as well as alternative techniques such as osmosis, acidifi-
cation/volatilization or even photolysis. Most of these techniques,
however, are energy-consuming or use environmentally unfriendly
reagents.

Adsorption methods are being increasingly used lately to purify
aqueous solutions containing anionic or cationic contaminants.
Some use layered double hydroxides (LDHs) or mixed oxides

* Corresponding author. Tel.: +34 957218638; fax: +34 957212066.
E-mail address: qolruarj@uco.es (J.R. Ruiz).

http://dx.doi.org/10.1016/j.apsusc.2015.12.181
0169-4332/© 2015 Elsevier B.V. All rights reserved.

obtained by calcining LDHs to adsorb anions such as nitrate [3,4],
fluoride [5] phosphate [6,7], radioactive species [8,9], herbicides
[10,11] or humic acid [12]. However, mixed oxides from LDHs have
never to the authors’ knowledge been used to adsorb cyanide.
Some authors have successfully removed hydrogen cyanide by
using nickel-based LDHs to form cyanide complexes of formula
[Ni(CN)4]% [13]. Also, cyanide can be removed from aqueous solu-
tions using activated carbon as adsorbent [14].

Layered double hydroxides (LDHs) are a class of anionic clays
structurally similar to brucite, Mg(OH),, except that some Mg2*
ions are replaced by trivalent metals of a similarionicradius[15,16].
This introduces a charge deficiency which causes brucite-like lay-
ers to be positively charged. Restoring electroneutrality requires
inserting an appropriate anion [17] in addition to crystallization
water in the interlayer region (Fig. 1).

The general formula of LDHs is [M(II);_yM(II)x
(OH); ¥ [Ayjm]™ -nH20, where M(II) and M(III) are a divalent
and trivalent metal, respectively, at octahedral positions of Mg2*
in brucite-like layers and A is the interlayer anion — which can
vary widely in nature and be either inorganic or organic. x, which
represents the ratio M(II)/[M(II)+M(IIl)], typically ranges from
0.17 to 0.33, which corresponds to an M(II)/M(III) ratio of 2-4 [15].
Calcination at 400-700°C of an LDH containing magnesium and
aluminium as metals, and carbonate as interlayer anion, gives a
mixed oxide of the same cations via the following reaction:

400-700°C

MglixAlx(CO3 )X/Z(OH)Z — MglfoIXOIer/Z +X/2C02
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Organic—-inorganic layered double hydroxides (LDHs) were obtained by using a microwave-assisted method to
intercalate cholate or deoxycholate ion into an Mg, Al mixed LDH. Based on the X-ray diffraction and Raman
spectra for the resulting LDHs, a treatment time of only 1h sufficed to ensure complete intercalation of the
organic anions. This makes the proposed synthetic method more expeditious than existing alternatives for the
same purpose. Based on the baseline spacing for the organo-LDHs, the organic anions were intercalated with no

cross-over between their molecular chains. The interlayer distance of the solids was confirmed by high-re-
solution transmission electron micrographs (HR-TEM). As revealed by thermogravimetric monitoring mea-
surements, and confirmed by Raman spectra, the decomposition temperature for the LDHs increased con-
siderably upon intercalation of the organic anion.

1. Introduction

Layered double hydroxides (LDHs), also known as “anionic clays” or
“hydrotalcite-like compounds”, are a family of naturally occurring
compounds of general formula [M(ID);_, M(I), (OH),]**[A,,
a1"~mH,0, where A denotes a charge-neutralizing anion and x, which
usually ranges from 0.20 to 0.36, is the fraction of trivalent metal
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substituting the divalent metal in hydroxide layers [1-3]. LDHs are
assumed to come from the natural compound hydrotalcite
[MgsAl,CO3(0OH);64H,01, which is structurally similar to brucite [Mg
(OH),]. Brucite has a layered structure consisting of an infinite number
of stacked Mg(OH)e octahedra connected by hydrogen bonds. A vari-
able number of Mg?™ ions in an LDH can be substituted by a trivalent
ion, the resulting charge deficiency being neutralized by anions
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