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Glossary of Terms and Abbreviations

AN Acetonitrile

FID Flame ionization detector

FT-IR Fourier transformed infrared spectroscopy
FWHM Full width at half maximum

GC Glycerol carbonate

HC Hydrocalumite-type compounds

ICP-OES Inductively coupled plasma- optical emission spectroscopy
IUPAC International union of pure and applied chemistry
LDH Layered double hydroxides

MTG Methanol to gasoline

MTO Methanol to oleofins

MTP Methanol to propilene

PN Pivalonitrile

SEM Scanning electron microscopy

TEM Transmission electron microscopy

TGA Thermogravimetric analysis

XRD X-ray diffraction
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"No hacen falta alas
para hacer un suefio
basta con las manos
basta con el pecho
basta con las piernas
y con el empefio”

Silvio Rodriguez
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P g Introduccion General

En los ultimos afios ha aumentado considerablemente la preocupacion por el
agotamiento del petréleo y el impacto ambiental asociado al uso de combustibles
fosiles. Para superar este problema, los biocombustibles han surgido como una
alternativa, ya que al obtenerse a partir de materias primas renovables y producir una
combustion con un bajo contenido de azufre y compuestos aromaticos,™
contribuyen a reducir las emisiones de dioxido de carbono procedentes de los
combustibles fosiles y a mitigar la contaminacion atmosférica y el calentamiento
global.

Uno de los biocombustibles més populares es el biodiesel. Este
biocombustible se produce a partir de aceites vegetales y metanol en presencia de un
catalizador bésico, mediante una reaccion de transesterificacion (Figura 1). En esta
reaccion se genera como subproducto glicerol (conocido comercialmente como

glicerina) en grandes cantidades (1 kg /10 kg de biodiesel).*™®

O
HZC—O—“—O R H,C—OH
| Catalizador [l [
HC—O R + 3CH;OH =——== 3 _C._ __CH; + HC—OH
0 R (0]
H,c—o—L-R H,C—OH
Aceite Metanol Biodiesel Glicerina
(subproducto)

Figura 1. Transesterificacion de triglicéridos para la obtencion de biodiesel.

El glicerol (1,2,3-propanotriol) es un componente de los triglicéridos que se
encuentran en la grasa animal, el aceite vegetal o el crudo de petrdleo. Se caracteriza
por tener una alta viscosidad y por ser inodoro, incoloro y de un sabor dulce. La
molécula de glicerol es muy reactiva debido a que contiene tres grupos hidroxilo
hidrofilos (Figura 2) que pueden intercambiarse por otros grupos quimicos mediante
reacciones bioldgicas o quimicas. Ademas, estos grupos son responsables de que el

glicerol sea higroscépico y soluble en agua.>3*"
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Figura 2. Estructura molecular del glicerol.

El glicerol es una de las sustancias quimicas mas versatiles y valiosas
conocidas, con mas de mil usos y aplicaciones.®! Por sus propiedades fisico-
quimicas, como la alta estabilidad, baja toxicidad, baja tasa de evaporacion y baja
inflamabilidad, se le considera un nuevo "solvente verde".

Aunque el glicerol tiene numerosas aplicaciones en la industria
farmacéutica, alimentaria, cosmética, entre otras (en la Figura 3 se muestra con
mayor detalle sus aplicaciones), la actual sobreproduccién de glicerol ha provocado
que los usos tradicionales sean insuficientes para dar salida a la cantidad producida,
generando un excedente y como consecuencia una disminucion de su precio*”
(Figura 4).

Explosivos _ Celofan Detergentes
2% / 2% 2%
.,_,_,_{_Tabaco

e 6%
P .

" Otros
11%

////

Triacetina
10%

Polieter/polioles
14%

Figura 3. Mercado del glicerol.!"
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Figura 4. Relacion entre la produccién de biodiesel y el precio del glicerol.[

Una alternativa para dar uso a este gran excedente de glicerol consiste en
revalorizarlo mediante su utilizacion como materia prima para obtener productos de
mayor valor comercial. La Figura 5 muestra algunos de los derivados del glicerol
mas relevantes como el propilenglicol (1,2-propanodiol) y el 1,3-propanodiol,
utilizados en la produccion de polimeros, que se obtienen mediante la hidrogendlisis
del glicerol utilizando catalizadores metalicos soportados; la acroleina (2-propenal),
gue se emplea en la industria quimica para la produccion de sUper absorbentes,
polimeros, detergentes y ésteres de acido acrilico, puede obtenerse a partir de la
deshidratacion de glicerol en presencia de catalizadores &cidos; el acido glicérico,
utilizado para el tratamiento de trastornos de la piel y en la elaboracién de polimeros
0 emulsionantes biodegradables, se produce mediante oxidacion catalitica de
glicerol, o la epiclorhidrina, que se emplea en la produccién de resinas epoxi, y se
sintetiza a partir de glicerol mediante reaccion con HCI seguida de
deshidrodecloracion con NaQH. >80
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GLICEROL
—> Mono, di y triésteres

Carbonato de glicerol ——— Glicidol

% Oligogliceroles ——— Esteres de Oligogliceroles

—> Poligliceroles hiperramificados

—> Eteres Alquilicos ——> Aditivos para combustibles

o —> Eteres Alquenilicos (telomeros)
Acetales/
ketales

%1,2—propanodiol —— > Solventes

—> 1,3-propanodiol ———> Poliésteres

Epicloridrina ——— Resina epdxica

Productos de
oxidacion

> Glicerol formal

Dihidroxiacetona
—> Gliceraldehido

|5 Acidos hidroxicarboxilicos

—> Acroleina — 5 Acido acrilico

Gas de Metanol —> MTG, MTO, MTP
sintesis

— Sintesis Fischer-Tropsch

Figura 5. Transformaciones cataliticas del glicerol.”

Otro de los productos derivados del glicerol de gran relevancia es el
carbonato de glicerol (4-hidroximetil-1,3-dioxolan-2-ona). Este compuesto
relativamente nuevo en la industria quimica tiene un gran potencial como
componente de membranas de separacion de gases; como disolvente para diversos
tipos de materiales; y como biolubricante (debido a su adhesion a superficies
metalicas y resistencia a la oxidacion, la hidrolisis, y la presion). El carbonato de
glicerol es ademés una fuente de nuevos materiales poliméricos como el glicidol, un

componente de alto valor en la produccién de polimeros.™*



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes
Diposit Legal: T 1362-2015

CapriTuLo 2

Objetivos



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015 .-
P g Objetivos

El objetivo principal de esta tesis es sintetizar y caracterizar hidroxidos
dobles laminares tipo hidrocalumita mediante la utilizacion de radiacion microondas
y ultrasonidos, para ser utilizados como catalizadores en reacciones de gran interés
industrial, como la reaccion de transesterificacion del glicerol para la obtencion de
carbonato de glicerol, ademas de realizar un estudio preliminar de la sintesis de

glicidol a partir de carbonato de glicerol empleando diversos catalizadores.

Los objetivos parciales que se proponen en esta tesis son:

1. Preparar hidréxidos dobles laminares tipo hidrocalumita (CaAl-LDH)
mediante el método de coprecipitaciéon de las correspondientes sales
(cloruros o nitratos), variando el tiempo, la temperatura y utilizando reflujo

0 autoclave durante su envejecimiento.

2. Estudiar el efecto del uso de ultrasonidos durante la etapa de coprecipitacion
y la influencia de la radiacion microondas durante el envejecimiento de los

materiales tipo hidrocalumita.

3. Calcinar los hidroxidos dobles laminares de CaAl a diferentes temperaturas,

atmosferas (nitrogeno, aire) y en sistema estatico o dinamico.

4. Modificar algunos CaAl-LDH mediante impregnacion con soluciones de
KOH, KNO; y H3PO, o variando el pH de coprecipitacion. Sintetizar dos
hidrotalcitas de Mg/Al y Ni/Al y preparar diversos hidréxidos de aluminio

utilizando microondas.

5. Caracterizar los catalizadores obtenidos mediante las técnicas clasicas de
caracterizacion de sélidos: difraccion de rayos X, fisisorcion de N,, analisis
elemental, anélisis termogravimétrico, microscopia electronica de barrido y

transmision, espectroscopia infrarroja, espectroscopia raman.

11
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6. Estudiar la fuerza bésica de los hidroxidos dobles laminares tipo

hidrocalumita y sus formas calcinadas utilizando indicadores de Hammett.
Estudiar los centros acidos y basicos de algunas hidrocalumitas mediante
adsorcion de nitrilos seguido de espectrocopia infrarroja.

Evaluar la actividad catalitica de los CaAl-LDH preparados, antes y
despueés de su calcinacion, en la reaccion de transesterificacion de glicerol
con carbonato de dimetilo para obtener carbonato de glicerol, en reactor

batch mediante calentamiento convencional.

Estudiar el efecto de la radiacion microondas en la actividad catalitica de
varios materiales tipo hidrocalumita y algunas de sus formas calcinadas,
para la obtencion de carbonato de glicerol a partir de la reaccion de

transesterificacion de glicerol con carbonato de dimetilo.

Estudiar la actividad catalitica de algunos materiales tipo hidrocalumita, asi
como hidrotalcitas e hidréxidos de aluminio, en la produccion de glicidol a

partir de carbonato de glicerol
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3.1. Descripcion de los hidroxidos dobles laminares tipo hidrocalumita (CaAl-
LDH).

Los compuestos tipo hidrocalumita (HC) pertenecen a la familia de los
hidréxidos dobles laminares (LDH). Los LDHs son arcillas anidnicas, con formula
general [M"1,M"'(OH)2][X%q]-nH.0, constituidas por laminas [M";-xM"'(OH).]
cargadas positivamente que quedan compensadas por la presencia de aniones [X%y]
en el espacio interlaminar (ver Figura 6) donde también se encuentran moléculas de
agua. En el caso particular de los compuestos tipo hidrocalumita, las laminas estan
formadas por [Ca,Al(OH)s]* con una relacion molar Ca?* y AIF* igual a 2, mientras
qgue los aniones interlaminares habituales son OH", NOs, SO,%, CO5*, o CI".}¥%3]
Especificamente, estos compuestos reciben el nombre de hidrocalumitas, cuando los

aniones son cloruros.

Figura 6. Estructura de un compuesto LDH. M= catién divalente o trivalente, O= oxigeno
del grupo OH, H= hidrégeno del grupo OH, A= anién interlaminar que compensa la carga de
las laminas.

La estructura de las CaAl-LDH colapsa a temperaturas entre 400 y 600 °C
debido a la deshidroxilacion de sus capas octaédricas, dando lugar a la formacion de

Oxidos mixtos amorfos, Ca(Al)O, observandose a temperaturas de calcinacion
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superiores la formacion de fases cristalinas de CaO y mayenita (Ca;pAl14033). Las
CaAl-LDH calcinadas presentan, en general, propiedades basicas, pequefios tamafios
de cristalitos y efecto memoria; lo que las hace atractivas en aplicaciones de catalisis

heterogénea o como adsorbentes de iones para la purificacion de aguas.™

3.2. Preparacion de hidréxidos dobles laminares (LDH) tipo hidrocalumita

En esta tesis, se han sintetizado dos series de materiales tipo hidrocalumita
empleando el método de coprecipitacion a partir de diferentes sales de partida:
cloruros (HC1) y nitratos (HC2), utilizando agua descarbonatada/desionizada. Las
muestras se prepararon a pH constante (11.5), temperatura constante (60 °C) bajo
una atmésfera de nitrdgeno. Ademéas, como método alternativo a la agitacién
magnética, se utiliz6 un equipo de ultrasonidos para favorecer la homogeneidad en
la coprecipitacién de las sales. Por Gltimo, las sales coprecipitadas se envejecieron
mediante calentamiento convencional o microondas, en autoclave o en condiciones

de reflujo.
3.2.1. Método convencional de coprecipitacion de sales

Dos soluciones acuosas de CaCl,-2H,0 (Sigma Aldrich) y AICl3-6H,0
(Riedel de Haén) o Ca(NOj3),-4H,0 (Sigma Aldrich) y AI(NO3);-9H,0 (Sigma
Aldrich) se prepararon con una relacién molar 2:1 de Ca?/AI**. Las soluciones se
afiadieron gota a gota a un balén de 500 ml de fondo redondo de cuatro bocas, el
cual contenia 250 ml de una mezcla de agua/etanol en una proporcion volumétrica
de 2:3. El pH se mantuvo constante a 11,5 + 0,1, mediante la adicién simultanea de
una solucion acuosa de NaOH 2 M (Panreac) bajo agitacion magnética vigorosa. Se
utiliz6 como medio de calentamiento un bafio de aceite a 60 °C con temperatura
controlada mediante una sonda de temperatura.

Después de completar la precipitacion de las sales metalicas, se aplicaron
diferentes tratamientos hidrotérmicos a los dos precipitados obtenidos. Las muestras
envejecidas a reflujo se calentaron a 60 °C durante 24 h y las muestras envejecidas

en autoclave a 180 °C durante 1 h.
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3.2.2. Utilizacion de ultrasonidos en la preparacion de materiales

El uso de ultrasonidos en la preparacion de materiales ayuda a obtener una
mayor homogeneidad en las muestras, asi como a disminuir los tiempos de reaccion.
Los ultrasonidos son ondas sonoras con frecuencias superiores al rango normal de
audicion humana, aproximadamente 20 KHz. Los efectos benéficos de los
ultrasonidos son debidos al fenémeno de cavitacion, el cual genera agitacion y
calentamiento a través de la produccion y destruccion de pequefias burbujas que

aparecen cuando se impacta un liquido con ondas de ultrasonido.™*”]

Figura 7. Ultrasonido utilizado en la preparacion de materiales

En esta tesis se utiliz6 un equipo ultrasonidos ULTRASONS-H 3000838 (de
marca Selecta, ver Figura 7) como fuente de agitacion y calentamiento para la
sintesis de los materiales tipo hidrocalumita, manteniendo la temperatura del bafio
sonicador a 60 °C durante el tiempo de la coprecipitacion de las sales.

3.2.3. Utilizacién de microondas en la preparaciéon y modificacion de materiales

La utilizacion de microondas se ha convertido recientemente en una
herramienta clave para la preparacion y modificacion de materiales. Este proceso se
considera econémico y limpio, ya que reduce el tiempo de obtencién de materiales
cristalinos, lo que conduce a un ahorro de energia considerable.™®
Las microondas son ondas electromagnéticas que se encuentran en el rango

de frecuencia entre 300 MHz y 300 GHz. El proceso de calentamiento con
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microondas tiene lugar mediante dos principios: a) el mecanismo de conduccion
i6nica, que se debe a la resistencia parcial de las cargas a seguir los cambios de un
campo eléctrico; b) el mecanismo de rotacion de dipolos, en el cual las moléculas
polares rotan para orientarse con el campo electromagnético de las microondas,
generando colisiones entre las moléculas y produciendo un incremento en la
temperatura de la muestra.

En la etapa de envejecimiento de los materiales tipo hidrocalumita se utilizo
un horno microondas de laboratorio marca MILESTONE ETHOS TOUCH
CONTROL equipado con una sonda térmica, en condiciones de reflujo o autoclave

(ver figura 8):

e Para las muestras envejecidas en microondas a reflujo, se colocé la solucién
precipitada en un matraz de fondo redondo conectado a un reflujo. El matraz
se depositd sobre un soporte y se introdujo una sonda térmica para controlar
la temperatura. Este procedimiento se realizd mediante agitacion magnética
a 60 °C durante 6 h.

s — ]

At Srmn ot gy

Figura 8. Montaje microondas en autoclave y reflujo utilizado en el tratamiento
hidrotérmico de las muestras.

e Para las muestras envejecidas en microondas y autoclave se utilizaron 6
autoclaves de teflon con capacidad de 85 ml, con un volumen de muestra de
55 ml por autoclave. Los reactores se depositaron en un rotor de 6

posiciones. El envejecimiento se llevd a cabo a una temperatura de 180 °C
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controlada por una sonda térmica y bajo agitacion magnética. El tratamiento
hidrotérmico se realizd durante 1 o 3 h. Para observar el efecto de la
temperatura en la preparacion de estos materiales, se envejecié parte de la
solucién precipitada a partir de sales de nitratos en microondas y autoclave a
100 °C durante 1 h.

3.2.4. Calcinacion de hidréxidos dobles laminares (LDH) tipo hidrocalumita

Todas las CaAl-LDH preparadas anteriormente se calcinaron en una mufla
marca Carbolite CWF11/5P8, a una temperatura de 450 °C durante 15 h. Para
determinar la influencia del tiempo de calcinacidn, y el efecto de la utilizacion de un
sistema dindmico con paso de un gas inerte durante la calcinacién, se calciné una
muestra a 450 °C durante 24 h en la mufla, y otra a 450 °C durante 10 h en un
reactor de cuarzo tubular en flujo de N, (1 ml/s), respectivamente. Por Gltimo, para
estudiar el efecto de la temperatura de calcinacién, algunas muestras se calcinaron a
750 °C durante 4 h en la mufla.

3.2.5. Modificacion de hidrocalumitas con KOH y KNO;

Con el fin de aumentar la basicidad en las hidrocalumitas, se ha impregnado
una muestra con una solucién de KOH (0.02 g de K,0O/ g de muestra). La solucion
fue adicionada gota a gota a 1 g de hidrocalumita y fue agitada para obtener una
mezcla homogénea. Una vez adicionada la solucion de KOH se sec6 a 80 °C toda la
noche.

Para poder realizar una comparacion con la hidrocalumitas calcinadas se ha
impregnado una hidrocalumita, adicionando gota a gota con una soluciéon de KNOa.

Una vez impregnado, se calcind a 450 °C durante 15 h

3.3. Preparacion de otros materiales cataliticos

Con el fin de comparar diferentes tipos de catalizadores en la reaccién de
descarboxilacion de carbonato de glicerol, se ha sintetizado un material a pH 8

siguiendo la metodologia utilizada en la preparacion de materiales tipo
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hidrocalumita; ademds, se sintetizaron dos hidrotalcitas y tres hidroxidos de
aluminio.

Se ha preparado una hidrocalumita a pH 8 mediante el método de
precipitacion de sales, a partir de sales de nitratos bajo ultrasonidos a 60 °C. Una vez
precipitadas las sales, la muestra se envejecié en reflujo y calentamiento
convencional a 60 °C durante 24 h. Ademas, para afiadir mayor acidez a esta
muestra, se impregnd con una solucién de HzPO4 0.7 M. Una vez impregnada, se
secd a 80 °C toda la noche.

Se prepararon 2 hidrotalcitas (Ni/Al=4 y Mg/Al=3) mediante el método de
precipitacion de sales a pH 8 constante. La hidrotalcita preparada con sales metalicas
de Niy Al se prepar6 a temperatura ambiente, bajo vigorosa agitacion magnética. La
hidrotalcita preparada con sales metalicas de Mg y Al se precipité a 70 °C bajo
vigorosa agitacion magnética. Una vez completada la precipitacion de las sales
metalicas, las soluciones resultantes de las dos hidrotalcitas se envejecieron a la
respectiva temperatura de precipitacién durante 18 h.

Por Gltimo, se prepararon 3 hidréxidos de aluminio a 75 °C, utilizando una
solucion de nitrato de aluminio nonahidratado. El pH fue llevado a 8 utilizando una
solucion de amoniaco al 0.25 %. El precipitado resultante se envejecié en
microondas bajo reflujo a 75 °C durante 1, 2 y 3 h. Finalmente, las muestras se

lavaron hasta pH neutro y se secaron a 80 °C toda la noche.

3.4. Técnicas de caracterizacion
3.4.1. Difraccion de rayos X (DRX)

La técnica de difraccion de rayos X permite determinar las fases cristalinas
presentes en las muestras, asi como las diferencias de cristalinidad entre ellas.
También se utiliza para calcular los pardmetros de celda, a partir de las distancias
interplanares de los picos caracteristicos de cada fase cristalina. Esto es posible
gracias a la difraccion de un haz de rayos X que incide sobre una muestra cristalina
con un determinado angulo 6. El fendmeno de difraccion sélo ocurre si el sélido

analizado cumple las condiciones de la ley de Bragg (1):
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niA= Zdhkl sin @ (1)

la ecuacion (1) indica la relacion entre el espacio interplanar (dypy;), la
longitud de onda de la radiacién X (1) y el angulo de incidencia del haz de rayos X

(0), siendo n un numero entero (Figura 9).

Figura 9. Esquema del cumplimiento de la ley de Bragg.

En el caso de la difraccion en polvo, se obtiene el llamado “cono de
radiacion difractada” ya que los cristales de la muestras en polvo presentan
diferentes orientaciones.

En esta tesis se ha utilizado un difractometro Siemens D5000 (Bragg-
Brentano con geometria de para focalizacion y gonidmetro vertical 6-6), equipado
con un cromador de grafito y un haz difractor Soller. La muestra se tritura antes del
andlisis para obtener un polvo cristalino que se distribuye sobre una superficie
completamente plana y se introduce en un portamuestras de Si(510). Se empled un
rango de difraccion angular 26 entre 5° y 70°. Los datos se recogieron con una
medida angular de 0.05° por 3 s en rotacion simple. La radiacion CuKa con filtro de
niquel y A= 1.45 A, se obtiene a partir de un tubo de rayos X de cobre operando a 40
kV'y 30 mA.

Las fases cristalinas se identificaron utilizando las siguientes fichas de la

base de datos Joint Committee for Powder Diffraction Sources (JCPDS):
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35-0105 Cloruros CaAl-LDH Ca,Al(OH)sCI-2H,0

89-6723 Nitratos CaAl-LDH Ca,Al(OH)¢NO3-2H,0

89-0217 Katoita CazAl,(OH)y,

86-2340 Calcita CaCO;

48-1882 Mayenita Ca;»Al14033

37-1497 Lima CaO

15-0087 Takovita NigAly(OH)16(C0O3,0H)-4H,0,

89-0460 Hidrotalcita (Mgo.es7Alp.333)(OH)2(CO3)0.167(H20)05

73-6509 Boehmita y-AIO(OH)

74-1775 Gibbsita y-Al(OH);

74-0087 Bayerita a-Al(OH)s.

El difractograma es una representacién de los picos de difraccion. Cada pico
pertenece a una difraccion (hkl) y se caracteriza por el valor del angulo 26 y por su
intensidad. Cada fase cristalina tiene un conjunto de picos caracteristicos que son
mas estrechos cuando las muestras son mas cristalinas y el tamafio de particula es
mas grande.

El célculo del tamafio de cristalito se realiz de acuerdo con la ecuacion de
Scherrer (2) empleando el pico (006) y el pico (002) para los materiales tipo

hidrocalumita preparados con cloruros o nitratos, respectivamente.

dp = —= @)

" B-cos®

en la ecuacion de Scherrer, dp es el diametro de particula, A es la longitud de
onda de radiacion, 4 es el angulo de difraccion, k es la constante de Scherrer, que
tiene un valor medio de 0.9, y B es el ancho del pico a media altura (FWHM, full
widht at half maximun) expresado en radianes.

Se calcularon los parametros de celda de las muestras CaAl-LDH a partir de
la ecuacidn que relaciona las distancias interplanares (d,y;) con los pardmetros de
celda (a,b,c) (que son funciones de la simetria espacial de cada muestra). El

pardmetro de celda a, se calcul6 a partir del pico (110) con la siguiente ecuacion (3):
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a=2- d(110) (3)

mientras que el parametro de celda c, se calculd a partir del pico (006) y
(002) para las CaAl-LDH preparadas con cloruros y nitratos, utilizando la ecuacién

(4) y (5), respectivamente.

c=6" d(oos) (4)

c=2- d(ooz) )

El anélisis cuantitativo de mezclas de fases cristalinas de los materiales tipo
hidrocalumita se realiz6 mediante el método de Rietveld a partir de los datos

obtenidos mediante difraccién de Rayos X.!*%)

3.4.2. Espectroscopia de emisién por plasma de acoplamiento inductivo (ICP-
OES)

La espectroscopia de emisién por plasma acoplado inductivamente, ICP-
OES, es una técnica de andlisis que utiliza una fuente de plasma para disociar la
muestra en los 4&tomos o iones que la constituyen. Estos &tomos son excitados a un
nivel en el que emiten luz de una longitud de onda caracteristica (la longitud de onda
nos permite determinar el metal cualitativamente). Un detector mide la intensidad de
la luz emitida, y calcula cuantitativamente la concentracién del elemento particular
en la muestra.

El andlisis elemental de las muestras se obtuvo con un analizador ICP-OES
de Spectro Arcos. En la digestion de todas las muestras se utilizaron 2 ml de HNO3
concentrado en 50 mg de muestra. La disolucion resultante se llevé a un volumen de
25 ml, y finalmente 1 ml de esta solucién se diluyé en 25 ml de agua destilada.

Todos los anélisis se realizaron por triplicado.
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3.4.3. Fisisorcion de nitrégeno

La fisisorcion de nitrdgeno es una técnica muy reconocida en la
caracterizacion de solidos que permite determinar el area superficial, la porosidad y
la distribucion de tamafio de poro en muestras solidas. La fisisorcion de nitrogeno se
basa en la adsorcion de N, a una temperatura de -196 °C en una monocapa del sélido
y posteriormente en multicapas, dependiendo de la presién de N..

Las isotermas de adsorcion-desorcion de nitrogeno representan el volumen
de nitrogeno adsorbido-desorbido en la superficie de las muestras en funcion de la
presion relativa de N,. En este proceso se produce histéresis cuando la isoterma de
adsorcion no coincide con la isoterma de desorcion. En la Figura 10, se pueden
observar los 6 tipos de isotermas segun la clasificacion de Brunauer, Deming y

Teller.*”!

e Isoterma tipo I: es caracteristica de sélidos microporosos con una superficie
externa muy pequefia. La accesibilidad de los microporos es limitante del
volumen de gas adsorbido en el material.

e Isoterma tipo Il: corresponde a la adsorcion en mono-multicapas, en solidos
NO POrosos 0 Macroporosos, que representan heterogeneidad superficial. El
punto B indica el inicio de la adsorcion multicapa.

e Isoterma tipo Ill: aparece cuando la interaccion adsorbato-adsorbente es
débil, menor que la existente entre las moléculas de adsorbato.

e Isoterma tipo IV: sigue el patron de la isoterma tipo Il en la zona de
presiones bajas e intermedias (monocapa-multicapa). Este tipo de isoterma
presenta histéresis a presiones relativas altas y es caracteristica de materiales

Mesoporosos.
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Figura 10: Tipo de isotermas de adsorcion-desorcion de nitrégeno

e Isoterma tipo V: esta relacionada con la isoterma tipo Ill, donde las
interacciones adsorbato-adsorbente son débiles. Este tipo de isoterma
presenta una adsorcién debil al principio, seguida de condensacion capilar.
Nos indica la presencia de mesoporos en el sélido.

e Isoterma tipo VI: no es muy comin en la naturaleza; aparece cuando la
adsorcion se realiza en superficies muy homogéneas, donde cada capa

comienza a formarse cuando la anterior esta ya practicamente completa.

La presencia de histéresis entre adsorcion-desorcion se da
fundamentalmente en sélidos que presentan caracteristicas mesoporosas, es decir, en
solidos que presentan isotermas tipo VI y V. Los tipos de histéresis se pueden
clasificar segun De Boer en 5 grupos dependiendo de la forma del poro (Figura
11).

e Histéresis tipo A: es caracteristica de poros tubulares abiertos en los
extremos.

o Histéresis tipo B: estd relacionada con poros formados por laminas
cristalinas paralelas, separadas por pequefias particulas y en algunos casos,

por defectos cristalinos.
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Figura 11: Tipos de histéresis segiin De Boer.

e Histéresis tipo C y D: derivan del tipo A y B, respectivamente. La histéresis
de tipo C corresponde a poros conicos o piramidales y la tipo D a poros
formados entre ldminas cristalinas no paralelas.

e Histéresis tipo E: indica la presencia de poros bastante anchos con una boca

muy estrecha.
El é&rea superficial de los materiales porosos se determina habitualmente
mediante el método BET (Brunauer, Emmett y Teller), utilizando la ecuacion (6):

P 1 (C-1)-P

V(P°=P) ~ Vip'C = Vi C-P°

(6)

donde V es el volumen adsorbido a una determinada presion relativa P/P° y
Vi es el volumen de la monocapa. El pardmetro C, esta relacionado con el calor de
adsorcion en la monocapa. El intervalo de linealidad estd restringido a una zona
limitada de la isoterma que normalmente esta entre valores de presion relativa P/P°
de 0.05-0.30.

El valor de &rea BET se calcula a partir del volumen adsorbido en la

monocapa mediante la ecuacion (7):
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Vin'LAm

A (BET) = )

donde L es el nimero de Avogadro, A, es el area ocupada por la molécula
de nitrégeno adsorbida (0.162 mn? a -196 °C) y M es la masa del gas adsorbido.

Para las medidas de fisisorcion de N, se utilizd un equipo Quadrasorb
Sl.Automated surface area & Pore Size Analyzer (de marca Quantachrome). Todas
las muestras fueron desgasificadas a 90 °C durante 24 h. La distribucion del tamafio
de poro se determind a partir de las isotermas obtenidas empleando el método BJH

(Barret, Joyner y Halenda).
3.4.4. Analisis Termogravimétrico (TGA)

Esta técnica consiste en observar la variacion de peso de una muestra
cuando se somete a un tratamiento térmico en una atmdésfera seleccionada (Oz, N,
H,, etc). Un termograma representa la variacién de peso de la muestra en funcién de
la temperatura, lo que permite identificar las diferentes etapas que se producen
durante el tratamiento térmico. Al representar la derivada de la funcién se puede
observar el maximo punto de inflexién de temperatura en cada etapa.

El anélisis termogravimétrico de los materiales tipo hidrocalumita se llevo6 a
cabo en una termobalanza Perkin Elmer TGA 7 con precision de + 1 pg. Se pesaron
aproximadamente 50 mg de muestra y se calentaron en un flujo de N, desde 25 °C a
1000 °C a una velocidad de 5 °C/min.

3.4.5. Espectroscopia electronica de barrido (SEM)

La microscopia electrénica de barrido es una técnica simple que permite
observar el tamafio y la morfologia de las particulas en materiales solidos. Esta
técnica se basa en el bombardeo de una muestra mediante un haz de electrones. Este
haz de electrones (enfocado por lentes electromagnéticas a través de una columna de
alto vacio) se proyecta sobre la superficie de la muestra donde los electrones rebotan
0 provocan la emision de electrones secundarios. Estos electrones secundarios son

registrados por un detector que proporciona una imagen tridimensional.
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Las micrografias se obtuvieron con un microscopio JEOL JSM-35C
operando a un voltaje de aceleracion en el intervalo de 15-30 kV, la distancia focal
de 14 mmy los valores entre 5000 y 30000 aumentos, dependiendo de la muestra.

Para la preparacion de las muestras se adicion6 un adhesivo de grafito de
doble cara a un soporte metalico. A continuacion, se fijaron las muestras al adhesivo
de grafito y se cubrieron con una capa de oro fina para aumentar su conductividad

antes de ser analizadas.
3.4.6. Microscopia electronica de transmision (TEM)

En microscopia electrénica de transmisién un haz de electrones dirigido a
través de lentes electromagnéticas se proyecta sobre una muestra muy delgada que
se encuentra en una columna de alto vacio. El haz de electrones atraviesa la muestra,
proyectdndose sobre una pantalla fluorescente formando una imagen visible,
obteniendo informacién morfolédgica de la muestra a partir de los diferentes haces de
electrones.

La microscopia electronica de transmision de las muestras se realiz6 en un
microscopio electronico JEOL Modelo 1011, con un acelerador de voltaje de 80 kV.
Una pequefia cantidad de muestra se disperso en etanol y una gota de la suspensién
resultante se depositd sobre un polimero de carbono soportado en una rejilla de
cobre. Se evaporo el disolvente a temperatura ambiente antes de las mediciones. En

los andlisis realizados se utilizaron valores de ampliacién entre 20-100 aumentos.
3.4.7. Espectroscopia infrarroja con transformada de Fourier (FT-IR)

La técnica de espectroscopia infrarroja con transformada de Fourier se
utiliza para el estudio cualitativo de los grupos funcionales presentes en una muestra.
Cuando los grupos funcionales y las unidades estructurales de los sélidos absorben
la radiacion infrarroja experimentan una alteracion en su momento dipolar, como
consecuencia de sus movimientos de vibracion y rotacion.

El espectro infrarrojo se divide en tres regiones (infrarrojo cercano, medio y
lejano), en el rango de longitudes de ondas entre 800 y los 400000 nm (0.8 y 400

um). Las unidades de medida de la técnica FT-IR son la longitud de onda (nm) o el
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nimero de onda (cm™). Esta técnica se centra en la region de infrarrojo medio
comprendida entre 4000 a 400 cm™ 0 2500 a 25000 nm.

Los espectros infrarrojos se registraron en un espectrometro FT-IR Nicolet
380. Los espectros se adquirieron por la acumulacién de 100 scans a una resolucion
de 4 cm™ en el rango de 400-4000 cm™. Las muestras se mezclaron con KBr en una
relacion de masa de 1:100.

Ademas, se utiliz6 pivalonitrilo como molécula sonda para estudiar la acides
de las muestras. Con este fin, se activd a 400 °C durante 1 h y bajo vacio, una
pastilla de muestra pura dentro de una celda de IR. El pivalonitrilo fue introducido a
temperatura ambiente, y evacuado para eliminar las especies fisisorbidas. Luego la
adsorcion y desorcion se continué a 100 °C y 400 °C. Los espectros infrarrojos de
adsorcion y desorcién de pivalonitrilo fueron substraidos y analizados utilizando el
programa OMNIC.

Para los andlisis de adsorcion de acetonitrilo se prepard una pastilla de
muestra pura y se activd a 400 °C durante 1 h en vacio. Una vez a temperatura
ambiente se adsorbio el acetonitrilo en la superficie del material durante 10 min.
Posteriormente, se tomd un espectro del gas y otro de la muestra a temperatura
ambiente. Sin desorber, la muestra se calenté a 100 °C durante 10 min y se volvi6 a
analizar un espectro (tanto de la muestra como del acetonitrilo gas). El proceso se
repitié para 200 °C, 300 °C y 400 °C, cada 10 min.

Estos analisis se realizaron como resultado de una estancia de 3 meses en el
laboratorio de Quimica de la superficie y Catalisis Industrial de la Universidad de

Génova (Italia), bajo la supervision del Profesor Guido Busca.
3.4.8. Espectroscopia Raman

La espectroscopia raman proporciona informacién quimica y estructural, en
pocos segundos, mediante el analisis vibracional y rotacional de especies quimicas.
Es complementaria al infrarrojo, pues vibraciones inactivas en IR pueden ser activas
en Raman.

Esta técnica se basa en el analisis de la luz dispersada por un material al

incidir un haz monocromatico sobre él. Una pequefia porcién de la luz es dispersada
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inelasticamente experimentando ligeros cambios de frecuencia que son
caracteristicos del material analizado (e independiente de la frecuencia de la luz
incidente).

El andlisis de las muestras se realizd con un Espectrometro Raman FT-IR de
marca RENISHAW, equipado con un Microscopio confocal Leica DM 2500, con un
objetivo de 50x. Se utilizé un laser de 514 nm para el rango de 3000-4000 cm™ y el
léser 785 nm para el rango de 100-2000 cm™, con un tiempo de exposicion de 60 s.

Se realizaron 2 scans con una potencia del laser del 10 %.

3.5. Evaluacion catalitica

3.5.1. Reaccién catélitica de glicerol con carbonato de dimetilo para obtener

carbonato de glicerol utilizando calentamiento convencional o microondas

La actividad catalitica de los catalizadores preparados se estudié en la
reaccion de transesterificacion de glicerol con carbonato de dimetilo (DMC) para

obtener carbonato de glicerol (Figura 12).

o]

o oH PN
HaCe )]\ _CH; HO\/K/OH Catalizador 0 o + 2 CHsOH
o) @) \__L
OH

Carbonato de dimetilo Glicerol Carbonato de glicerol

Figura 12. Esquema de la reaccion catalitica de transesterificacion de glicerol con carbonato
de dimetilo (DMC) para obtener carbonato de glicerol.

El DMC vy el glicerol se mezclaron en una relacion 3.5:1 (21 g y 6.16 g,
respectivamente) en un balon de fondo redondo de tres bocas de 50 ml, equipado
con un agitador magnético y un condensador de reflujo. La temperatura se reguld
por medio de una sonda térmica tanto en calentamiento convencional como en
microondas (Figura 13). La mezcla se calent6 a 90 °C con microondas o en un bafio
de aceite (segun el caso de estudio), con agitacién constante bajo atmdsfera de N, a

diferentes tiempos de reaccion. Se afiadieron 0.15 g de catalizador para iniciar la

32



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015 .
P g Parte experimental

reaccion. La mezcla resultante después de la reaccion se filtr6 para separar los
productos de reaccion del catalizador y se lavo 3 veces con 10 ml de metanol. La
mezcla filtrada se evapor6 en un rotavapor para separar el DMC y metanol del
producto.

Figura 13. Montaje de la reaccion de transesterificacion de glicerol con DMC para obtener
carbonato de glicerol. A) calentamiento convencional, B) calentamiento con microondas.
Para evaluar la conversion de glicerol y la selectividad a carbonato de
glicerol, se prepard una solucién (productos de reaccion 9:1 de butanol) utilizando
butanol como patron interno. 1 pl de la solucion resultante se analiz6 mediante
cromatografia de gases. Los andlisis de cromatografia de gases se realizaron en un
equipo ZHIMADSU GC-2010, equipado con un autoinyector y un detector de
ionizacion de llama. Se utiliz6 una columna SUPRAWAX - 280 (60 m x 0,25 mm x
50 um). Se selecciond el modo de inyeccidn Split y una relacién de separacion de
20/1, utilizando Helio como gas portador. Las temperaturas del inyector y del
detector se fijaron en 250 °C, se realizé una rampa de temperatura del horno que se
inicio a 120 °C durante 3 min y se increment6 a 15 °C/min hasta 200 °C, a
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continuacion, la temperatura se aument6 a 20 °C/min hasta 250 °C y se mantuvo
durante 30 min.

Con el fin de cuantificar el carbonato de glicerol producido en la reaccion de
transesterificacion, se realizaron lineas de calibracion utilizando reactivos
comerciales, glicerol (VWR, CAS 56-81-5), carbonato de glicerol (TCI, CAS 931-
40-8) y glicidol (Sigma-Aldrich, CAS 556-52-5). La conversion de glicerol y
selectividad a carbonato de glicerol y glicidol se calcularon utilizando las ecuaciones
(8), (9)y (10):

% C nimero de moles de glicerol convertido X 100 (8)

Glicerol= numero de moles de glicerol iniciales
% SGC_numero de moles de glicerol convertidos a GC X 100 (9)
T numero de moles de glicerol convertidos
% SGliCidol—nﬁmero de moles de glicerol convertidos a glicidol X 100 (10)

numero de moles de glicerol convertidos

Finalmente se realizaron tres ciclos de reutilizacién de los mejores
catalizadores en la reaccion de transesterificacion del glicerol, tanto en microondas
como por calentamiento convencional a 90 °C durante 3 h de reaccion en atmosfera

inerte y bajo agitacion magnética.

3.5.2. Reaccién de descarboxilacion del carbonato de glicerol para la obtencion

de glicidol utilizando calentamiento convencional

La actividad catalitica de los catalizadores preparados se estudié en la
reaccion de descarboxilacion de carbonato de glicerol (GC) para la obtencion de
glicidol (Figura 14).

)Oj\
Q % Catalizador O co T
— AR
(_f_\\\ ) OH + 2
OH e
Carbonato de glicerol Glicidol

Figura 14. Esquema de la reaccidn catalitica de descarboxilacion de GC para la obtencion de
glicidol.
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Para este propdsito se depositaron 1,77 g de carbonato de glicerol en un
matraz de fondo redondo de 3 bocas acoplado a un reflujo, el cual fue calentado a
150 °C durante 16 h bajo atmoésfera inerte. Una vez completada la reaccion, los
productos de reaccion fueron analizados mediante cromatografia de gases, siguiendo
la metodologia descrita en la seccion 3.5.1. La conversion de carbonato de glicerol y
selectividad a glicidol se calcularon utilizando las ecuaciones (11) y (12),

respectivamente.

% Cc nimero de moles de GC convertido X 100 (11)
GC=— ——
niamero de moles de GC iniciales
. . numero de moles de GC convertidos a glicido
%S g de moles de GC tid licidot X 100 (12
Glicidol=

numero de moles de GC convertidos
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Synthesis and characterization of hydrocalumite-type materials

4.1. Background about the synthesis of hydrocalumite-type materials

Hydrocalumite-type materials are part of the family of Layered Double
Hydroxides (LDHSs). The hydrocalumites are formed by layers of Ca and Al
hydroxides, and by CI" anions in the interlaminar space to compensate the positive
charge of the layers. These materials are known as “Friedel’s salt”, and present the
following formula: Ca,Al(OH)sCI-2H,0O (see Figure 6, Chapter 3.1).2%]
Hydrocalumite-type materials have attracted much interest in research studies due to
its multiple applications in catalysis;**?! in the pharmaceutical industry (due to its
no-toxicity);®*? in water treatment plants;®****! and in the optimization of
concrete properties, among other uses.*>##7]

There are different methodologies to synthesize hydrocalumite-type
materials reported in the literature. Mora et al. (2011) introduced the Sol-Gel
method, in which calcium propionate was dissolved in ethanol (containing a small
amount of HCI) under refluxing with stirring, and the resulting solution was mixed
with acetone containing aluminium acetylacetonate. This mixture was adjusted to
pH 10 with ammonia until a gel was formed, and finally, the gel was isolated by
centrifugation, washed and dried in a stove.[*! The same authors also reported the
synthesis of CaAl-LDH by the method of homogeneous precipitation with urea,
which consists of adding solid urea to a solution containing calcium and aluminium
nitrates in a Ca/Al ratio of 2. The transparent solution obtained was heated at 100 °C
and the resulting solid was washed and dried./*!

Another methodology for the synthesis of hydrocalumites is that used by
Cota et al. (2010) which consists of a hydrolysis reaction of the Ca and Al
containing alkoxides (calcium methoxide and aluminium triethoxide in a Ca/Al ratio
of 2). These compounds were simultaneously dissolved into a beaker with water at
room temperature. A gel was immediately formed, which was aged for 18 h at 0, 25
and 60 °C under stirring in an inert atmosphere and pH of 13.4. The gels obtained
were separated by centrifugation and washed with distilled water and ethanol, and
finally dried.*!
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Zhang et al. (2012) reported the synthesis of CaAl-LDH by hydrating
freshly prepared tricalcium aluminate in a CaCl, solution by the following
procedure: a solid phase reaction was used to synthesize tricalcium aluminate by
heating CaCO; and low-alkali Al,O3 in a molar ratio of 3:1 at high temperature until
the free lime content was reduced to below 0.5 %. The solid phase was mixed with
CaCl,-6H,0 solution. The suspension was continuously shaken for more than 18 h
under N, at 55 °C, during the hydration process. Finally, the suspension was filtered,
washed with water and dried overnight.*

Although there are various methods of synthesis of hydrocalumite-type
materials, the most used is the coprecipitation of salts, typically chloride and nitrate
salts. Ldpez-Salinas et al. (1996) reported the synthesis of hydrocalumite-type
materials by the co-precipitation method."?! They prepared a Ca—Al solution by
dissolving AlI(NO3)3-9H,0 and Ca(NO3),-4H,O in distilled water (with a Ca/Al
molar ratio of 2). This solution was added dropwise to a NaOH solution and kept
under stirring in an inert atmosphere. The resulting gel was refluxed by using a
glycerin bath at 80 °C for 12 h, constant agitation and controlled pH at 11. The
mixture was filtered, washed up with abundant distilled water and dried at 100 °C
for 18 h.

Other authors follow the methodology reported by Birnin-Yauri et al.
(1998)F to synthesize hydrocalumites by the coprecipitation method. That is, by
adding tricalcium aluminate slowly to a CaCl, solution under vigorous stirring.
Then, the mixed suspension was aged between 45 and 55 °C for 24 h under stirring,
with a final pH of 10.5. The precipitate was finally filtered, washed and dried at 100
OC.[34’39'43]

The most common CaAl-LDH is synthesized from chloride salts. Vieille et
al. (2003) synthesized hydrocalumites by following the methodology by Miyata, !
who synthetised hydrotalcite-type materials by the coprecipitation method using
chloride and nitrate salts. In the Vieille’s synthesis a mixed solution of 0.66 M
CaCl,-2H,0 and 0.33 M AICl;:6H,0 was added dropwise to a reactor previously
filled of a mixture of water and ethanol in a 2:3 volumetric ratio at 65 °C under

vigorous magnetic stirring and nitrogen atmosphere. The pH was kept constant at
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11.5 by the simultaneous addition of 2 M NaOH. The precipitate was aged in the
mother solution for 24 h. The precipitate was centrifuged, washed and finally dried
under vacuum at room temperature.’®! Segni et al. (2006) also used the methodology
by Miyata, but the synthesis was carried out at room temperature under vigorous
stirring and nitrogen atmosphere and the precipitate obtained was aged in the mother
solution at 65 °C for 24 h.[**!

Mora et al. (2011) used the methodology proposed by Lopez-Salinas but
with some variations. First, they prepared two solutions containing calcium nitrate
and aluminium nitrate. The mixture was slowly dropped over to a Na,COj3 solution
at pH 10 at 60 °C under vigorous stirring. The suspension obtained was kept at 80 °C
for 24 h, after which the solid was filtered and washed.**!

Sankaranarayanan et al. (2012) employed the methodology described by
Miyata, but precipitating an aqueous solution of calcium and aluminium chloride in
a solution of NaCl. The aging was performed at 65 °C for 18 h under N, atmosphere.
Finally, the white precipitate was filtered, washed several times with hot water and
dried in a vacuum desiccator for 48 h.’? Guo et al. (2013) also used the
methodology of Miyata for the synthesis of hydrocalumites. However, the
precipitation temperature was kept at 25 °C and the aging was done at 65 °C for 24
h. The solid product was dried at 50 °C for 24 h.[*!

De S& et al. (2013) synthesized CaAl-LDH by coprecipitation at variable
pH. The resulting white precipitate was dried at 85 °C for 18 h under nitrogen
atmosphere. Lastly, the material was washed and dried at 35 °C.1*2

Sanchez-Cantu et al. (2013) synthesized CaAl-LDH by coprecipitation but
modifying the procedure described by Lépez-Salinas et al. Calcium and aluminium
nitrate were dissolved in deionized water. Separately, a solution containing KOH
and deionized water was prepared. Afterwards, the solution of salts was placed in a
glass reactor and the KOH solution was added dropwise into the slurry until a pH of
12.5. The slurry was aged at 60 °C for 12 h under vigorous stirring. The precipitate
was washed with hot deionized water and dried at 100 °C overnight.’?® Linares et al.
(2014) also used the methodology of Lopez-Salinas for the synthesis of

hydrocalumites to be applied as antacids."
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In the last decade microwaves have been used as a heating source in the
synthesis of several materials, such as zeolites, saponites, hectorites, etc. It is mainly
because the use of microwaves considerably reduces the synthesis time and modifies
the samples properties (e.g. higher crystallinity of the samples at a shorter aging
time), that it can be of interest for catalysis.[*3%4>"]

The hydrothermal treatments are among the most interesting applications of
the microwaves radiation. The fast heating of the suspension or solution within the
autoclave leads to significant advantages compared to high pressure steel autoclaves
used in conventional hydrothermal heating processes.®® Several authors have
studied the application of microwaves radiation in the synthesis of LDHs,®* %! put
there is only one paper about the synthesis of hydrocalumites with microwaves.
Perez-Barrado et al. (2013) synthesized hydrocalumites by the coprecipitation
method following the methodology by Vieille et al. but using microwaves during the
aging treatment. The authors reported that the hydrocalumites aged using microwave
irradiation showed larger crystallite sizes along the stacking direction than those
aged by conventional heating under the same conditions.["™

The ultrasonic-assisted synthesis is another interesting technique to modify
the properties of materials. The use of ultrasounds for the mixing of reagents leads to
materials with more homogeneous composition, smaller particles sizes and higher
specific surface areas than conventional samples.''"*#%657 Ultrasounds have been
extensively used in the synthesis and modification of LDHs materials!’>" but only
some references report the use of this technique in the preparation of
hydrocalumites. Li et al. (2013) prepared CaAl-LDH using the co-precipitation
method under ultrasounds. They added quickly AI(NO3z)3-9H,0 solutions to CaO
solutions, which were in the ultrasonic washer for 10 min, and aged for 30 min by
ultrasonic oscillation at 55 °C. The pure LDH slurry was separated through washing
and vacuum filtering, and then dried at 80 °C.1"®

LDHs have been widely characterized by Infrared and Raman
spectroscopy.’"®¢! Aditionally, many studies in the last decades used nitriles as
probe molecules in heterogeneous catalysts to analyze their acid and basic

[87-96]

strength. However, in the case of hydrocalumites there are very few
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spectroscopic studies and the adsorption of probe molecules to study their acidity-
basicity has not been performed yet.

In this section we present the results obtained in the study of the effect of
microwaves, ultrasounds and interlayer anion on the synthesis of hydrocalumite-type
materials through the classical techniques of characterization of solids (i.e. X-ray
diffraction, nitrogen physisorption, elemental analysis, SEM and TEM); as well as a
detailed Raman and Infrared spectroscopy chacterization of several prepared
samples in order to study the influence of microwaves and ultrasounds in the
synthesis of hydrocalumites. Finally, we study the acidity and basicity strength of

several hydrocalumites by the adsorption of nitriles compounds as probe molecules.
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4.1.1 Effect of microwaves, ultrasounds and interlayer anion on the

hydrocalumites synthesis

§

'

f( A 4

»

Conventionak 9'm?/g US and'MW: 25m?/g%

Abstract

Several hydrocalumites were precipitated from nitrate or chloride salts with
and without ultrasounds, and aged hydrothermally in autoclave or by refluxing with
and without microwaves. The use of ultrasounds during coprecipitation led to more
crystalline hydrocalumites whereas the use of autoclave and microwaves during
aging, favoured the formation of a secondary phase, katoite, in addition to
hydrocalumite. The presence of katoite affected the crystallization of hydrocalumite.
Hydrocalumites with nitrates as interlayer anions were slightly less crystalline than
those prepared with chloride anions. Additionally, the synthesis with nitrates
resulted in the formation of higher amounts of katoite in autoclave conditions.
Hydrocalumites exhibited thin regular hexagonal layers, as observed by SEM and
TEM, with lower particle size for the samples aged with microwaves. Interestingly,
the hydrocalumite prepared from nitrates by coprecipitation in ultrasounds and aged
under microwaves resulted in the highest surface area measured (25 m%g) according

to the additional mesoporosity observed by N, physisorption.
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Introduction

Hydrocalumite-type compounds (HC) belong to the layered double
hydroxides (LDH) family. LDHs are anionic clays with general formula [M";-
M" (OH)1[X*xq:nH,0] where [M";-M",(OH),] cation represents the layer
composition, and [X%,4-nH,0] the interlayer composition. In the particular case of
hydrocalumites, the layers are formed by [Ca,Al(OH)s]* whereas the interlayers are
composed of water molecules and anions (e.g. OH", NOz, SO,*, COz%, or CI).
[13.15,22:32,36:37.39414] Eor hydrocalumite, Ca?* and AI**, fixed in a molar ratio of two,
are seven and six-fold coordinated, respectively, being the seventh ligand of the Ca-
polyhedron a water molecule from the interlayer.’® Hydrocalumites have been
extensively used in the immobilization of toxic cations,!332%373%-4L97 the
optimization of concrete properties,™>**" and, in less extent, for catalysis due to
their basic properties.?! The structure of hydrocalumites collapses at temperatures
between 400 °C and 600 °C due to the dehydroxylation of their octahedral layers,
giving rise to the formation of an amorphous, basic Ca-Al mixed oxide, Ca(Al)Ox,
which may be also used as catalyst for organic reactions such as the Meerwein-
Ponndorf-Verley reaction,®™ the isomerization of 1-butene™ or the
transesterification of castor bean oil and methanol.?®

In the existing literature, hydrocalumites are usually prepared by the co-
precipitation of calcium and aluminium salts (typically chlorides or nitrates) with
NaOH at controlled pH in an inert atmosphere, to avoid the presence of carbonates,
and with temperature (60-80 °C), using conventional heating. Then, the
coprecipitated gel is aged by refluxing at temperatures between 60-80 °C for long
times (24-48 h).**3"% On the other hand, for the preparation of OH" containing
hydrocalumites, a direct method based on the controlled hydrolysis of Ca?* and AI**
alkoxides has been reported.”” Other hydrocalumites preparation methods are the
sol-gel methods and the homogeneous precipitation with urea.’*”

In recent years, the use of microwaves for the synthesis or modification of
materials is becoming an important tool to decrease the synthesis time, with the

subsequent energy saving, and to modify the sample properties, which can be of
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interest for catalysis.'®**%°5"%1 Additionally, ultrasounds is another interesting
technique to improve the synthesis of materials since, when used for the mixing of
reagents, allows obtaining materials with more homogeneous composition.™”"%! |n
a previous work, we synthesized hydrocalumites from chloride salts faster by using
microwaves during the aging treatment (3 h) than by conventional heating (24 h).[™

The aim of this work was to study the effect of using ultrasounds during the
coprecipitation step, and microwaves during the aging treatment of several
hydrocalumites, on their surface and basic properties. Hydrocalumites were
synthesized from nitrate or chloride salts, and during the aging treatment autoclave
or refluxing conditions were used. Several hydrocalumites were also prepared by

conventional heating (with and without ultrasounds) for comparison.

Experimental

Samples preparation

Two series of hydrocalumites were synthesized by the co-precipitation
method from different starting salts, chlorides (serie HC1) or nitrates (serie HC2), at
60 °C under vigorous magnetic stirring using deionized/decarbonated water as well
as nitrogen atmosphere. In a typical synthesis, two different aqueous solutions
containing CaCl,-2H,0 (sigma-Aldrich) and AICIl;-6H,0 (Riedel-de Haén) or
Ca(NO3),-4H,0 (sigma-Aldrich) and AI(NO3);-9H,0 (sigma-Aldrich) were
prepared with a 2:1 molar ratio of Ca?*/AI**. The solutions were added dropwise to a
500 ml four neck round-botton flack in an oil bath at 60 °C previously filled with
250 ml of a mixture of water/ethanol in a 2:3 volumetric ratio. The pH was kept
constant at 11.5 + 0.1, by the simultaneous addition of an aqueous solution of 2 M
NaOH (Panreac). After complete addition of the metallic salts, the two mother
solutions were aged by several treatments.

Four samples were aged under refluxing, two at 60 °C for 24 h under
conventional heating (HC1R,, and HC2R,4) and the other two using microwave
irradiation (Milestone ETHOS-TOUCH CONTROL) at 60 °C for 6 h (HC1RMwg
and HC2RMwg). Other six samples were prepared using an autoclave. Two of them
were aged in an oven at 180 °C for 1 h (HC1AC, and HC2AC,) and other four were
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aged in a microwave oven at 180 °C for 1 and 3 h (HC1AMw;, HC1AMwj,
HC2AMw; and HC2AMw;). Two more samples were prepared by aging the mother
solution obtained from the coprecipitation of the nitrate salts in autoclave by
conventional heating and with microwaves at 100 °C for 1 h (HC2AC100 and
HC2AMw100).

Finally, four hydrocalumites were prepared by co-precipitation of chlorides
salts and nitrates salts in the same conditions than those commented above, but using
ultrasounds instead of magnetic stirring during coprecipitation. The ultrasound
device was heated until 60 °C. Once reached the temperature, we started the
precipitation of salts under ultrasounds stirring, inert atmosphere and pH constant of
11.5. After coprecipitation, two samples were aged by refluxing under conventional
heating at 60 °C for 24 h (HC1USR,4, HC2USR,,) and two more were aged by
refluxing with microwaves at 60 °C for 6 h (HCLUSRMwg, HC2USRMw).

All samples were filtered at room temperature, washed with deionized water
and then dried in an oven at 80 °C overnight. . Table 1 summarizes the preparation

conditions used.
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Table 1. Aging treatments of hydrocalumites.

Aging
Sample Ultrasound ? - - -
Heating Technique T (°C) Time (h)
HC1R,, No conventional refluxing 60 24
HC1RMwg No microwaves refluxing 60
HC1AC, No conventional autoclave 180
HC1AMw; No microwaves autoclave 180
HC1AMw; No microwaves autoclave 180
HC1USR,, Yes conventional refluxing 60 24
HC1USRMwg Yes microwaves refluxing 60 6
HC2R,, No conventional refluxing 60 24
HC2RMwg No microwaves refluxing 60 6
HC2AC, No conventional autoclave 180 1
HC2AMw;, No microwaves autoclave 180 1
HC2AMws; No microwaves autoclave 180 3
HC2AC100 No conventional autoclave 100 1
HC2AMw100 No microwaves autoclave 100 1
HC2USR,, Yes conventional refluxing 60 24
HC2USRMwyg Yes microwaves refluxing 60 6

a During precipitation

X-ray diffraction (XRD)

Powder X-ray diffraction patterns of the samples were obtained with a
Siemens D5000 diffractometer using nickel-filtered CuKa radiation and detecting
between 28 values of 5°-70°. Crystalline phases were identified using the Joint
Committee on Powder Diffraction Standards (JCPDS) files (035-0105- Calcium
aluminium hydroxide chloride hydrate-Ca,Al(OH)sCl-2H,0, 089-6723- Calcium
Aluminun Nitrate Hydroxide Hydrate- Ca,Al(OH)¢NO3-2H,O and 089-0217-
Katoite- CazAl,(OH)1y).

Cell parameter ¢ was calculated from (006) for hydrocalumites type
chlorides and (002) for hydrocalumites type nitrates whereas cell parameter a was
calculated from (110) for both. The Rietveld method was used to perform

quantitative phase analysis of multicomponent mixtures from the X-ray powder
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diffraction data. To apply this method it is only necessary to know the crystal

structure of each phase of interest.l*!

Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES)

Elemental analysis of the samples was obtained with an ICP-OES analyser
(Induced Coupled Plasma — Optical Emission Spectroscopy) from Spectro Arcos.
The digestion of all hydrocalumites was carried out with concentrated HNO;.

Analyses were performed by triplicate.

Scanning electron microscopy (SEM)
Scanning electron micrographs were obtained with a JEOL JSM-35C
scanning microscope operating at an accelerating voltage in the range 15-30 kV,

work distance of 14 mm and magnification values between 5000 and 30000x.

Transmission electron microscopy (TEM)

Transmission electron microscopy of the samples was performed using a
JEOL electron microscope Model 1011 with an operating voltage of 80 kV. Samples
were dispersed in acetone and a drop of the suspension was poured on to a carbon
coated cooper grip and dried at room temperature before measurements. The

magnification values used were between 20 and 100 k.

Nitrogen Physisorption

BET areas were calculated from the nitrogen adsorption isotherms at -196
°C using a Quadrasorb Sl. Automated surface area & Pore Size Analyzer and a value
of 0.164 nm? for the cross-section of the nitrogen molecule. Brunauer, Emmett and
Teller (BET) theory were applied to calculate the total surface area of the samples.

Samples were degassed at 90 °C, to avoid degradation of the hydrocalumites.

Thermogravimetric analysis (TGA)

Thermogravimetric analyses were carried out in a Perkin Elmer TGA 7
microbalance equipped whit a 20-1100 °C programmable temperature furnace. The
accuracy was + 1pg. Each sample was heated in an N, flow (80 cm®) from 25 °C to
1100 °C at a rate of 5 °C/min.
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X-ray diffraction (XRD)

XRD patterns of the samples obtained from chloride salts (HC1) presented
only one crystalline phase corresponding to hydrocalumites (Fig. 15), except for the
samples aged in autoclave with microwaves (Fig. 15d and e), and the samples
coprecipitated under ultrasounds (Fig. 15f and g), where we also observed
additionally the presence of katoite in low amounts (Table 2). Katoite is a non-
layered double hydroxide with formula CazAl,(OH);,.'%%
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Figure 15. XRD patterns of the samples obtained from chlorides salts a) HC1R,,, b)
HC1RMwg, ¢) HC1AC,, d) HC1IAMw;, e) HCIAMws; f) HC1IUSR,4 and g) HCLUSRMwye.

(®) Calcium aluminium hydroxide chloride hydrate phase (@) katoite phase.

Table 2 summarizes some characterization data obtained from XRD
patterns. The full width at half maximum (FWHM) of the basal reflection plane
(006) is usually taken to evaluate the crystallinity in the stacking direction. The
sample aged by refluxing with microwaves (HC1RMwsg) showed higher crystallinity
than that prepared by conventional refluxing (HC1Ry). Therefore, the use of
microwaves allowed us to obtain one hydrocalumite with higher crystallinity at

much shorter time (6 h in front of 24 h). However, when comparing the sample aged
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in autoclave under microwaves at 180 °C for 1 h (HC1AMw;) with that obtained in
autoclave by conventional heating at the same temperature and time (HC1AC,), we
observed higher stacking order for the sample aged by conventional heating. This
can be related to the presence of an additional phase (katoite) for the sample aged
with microwaves (Fig. 15d). Precipitation of katoite could affect the crystal growth
in the stacking direction of the hydrocalumite phase, which is forming
simultaneously. At longer aging time in autoclave under microwaves (HC1AMws),
crystallinity of hydrocalumite increased, as expected. Regarding the samples
coprecipitated under ultrasounds (HC1USRy;, HCIUSRMwg), they showed lower
FWHM values, and consequently higher cristallinity, than their corresponding
samples coprecipitated without ultrasounds (HC1R,;, HC1RMwsg) in spite of the
presence of very low amounts of katoite (Table 2), and independently of the heating
used during aging. Therefore, the use of ultrasounds during precipitation favours
crystallization in stacking direction.

The crystallinity of the lamellas can be evaluated by comparing the FWHM
values measured for the (110) plane (Table 2). For the samples aged by refluxing,
the tendency was the same than that observed in the stacking direction since the
sample aged with microwaves (HC1RMwsg) had lower FWHM value than that of the
sample aged by conventional heating (HC1R2,). However, for the samples aged in
autoclave, the use of microwaves led to an increase in the crystallinity of the layers,
contrarious to the behaviour observed in the stacking direction. Therefore, the
presence of katoite during the formation of hydrocalumite affects more the
crystallinity order in the stacking direction than in the layers. For the samples aged
with ultrasounds, the crystallinity of the layers was higher than that of the
corresponding samples aged without ultrasounds independently of the heating
source used for aging. This tendency was the same than that observed in the stacking

direction.
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Table 2. Characterization results of the samples.

Average

c a FWHM FWHM BET Pore Pore

Samples A) A) (0025006) (110) °) Ca/Al Age_al Diameter Voltsjrple

) (m'gh) Ry (emgh)
HC1Ry, 46.71 5.75 0.30 0.18 1.98 13 248 0.09
HC1RMwsg 4715 5.76 0.16 0.17 1.87 10 282 0.07
HC1AC, 46.92 5.75 0.14 0.15 1.96 7 200 0.04
HC1AMw;, 46.72 5.75 0.20 0.14 1.93 10 190 0.05
HC1AMw; 46.93 5.75 0.11 0.14 2.12 10 290 0.07
HC1USRy, 47.00 5.75 0.15 0.14 1.97 6 364 0.05
HCIUSRMwg  46.94 5.75 0.15 0.15 1.88 7 230 0.04
HC2R,4 1754 574 0.28 0.17 1.79 9 308 0.07
HC2RMwg 16.75 5.75 0.41 0.19 1.63 9 184 0.04
HC2AC, 17.24 5.74 0.23 0.19 1.76 10 224 0.04
HC2AMw;, 17.12 5.74 0.35 0.18 1.42 11 236 0.06
HC2AMw; - - - - 1.38 12 266 0.07
HC2USR,,4 17.25 5.75 0.23 0.17 1.78 16 238 0.11
HC2USRMwg  17.25 5.74 0.19 0.17 1.85 25 254 0.16

FWHM: Full width at half maximum

The structure of hydrocalumite [Ca,Al(OH)e]CI-2H,0 is indexed in the
rhomboedral lattice system belonging to the group R3c (N° 161) with theroretical a
and ¢ parameter values of 5.75 A and 46.85 A, respectively.™™™ Cell parameters (a
and c) were calculated from the interplanar distances (110) and (006), respectively
(Table 1). Lattice parameter a is related to the isomorphic substitution between Ca®*
and AI** whereas ¢ parameter depends on the charge and size of the anion between
the brucite layers. Cell parameter a was very similar for all the hydrocalumites, with
values around 5.75 A, in agreement with the theoretical value. This should be related
to a similar stoichiometry for all samples. For cell parameter ¢, with the same type
and number of anions, the slight differences observed between the samples can be
attributed to some differences in the hydration degree.

Fig. 16 shows the XRD patterns of the samples prepared from nitrate salts
(HC2 samples). On the whole, a mixture of hydrocalumite and katoite crystalline
phases was observed for all samples in different relative proportions depending on

the aging performed (Table 2). The formation of katoite was more favoured in
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autoclaved samples, and using microwaves at longer aging times. Actually, katoite
practically became the only one phase (85 %) for the sample aged in autoclave with
microwaves at longer aging time (HC2AMws;) (Fig. 16e).
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Figure 16. XRD patterns of the samples prepared from nitrate salts a) HC2R,4, b)
HC2RMwg, ¢) HC2AC,; d) HC2AMw;, e) HC2AMw; f) HC2USR,, and g) HC2USRMws.

(®@)Calcium Aluminun Nitrate Hydroxide Hydrate phase (®) katoite phase.

In order to confirm the effect of microwaves, two more samples were
synthesized from nitrate salts and aged in autoclave by microwaves or conventional
heating at lower temperature (100 °C) for 1 h (HC2AMw100 and HC2A100,
respectively). Figure 17 depicts the XRD patterns of these two new samples.
Crystalline katoite phase was clearly detected for the sample aged with microwaves
at 100 °C but no for the sample aged by conventional heating at the same
temperature. From these results we can conclude that microwaves have a kinetic
effect accelerating the formation of the katoite phase in front of hydrocalumite. The
layer construction of hydrocalumite probably has lower rate of formation than
katoite, a nonlayered compound. It is well known that microwaves can accelerate
organic reactions (oxidation, polymerization, reduction),"® and inorganic synthesis

(zeolites, clays),['®**%557%! among others.
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Hydrocalumites with nitrates as interlayer anions (Fig. 16, Table 1) were
slightly less crystalline than those prepared with chloride anions at the same
conditions (Fig. 15, Table 1). Therefore, the interlayer anion affects the way to
construct the stacking of the hydrocalumite layers. This can be related to the higher
repulsion of the larger nitrate anions in the interlayers, as previously reported.’! In
fact, both hydrocalumites present different crystalline system (rombohedral with

chlorides and hexagonal with nitrates).
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Figure 17. XRD patterns of the samples prepared from nitrate salts a) HC2AC100, b)
HC2AMw100. (red line) Calcium Aluminun Nitrate Hydroxide Hydrate phase, (green line)
katoite phase.

Table 2 shows the results obtained for the full width at half maximum
(FWHM) and of the hydrocalumite phase calculated from the reflections (002) and
(110), and cell parameters a and c, calculated from the interplanar distances (110)
and (002), respectively, for HC2 samples. These data were not calculated for
HC2AMw; because its XRD practically did not show the hydrocalumite phase (Fig.
16e). By comparing the samples obtained by refluxing by conventional heating
(HC2R,4) or under microwaves (HC2RMwg) crystallinity of the hydrocalumite
phase in the stacking direction and in the lamellar plane was higher for the sample
aged by conventional heating (Fig. 16a and b). Taking into account that XRD
pattern of HC2R,, practically only had the hydrocalumite phase, whereas that of
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HC2RMw; clearly showed the presence of a mixture of hydrocalumite and katoite
phases, we can conclude that, again, the presence of katoite seems difficult the
crystallization of the hydrocalumite phase. The same tendency was observed in the
stacking direction when comparing HC2AC; and HC2AMw;, aged in autoclave by
conventional heating and with microwaves, respectively (Table 2). However, in the
lamellar plane, the crystallinity of the sample aged with microwaves was higher than
that of the sample aged by conventional heating. Therefore, the presence of katoite
affects more the crystallinity of the hydrocalumites in the stacking direction, as
observed in samples HC1. Regarding the samples coprecipitated under ultrasounds
(HC2USR,4, HC2USRMwg), we observed lower FWHM values in the stacking
direction, and in the layer direction than those corresponding to the samples
prepared without ultrasounds (HC2R,4, HC2RMws), especially for the sample aged
with microwaves (HC2USRMwg) (Table 1). From these results, we can confirm that
the use of ultrasounds favoured crystallinity of the resulting hydrocalumites, as
previously observed for samples HC1.

The structure of hydrocalumite [Ca,Al(OH)s]NO3-2H,0 is indexed in the
hexagonal lattice system belonging to the group P-3c1 (N° 165) with theroretical a
and ¢ parameter values of 5.74 A and 17.23 A, respectively. Cell parameters values
of samples HC2 follow the same tendencies than those observed for samples HC1.
Cell parameter a was practically the same for all samples in agreement with the
theoretical value (Table 2) whereas the slight differences observed for cell parameter
c can be related to some differences in the hydration degree since the type and

number of anions should be similar.

Inductively Coupled Plasma- Optical Emission Spectroscopy (ICP-OES)

The analysis of the atomic composition of the samples synthesized from
HC1 samples (Table 2) led to a Ca/Al molar ratio of about 2, in agreement with the
Ca/Al molar ratio of the starting solutions used for co-precipitation, except for the
sample aged at longer time in autoclave with microwaves (HC1AMws;), which had
slight higher Ca/Al molar ratio. Longer aging times in autoclave with microwaves

could involve some dealumination of the hydrocalumite layers, explaining the
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higher Ca/Al molar ratio of HC1AMws. This effect was previously observed in the
preparation of hydrotalcites with microwaves.™®!

Ca/Al molar ratio values of the samples prepared from HC2 samples were
lower than those obtained for the samples synthesized from chloride salts (Table 2).
There is a correlation between the amount of katoite phase and the decrease in the
Ca/Al molar ratio observed for the HC2 samples. Thus, the sample with the highest
amount of katoite showed the lowest Ca/Al ratio (Table 2). This can be associated
with the lower Ca/Al molar ratio of katoite (CazAl,(OH)y2), which is 1.5.

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM)

Figure 18 shows the SEM images of several HC1 and HC2 samples,
synthesized by different aging treatments from chloride and nitrate salts,
respectively. All samples showed the formation of thin regular hexagonal crystals
corresponding to the hydrocalumite-type compound with some overlay of the layers
except the sample HC2AMws; (Fig. 18j), where non-layered particles were observed
since this sample is composed by katoite, a non-layered calcium aluminium
hydroxide compound. On the whole, the samples aged with microwaves (by
refluxing or in autoclave) exhibited lower particle sizes than those aged by
conventional heating. Interestingly, samples prepared from nitrate salts using
ultrasounds during coprecipitation showed different particle size distribution (Fig.
18k and 18l) than those synthesized at the same conditions but from chloride salts
(Fig. 18e and 18f). This can be again related to the presence of larger nitrate anions
in the interlayers, which should affect the construction of the hydrocalumite

structure, as commented above.
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T10um
Figure 18. SEM images of a) HC1R,; (x20000) b) HC1RMws (x10000) ¢) HC1AC,
(x20000) d) HC1AMw; (x10000) €) HC1USR,, (x10000) f) HCIUSRMws (x5000) )
HC2R, (x10000) h) HC2RMwg (x10000) i) HC2AC, (x20000) j) HC2AMw; (x9000) k)
HC2USRy, (x11000) 1) HC2USRMws (x19000).

TEM images allowed us to confirm the observation of well-formed
hexagonal sheets corresponding to the hydrocalumite phase for all samples (Figure
19). The average size of the particles was, in general, 0.5-2 um. The micrographies
of the samples HC2USR,, (Fig. 19g) and HC2USRMw; (Fig. 19h) showed more

aggregated layers, probably because of the presence of particles with different size.
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Figure 19. TEM images of a) HC1R,, (x50000) b) HCIRMws (x20000) ¢) HC1USR
(x15000) d) HCLUSRMws (x25000) €) HC2R,, (x40000) f) HC2RMws (x30000) g)
HC2USR,4 (x12000) h) HC2USRMw (x30000).

Nitrogen Physisorption

HC1 and HC2 samples exhibited nitrogen adsorption-desorption isotherms
of type 1V, according to IUPAC classification, with average pore diameters in the
range of mesopores (Table 2). On the whole, all samples showed low surface areas
and low pore volumes. This agrees with the results reported by other authors for
conventionally prepared hydrocalumites.”®* Interestingly, samples HC2
precipitated from nitrate salts using ultrasounds for stirring had the highest surface
areas values (Table 2). It is important to remark that the sample HC2USRMwg
achieved the highest surface area (25 m?%g) found in the literature for
hydrocalumites compounds.

For HC1 samples, the slight differences observed between the surface areas
measured could be explained taking into account two main contributions: higher
crystallinity of hydrocalumite led to low surface area whereas the presence of katoite
in low amounts contributed to a slight surface area increase. This effect of katoite
was confirmed regarding the results of the samples HC2 prepared without
ultrasounds, where the highest surface area corresponded to the sample HC2AMws;,
which was mainly composed of katoite (Fig. 16). The higher surface area measured
for the samples HC2 precipitated under ultrasounds, especially for that aged under
microwaves (HC2USRMwg), could be attributed to a interparticle mesoporosity

between larger and smaller particles, as confirmed by comparing the pore size
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distribution graphic of samples HC2RMw;s and HC2USRMwg, in which additional
mesoporosity of higher diameter size was observed for the sample coprecipitated
with ultrasounds (Figure 20). This behaviour also agrees with the differences
observed by SEM and TEM for this sample with respect to the rest of

hydrocalumites prepared.
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Figure 20. Pore size distribution graphic of samples a) HC2RMw; and b) HC2USRMw.

Thermogravimetric analysis (TGA)

TGA curves of samples HC1 showed the three-weight losses characteristic
of hydrocalumite-type samples prepared from chloride salts, ! with a total weight
losses between 42 and 48.5%, as observed for a representative sample (Figure 21a).
The temperature range of the three weight losses were 90 < T <200 °C, 200 < T <
400 °C and 400 < T <1000 °C. The first weight loss can be related to the loss of
physically adsorbed water and the two water molecules computed according to the
hydrocalumite formula whereas the second and third weight losses can be mainly
associated with dehydroxylation of the Ca-Al hydroxide layer, with the formation of

water, and the release of chloride anions as hydrogen chloride, respectively.™! The
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presence of small amounts of katoite in samples HC1AMw;, HC1AMws;, HC1USR,,4
and HC1USRMwg did not affect the profile of the TGA curve.

On the other hand, TGA curves of samples HC2 showed different profiles
depending on the composition of the samples. Thus, TGA curves of samples
HC2R,, HC2RMw,, HC2USR,; and HC2USRMwsg, mainly composed of
hydrocalumite phase (Figure 16), exhibited four weight losses (e.g. Figure 21b) with
total weight losses between 40.3 % and 47.4 %. The first step (between 90 < T <200
°C) corresponds to the removal of physisorbed water and water molecules from the
interlayer space. The second step, between 200 < T < 400 °C can be associated with
the dehydroxylation of the Ca-Al hydroxide layer, with the corresponding formation
of water. Finally, the third and fourth steps can be related to the release of [NOs]', as
NO,, in two consecutive steps between 400 < T < 800 °C. In contrast, sample
HC2AMws, which was practically katoite (Figure 16), also had a profile with four
weight losses (Figure 21c) but the loss weight for each step was clearly very
different compared with those observed for the samples mainly composed of
hydrocalumite (e.g. Figure 21b). Therefore, the main weight loss observed in the
TGA of HC2AMw; (the second weight loss) should be attributed to the
decomposition of the katoite phase, whereas the first, third and four weight losses
should be related to some physisorbed water, and some nitrate anions, respectively,

probably due to the presence of small amounts of hydrocalumite in this sample.
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Figure 21. TGA curves and derivatives of several representative samples a) HC1AC,, b)
HC2USRy,, ¢) HC2AMws, and d) HC2AMw;.

Finally, samples HC2AC;, and HC2AMw;, the XRD patterns of which
showed the presence of a mixture of hydrocalumite and katoite phase (Figure 16),
exhibited also TGA curves with four weight losses, and interestingly the second
weight loss had two contributions (e.g. Figure 21d). The main contribution of the
second weight loss for these two samples could be associated to the decomposition
of the Ca-Al layers of the hydrocalumite phase whereas the second contribution
could be attributed to the katoite phase, since the maximum of the derivative
appeared practically at the same temperature than that observed for the sample
identified as katoite (see Figures 21c and 21d).

Table 3 and Table 4 depict the values of the initial temperature of each
weight loss for HC1 and HC2 samples, respectively. These values were very similar
between the samples. Samples HC2AC; and HC2AMw; had two initial temperatures
corresponding to the second weight loss since two contributions were observed for

this peak, as previously commented. The slight higher values of the initial
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temperature of the dehydration step corresponded to the most crystalline samples. A
higher order in the stacking direction can suppose higher interactions for the
interlamellar water, and consequently, higher temperatures should be necessary to be
removed. Respect to the second weight loss, due to dehydroxilation of the layers,
again slight higher values of the initial temperature were observed for the samples

with higher crystallinity.

Table 3. Data obtained from the thermogravimetric analysis of the samples HC1.

Temperature Temperature Temperature
Sample First weight loss Second weight Third weight loss
(°C)*? loss (°C) ® (°C)®

HC1R,, 102 276 623
HC1RMwg 104 280 625
HC1AC, 108 283 649
HC1AMw;, 107 281 657
HC1AMw; 111 287 627
HC1USRy, 105 281 635
HC1USRMwg 109 283 642

a Initial temperature of the corresponding weight loss.

Table 4. Data obtained from the thermogravimetric analysis of the samples HC2.

Temperature Temperature Temperature Temperature

Sample First Second Third Fourth
weight loss weight loss weight loss weight loss
(°C)® (°C) (c)* (°C)*®

HC2R4 91 203 478 694
HC2RMwg 88 201 472 689
HC2AC, 102 208, 287 489 784
HC2AMw; 104 212,291 482 775
HC2AMws; 108 275 447 701
HC2USR,,4 101 206 481 692
HC2USRMwg 105 207 484 688

# Initial temperature of the corresponding weight loss.
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Conclusions

Several hydrocalumites were synthesized by coprecipitation of nitrate or
chloride salts with and without ultrasounds, and aged hydrothermally in autoclave or
by refluxing with and without microwaves. The presence of nitrates as interlayer
anions resulted in hydrocalumites slight less crystalline than those prepared with
chlorides, and favour the formation of katoite, whereas the use of ultrasounds during
coprecipitation led to more crystalline hydrocalumites. The use of autoclave and
microwaves during aging, especially at longer times, also favoured the formation of
katoite, in addition to hydrocalumite.

On the whole, all samples showed low surface areas and low pore volumes.
Interestingly, the hydrocalumite prepared from nitrates by coprecipitation in
ultrasounds and aged under microwaves resulted in the highest surface area
measured (25 m%g). This sample also showed an additional mesoporosity
consequence of the different particle size distribution observed by SEM and TEM

with respect to the rest of samples.
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4.1.2 Raman and infrared spectroscopy studies about the influence of microwaves

and ultrasounds in the synthesis of hydrocalumites
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Abstract

We performed the Raman, near infrared, mid-infrared and far infrared
spectra for four hydrocalumites prepared by different methods (ultrasounds or
magnetic stirring, and microwave or conventional heating). The mid-infrared and
Raman results show the characteristic bands of the hydrocalumites, as well as the
formation of the calcite phase in low amounts. Moreover, far infrared spectra
confirm the presence of the CI™ anion in the interlayer space. These results also agree
with those obtained by near infrared spectroscopy, in which the characteristic

overtone bands due to the hydrocalumites were observed.

64



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Dipdsit Legal: T 1362-2015 . .
P g Results and discussion

Synthesis and characterization of hydrocalumite-type materials
Introduction

In recent years, the family of layered double hydroxides (LDHSs) has
attracted much interest in research studies due to its multiple applications in
catalysis, in the pharmaceutical industry, in water treatment plants, among other
uses.[29:%]

LDHs exhibit a structure similar to brucite, Mg(OH),. However, some
trivalent metal cations may partially substitute the Mg?". This creates a positive
charge on the brucite layers that is compensated by the presence of interlayer anions.
LDHs have the general formula [M*1, M*(OH);][X%q-nH;0], Where [M*",.
M?**(OH),] is the cation composition of the layers, M** is a divalent ion (Mg*,
Ca”, Mn*, Co®*, Cu?*, Ni**, etc), and M* is a trivalent ion (AI**, Fe**, Ni**, Mn**,
etc.) whereas [X%,, - nH,0] represents the interlayer composition.%?

LDHs family is mainly represented by the natural mineral hydrotalcite, with
the formula MgeAl>(OH)1sCO3-4H,0. Hydrotalcites have characteristic properties,
such as anion exchange. Additionally, calcined hydrotalcites present high surface
areas, high thermal stability, basic properties and memory effect; which make them
useful in the synthesis of catalyst supports, flame-retardants, ions exchangers and
absorbents, controlled drug delivery devices and gene therapy. [*>7"78]

Other less-known LDHs are the hydrocalumites-type compounds, whose
general formula is Ca,M**(OH)s X-H,0,, in which M** is usually AI**, X represents
a charged anion (e.g. OH’, NOz, COs*, or CI).?? Specifically, the hydrocalumite
name is used when the anion is chloride. The structure of hydrocalumite
[Ca,Al(OH)6]CI-2H,0 is indexed in the rhomboedral lattice system belonging to the
group R3c with theoretical a and ¢ parameter values of 5.75 and 46.85 A,
respectively.'® These Ca/Al compounds are used in the immobilization of toxic
cations,™**34 in the optimization of concrete properties,***” and in catalysis due to
their basic properties.'*!

In the literature, numerous studies about the structure and composition of the
LDHs by Infrared and Raman spectroscopy can be found in the field of

catalysis,l’""® to study the effect of the anions in the interlaminar space,/*®" to
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confirm the anion exchange,®®! and to observe the thermal behavior in
hydrotalcite-like materials.®* %

In the case of the hydrocalumites, some authors used spectroscopy
characterization to identify the characteristic bands of this material as
complementary techniques of their studies, without going into depth in the
spectroscopic analysis. To our knowledge, there are very few spectroscopy studies
of Ca/Al-LDHs so far. Frost et al. (2010) studied the synthesis and Raman
spectroscopic characterization of Ca/Al-CO; with different molar ratio."*? Zhang et
al. (2011) studied the Na-dodecylbenzenesulfate intercalated into Ca/Al-Cl by near-
infrared and mid-infrared.® Mora et al. (2011) studied the synthesis of Ca/Al-NOj;
LDH obtained by coprecipitation, sol-gel and urea methods by near and mid-
infrared.™® However, the effect of using different stirring and aging techniques in
the salts coprecipitation method referred to the synthesis of hydrocalumite-type
materials has not been reported yet.

In this research work, we study the differences between hydrocalumites
prepared by stirring during the salts precipitation, with ultrasounds vs. magnetic
stirring; and by aging with a conventional oil bath vs. microwaves. Samples were
characterized through a detailed spectroscopic analysis using the following

techniques: Raman, near infrared, mid-infrared and far infrared spectroscopies.

Experimental

Synthesis of hydrocalumites

Hydrocalumites were synthesized by the co-precipitation method (for details
of the methodology please refer to Granados-Reyes et al.l'’®! chapter 4.1.1). An
aqueous solution containing CaCl,-2H,0 (sigma-Aldrich) and AICI;-6H,0 (Riedel-
de Haén) was prepared with a 2:1 Ca®*/AI** molar ratio under nitrogen atmosphere.
This solution was added to 250 ml of a mixture of water/ethanol in a 2:3 volumetric
ratio in an oil bath or ultrasounds, depending on the samples, at 60 °C. The pH was
kept constant at 11.5 + 0.1, by the simultaneous addition of an aqueous solution of 2
M NaOH (Panreac). Magnetic stirring or ultrasounds were used for mixing during

precipitation. After complete addition of the metallic salts, the mother solutions were
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aged by several treatments (Table 5): by refluxing with conventional heating at 60
°C for 24 h (HCRy, and HCUSRy,) and by refluxing with microwaves (Milestone
ETHOS-TOUCH CONTROL) at 60 °C for 6 h (HCRMwg and HCUSRMwg).
Finally, all samples were filtered at room temperature, washed with deionized and

decarbonated water and then dried in an oven at 80 °C overnight.

Table 5. Aging treatments of hydrocalumites.

Aging
a S
Sample Ultrasound Heating T (C) T(lrr\T)]e
HCR4 No conventional 60 24
HCRMws No microwave 60 6
HCUSR4 Yes conventional 60 24
HCUSRMwj Yes microwave 60 6

a during precipitation
Raman microspectroscopy

Synthesized samples were analyzed by Raman spectroscopy using a
RENISHAW Via Raman Microscope, equipped with a Leyca microscope with 50x
objective. Spectra were obtained by excitation with a laser of 514 nm of wavelength,
(for the range of 3000-4000 cm™); and with a laser of 785 nm (for the range of 100-
2000 cm™). In both cases, the laser power was set to 10 %. The exposure time was

of 60 s in 2 scans per spectrum, in order to improve the signal-to-noise ratio.

Mid-infrared spectroscopy

Infrared spectra were recorded on a NICOLET 380 FI-IR spectrometer.
Spectra were acquired by accumulating 100 scans at 2 cm ™ resolution in the range
of 400-4000 cm*. Samples were prepared by mixing the powdered solids with

pressed KBr disks in a mass ratio of 1:100.

Near-infrared spectroscopy

Near-IR spectra were recorded on a Jasco V570 spectrometer, in Diffuse
Reflectance, using an integration sphere, in air. Spectra were obtained from 800 to
2500 nm.
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Far-infrared spectroscopy

Far IR spectra were recorded on a Thermofisher 6700 spectrometer. Spectra
were acquired by accumulating 100 scans at 4 cm™* resolution in the range of 50—
400 cm™. For the Far IR experiments the sample powders were deposited on a

polyethylene film.

Results and discussion

In this section we start with a preliminary characterization section, in which
the results from elementary analysis and X-ray diffraction are described. Results
from this section serve as a starting point for the core results of this study, followed
by the section where the main outcomes of the Raman and mid-infrared
spectroscopy are presented. After, the results of far-infrared spectroscopy are

presented, and the last section shows the results of near-infrared spectroscopy.

Preliminary characterization

Table 6 shows some of the characterization results obtained for these
samples, which have been previously reported by Granados-Reyes et al.’®®! (chapter
4.1.1). XRD of the samples stirred during the precipitation with ultrasounds
exhibited, in addition to the hydrocalumite phase, the presence of katoite in low

amounts. Katoite is a non-layered double hydroxide with formula CasAl(OH)1..

Table 6. Preliminary characterization results of the samples*

Crystalline phases FWHM

241 A 13+

Sample (XRD) (006) (%) Ca™/Al

HCRy4 HC 0.300 1.98

HCRMwg HC 0.155 1.87

HCUSR,4 HC (94 %) + K (6%) 0.145 1.97

HCUSRMwg HC (93 %) + K (7 %) 0.148 1.88
*Values reported in Granados-Reyes et al. (2014).1%! HC: Hydrocalumite; K: Katoite; FWHM: Full width at half

maximum.

The full width at half maximum (FWHM) values of the basal reflection
plane (006), obtained by XRD, was used to evaluate the crystallinity of the samples

in the stacking direction. The sample aged by refluxing with microwaves
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(HCRMwg) showed higher crystallinity than that prepared by conventional refluxing
(HCRy4). Therefore, the use of microwaves favors the hydrocalumite crystallinity at
shorter aging time (6 h against 24 h). In spite of the low amounts of katoite observed
in the samples coprecipitated under ultrasounds (HCUSR,;,, HCUSRMwg), they
showed lower FWHM values, and consequently higher crystallinity, than the
corresponding samples coprecipitated by magnetic stirring (HCR2, HCRMws) (see
Table 6) independently on the type of heating used during aging. This means that the
use of ultrasounds during precipitation favors crystallization of the hydrocalumite in
the stacking direction.
Samples had a Ca/Al molar ratio of about 2 (Table 6), in agreement with the
Ca/Al molar ratio of the starting solutions used for co-precipitation. Samples aged
with microwaves showed slight lower Ca/Al ratio than those aged by conventional

heating.

Raman and mid-infrared spectroscopy

In this section, the main IR and Raman bands related to the hydrocalumite
phase are assigned. For the sake of clarity, spectra are presented and discussed
considering three main spectral regions: 4000- 3000 cm™, 2000-1000 cm™ and 1000-
400 cm'™.

Raman and infrared spectroscopy of the 4000-3000 cm™ region
Figure 22 shows the Mid-IR spectra in the region of 4000-3000 cm™, in

which the bands characteristic of the hydroxyl stretching region can be observed.
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Figure 22. Mid-infrared spectra of the hydrocalumites in the 4000-3000 cm™ region.

All samples presented similar IR spectra. The samples aged under
microwaves had a band at 3636 cm™ whereas for those conventionally aged this
band appeared at 3638 cm™, slightly tailing towards lower frequencies, in both
cases. Additionally, all samples exhibited two bands, one around 3486 cm?
complex, and another weak band around 3205 cm™. According to Frost et al. ! the
band at the highest wavenumber can be assigned to O-H stretching vibrations of
hydroxyl groups in octahedral layer bonded to the cations in mixed species, such as
CaAl,OH and Ca,AIOH. The bands around 3486 cm™ can be attributed to water
molecules within the interlayer interacting through H-bonds, while the assignation

of the band at 3205 cm™ is not straight forward. Frost et al. suggested that a band at
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3365 cm™ could be due to water molecules bonded to exposed hydroxyl groups at
the surface of the interlayer. Alternatively, such a low frequency band could be
assigned to water molecules bound to carbonate ions."® The Raman spectra of
these samples reveal differences between them, depending on the preparation

process (Figure 23).
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Figure 23. Raman spectra of the hydrocalumites in the 4000-3000 cm™ region.

The samples aged by conventional heating (HCR,4, and HCUSR,,4) presented
similar spectra, with bands around 3644 cm™, 3432 cm™ and 3265 cm™ with a weak
shoulder at 3595 cm™. These Raman bands correspond to the IR bands observed at
3638 cm™, 3486 cm™ and 3205 cm™, respectively. In contrast, the samples aged with
microwaves (HCRMwg and HCUSRMws) showed two bands around 3643 cm® and
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3434 cm™, and a sharp, although weak peak, at 3594 cm™. This small peak can be
attributed to the stretching mode of OH groups bonded to Ca?" cations.'® It is
worth to emphasize that the band at 3264 cm™, related to water forming hydrogen
bonds with the OH groups of the layer, was not observed for the microwaved

samples.

FOR GLYCEROL REVALORIZATION.

Raman and infrared spectroscopy of the 2000-1000 cm™ region

In the region between 2000-1100 cm™ the Raman spectrum presented very

low resolution. Therefore, the results in this region will be only explained by

infrared spectroscopy (figure 24).

Figure 24. Mid-infrared spectra of the hydrocalumites in the 2000-1050 cm™ region.
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The most characteristic vibrations of CO3> and H,O molecules can be
observed in this region for all samples. The first band, around 1470 cm?,
corresponds to the antisymmetric stretching vibration mode of carbonate (v3) bonded
hydroxyl from the brucite-like surface while the second band, around 1423 cm™, can
be attributed to antisymmetric stretching vibration of carbonate in calcite. However,
the band at 1470 cm™ disappears in HCUSR,,, evidencing another component at
1508 cm™, which was masked by the stronger absorption, whereas in sample
HCUSRMw; all these components are detectable, possibly due to carbonate in
several different coordination at the interlayer surface. Additionally, a sharp peak at
1621 cm™ appeared for all samples. This can be assigned to the HOH bending mode
of the interlayer water

Figure 25 shows a band at 1085 cm™ in Raman spectrum, for all the
samples, that can be attributed to the symmetry stretching vibrations mode of
carbonate anion in calcite (v;). In the samples in which the starting salts were
precipitated with ultrasounds (HCUSR,; and HCUSRMwg) a shoulder was also
observed at 1076 cm™, % which can be related to the interlayer carbonate bonded to
the water. This peak was only present in the samples with katoite phase. Since the
katoite has a rhombic structure, it could be inferred that the katoite affects the
laminar system so that a small amount of atmospheric carbonate inlays in the
interlayer space. The bands at 1085 cm™ and 1076 cm™ were not observed in the IR
spectra.

These results confirm the presence of carbonates in the materials since bands
were very weak. Moreover, the calcite (CaCOj3) phase was not detected in any of the
samples by XRD."%! Thus, low amounts of carbonates were in the samples despite
of using decarbonated/deionized water and an inert atmosphere during preparation to

prevent the formation of carbonates in the materials.
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Figure 25. Raman spectra of the hydrocalumites in the 1150-1000 cm™ region.
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Raman and infrared spectroscopy of the 1000-400 cm™ region

Figure 26 shows the infrared spectra obtained for all samples in the range of
1000 to 400 cm™. This figure exhibits a very weak peak at 876 cm™ for all samples
except for the HCUSR,,, in addition to a weak peak around 853 cm™. These peaks
correspond to the carbonate symmetric vibration out of plane bending (v,). The band
of v, is inactive in Raman when the CO3 ion has its ideal geometry (Dsy). When a
reduction in the geometry of the carbonate anion occurs, it is possible to observe a

weak band in Raman, as in this case we observed around 863 cm™ (Figure 27).14
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Figure 26. Mid-infrared and spectra of the hydrocalumites in the 1000-400 cm™ region.

Additionally, the infrared spectra shows a weak band around 783 cm™ that
can be attributed to water vibrational mode, which can be observed in Raman at 787
cm™ for samples HCR,, and HCUSR,, (aged by conventional heating) and at 783
cm? for samples HCRMws and HCUSRMw; (aged by microwaves). Another
important carbonate bending mode observed in this region is the vibration mode v,
(symmetric vibration in the plane bending). This appeared in Raman at 710 cm™ and

can be assigned to the calcite phase.

In the Raman spectra, a very sharp band was observed at 530 cm™, which
can be related to stretching vibrations of the Al-O-Al bonds linked to the layer
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structure. The Metal-OH bands were recorded in the infrared region between 700
cm™ and 400 cm™. Figure 27 shows three bands around 578 cm™, 527 cm™ and 423
cm’ for all samples that are assigned to Metal-O lattice vibrations (vm.on, Um-0-m and

00-M-0)-
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Figure 27. Raman spectra of the hydrocalumites in the 1000-400 cm™ region.

Far-infrared spectroscopy

The Far-IR study provides information about the cations located in the
interlayer space of the material.

Figure 28 shows the results for the four samples analyzed in the region of
400-50 cm™. According to Wang et al. (2003),1"®! the weak bands observed at 307

cm, for the samples aged by conventional heating, and at 306 cm™ for those aged
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by microwaves, can be attributed to OH vibrations in the plane of the layer and in
the stacking direction of the layer. Other band, observed for all samples around 257
cm™ was assigned to the Ca and Al vibrations in the direction of the layer, with OH

also cooperatively moving parallel to this plane.
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Figure 28. Far-infrared spectra of the hydrocalumites in the 400-50 cm™ region.

Additionally, the samples aged by conventional heating showed a band
between 200 and 212 cm™, which can be related to water motions (hydrogen bond
stretching) in the direction perpendicular to the layer, and with the contribution of
the CI" ions with translational motions parallel of the layers, respectively. The
samples also exhibited a weak band at 179 cm™ and a band around 151 cm™, except
the sample HCUSR,4. The weak first band can be related to AI®** vibrations in the
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stacking direction with a lower contribution of Ca** and OH whereas the band at
lower value can be assigned to OH of the layer bending mode vibrations in the
direction of the layer.

A band at 120 cm™ was also observed, except in HCR,, sample although in
this case, the lower frequency band could overlap it. This band is mainly due to CI’
motions in the stacking direction. The HCRy, and HCUSRMwg samples present a
band at 112 cm™ and 99 cm™, which correspond to Ca®* moving in the perpendicular

direction of the layer overlapped with AI**

and OH motions in the layer direction.
All samples show a band around 85 cm™. This band is a contribution of the
CI" in all directions (in the stacking direction and in the layer direction), as well as
interlayer water vibrations in the layer direction. The band observed at 53 cm™ in the
HCR,4 and HCUSRMwg samples can be assigned to CI” contribution in the direction
of the layer and some of interlayer water translations (hydrogen bond bending) in the
direction of the layer. In the HCRMwg and HCUSR,4 samples, we observed the
contribution of the interlayer water translations (hydrogen bond bending) parallel to

the layer, at 70 cm™.

Near-infrared spectroscopy

In the Near-IR region the overtones bands related to the hydroxyl groups
observed in the Mid-IR, can appear. Thereby, the presence of different O-H bonds in
the samples was confirmed. Near IR region study was located in the range of the
infrared spectrum between 20000 cm™ to 4000 cm™ (500-2500 nm). To facilitate the
presentation of the results, this section is presented in nm.

Figure 29 shows the results of the Near-IR study. All samples had a broad
weak band in the region of 900-1020 nm with two maximum peaks around 957 nm
and 991 nm, corresponding to the second overtone of O-H stretching vibrations of
hydroxyl groups in octahedral layers bonded to metal atoms. These bands appeared
at 3638 cm™ in the Mid-IR. Furthermore, it is possible to observe a small shoulder at
1017 nm, which can be assigned to the third overtone of O-H stretching vibrations
of hydroxyl groups in interlayer water (in mid-IR this can be observed around 3205

Cm—l).[106]
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Figure 29. Near-infrared spectra of the hydrocalumites in the 800-1100 nm (12500 cm™ to
9000 cm™) region.

In Figure 30 we can observe the spectra of the hydrocalumites in the 1200-
2400 nm (8300 cm™ to 4100 cm™) region. The spectral region between 1100 and
1600 nm showed a broad band for all samples, with 3 peaks around 1404 nm, 1438
nm and 1494 nm. These peaks correspond to the first overtone of the hydroxyl
groups. The most intense peak at 1404 and 1438 nm can be related to the first
overtone of the stretching vibrations of O-H groups bonded to metal atoms. The
shoulder around 1494 nm can be attributed to the first overtone of O-H stretching

vibrations of hydroxy! groups in interlayer water.
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Figure 30. Near-infrared spectra of the hydrocalumites in the 1200-2400 nm (8300 cm™ to
4100 cm™) region.

Finally, in the range of 1667-2500 nm, two intense bands were observed at
1963 nm and 2263 nm. The band at 1963 nm can be related to the overtones of OH
vibrations of the water, and the band at 2263 nm corresponds to overtones of

vibrational modes of carbonate ion.

Conclusions

Hydrocalumite-type materials were studied by Raman, near infrared, mid-
infrared and far infrared spectroscopies. The mid-infrared results showed the
characteristic bands of the hydrocalumites, as well as the formation of the calcite in

low amounts. Moreover, the samples stirred by ultrasounds (HCUSR,, and

80



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Dipdsit Legal: T 1362-2015 . .
P g Results and discussion

Synthesis and characterization of hydrocalumite-type materials
HCUSRMwg) exhibited a band at 1508 cm™ due to a higher adsorption of the
carbonate. Raman results confirm the presence of carbonate in these samples since
the band at 1076 cm™ can be attributed to interlayer carbonate bonded to the water
due to the presence of the katoite phase. The Far-IR spectra provide information
about the cations located in the interlayer space, and confirm the presence of the CI’
anion in the interlayer space. Finally, near infrared spectra showed the characteristic
overtones bands of the hydrocalumites. However, it was not possible to observe
significant differences between the samples because of the similar composition of

the hydrocalumites.
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4.1.3 Nitriles compounds as probe molecules to study the acidity and basicity

strength of hydrocalumites prepared with ultrasounds and microwaves

Abstract

Four hydrocalumites were synthesized by coprecipitation of chloride salts
with and without the use of ultrasounds. All the samples were aged by refluxing
with and without microwaves. We next studied the decomposition of the
hydrocalumites, as well as their acidity and basicity by infrared spectroscopy.
Pivalonitrile and acetonitrile were used as probe molecules to be adsorbed on the
samples. Results confirmed that the thermal decomposition of hydrocalumites
occurs in successive steps.

After pivalonitrile adsorption, the samples outgassed at room temperature
evidenced very weak Brgnsted acidity. The amount of Lewis acid sites increased
after activation of the samples at 100 °C and after outgassing at 400 °C, stronger
Lewis acid sites were detected. Moreover, these samples had strong basicity due to
the O% anions, evidenced by the formation of (CH,CN) anions after acetonitrile

adsorption at high temperature.
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Introduction

Infrared spectroscopy of adsorbed probe molecules is extensively used to
study the acid and basic sites in solids. Some of the most commonly used probe
molecules are pyridine, carbon monoxide, carbon dioxide, methanol, ethanol,
chloroform, ammonia, among others. Nitrile compounds, in particular, are the most
used probe molecules in the characterization of acid and basic sites.! 1%

The adsorption of pivalonitrile (PN) is often used for surface acidity
tests.*% Pivalonitrile is a very weak base, sterically hindered by the ramification of
the alkylic chain, whose IR spectrum is characterized by a strong band observed in
the liquid phase at 2235 cm™. This band is due to the stretching of the vC=N bond,
and shifts to higher frequency when pivalonitrile interacts with electron-withdrawing
centers through its nitrogen electrons lone pair.*'”

On the other side, acetonitrile (AN) can be used to characterize both the
acidity and basicity of the materials, due to the hydrogen atoms of the methyl group
that present a proton-donor character. The rupture of the C-H bond in the methyl
groups of acetonitrile at the surface of very basic materials lead to the formation of
(CH,CN) carbanion and/or the corresponding dimeric compound, whose IR features
have been reported to fall below 2200 cm™.[811

Many studies in the last decades used nitriles as probe molecules for
zeolites, oxides and mixed oxides, to analyze their acid strength.’’” " Busca et al.
(2008) studied the adsorption and desorption of acetonitrile in different inorganic
solids (e.g. silicas, aluminas, metal oxides, protonic zeolites and clays).*? Aboulayt
et al. (1995) studied the mechanism of acetonitrile hydrolysis on hydroxylated
zirconium dioxide;® and Morterra et al. (2002) studied the acetonitrile adsorption
at room temperature in several ZnO,-based systems for their surface
characterization.® There are fewer studies focused on the characterization of basic
sites as well as acidic sites. Koubowetz et al. (1980) studied the adsorption of
acetonitrile to analyze its interactions with the atoms of MgO.® Prinetto et al.
(2004) also investigated the acid-basic properties and nature of Pd phases and the

metal-support interactions in Pd/Mg(Al)O catalysts obtained from hydrotalcites and
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in Ni-LDH based catalysts. These studies were performed by FTIR spectroscopy
using acetonitrile and carbon monoxide as probe molecules.***?

Hydrotalcites are part of the family of Layered double hydroxides (LDHSs),
being the most common compounds. Hydrocalumites (Ca/Al-LDH) are also LDHs
compounds with formula CazAI(OH)GCI-ZHZO.[ZZ] These materials are used in
catalysis due to their basic properties,?*?"®! and are frequently applied for
environmental applications such as the immobilization of toxic cations or
surfactants. 332343

Many studies used nitriles as probe molecules to analyse the acid or basic
strength in solid catalysts.®”"*®! However, the acidic and basic properties of the
hydrocalumites have not been deeply studied although these properties are of major
interest for understanding of catalytic reactions.*™

The aim of this paper is to study the acidity and basicity of several
hydrocalumite-type materials by infrared spectroscopy, through the adsorption of
pivalonitrile and acetonitrile as probe molecules. Special attention will paid to study
the effect of using ultrasounds during precipitation and microwaves for aging

compared with conventional stirring and heating methods.

Experimental

Preparation of materials

Hydrocalumites were synthesized by the co-precipitation method. For
details of the methodology please refer to Granados-Reyes et al.'®! (chapter 4.1.1).
An aqueous mother solution containing CaCl,-2H,O (sigma-Aldrich) and
AICl;-6H,0 (Riedel-de Haén) was prepared with a 2:1 Ca?*/AI** molar ratio. The pH
and the temperature were kept constant at 11.5 + 0.1 and 60 °C, respectively.
Magnetic stirring or ultrasounds were used for mixing during precipitation. After
complete addition of the metallic salts, the mother solution was aged by several
treatments (described in Table 7) using microwaves or conventional heating, under
refluxing at different conditions.

Finally, all samples were filtered at room temperature, washed with

deionized and decarbonated water and then dried in an oven at 80 °C overnight.
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Table 7. Aging treatments of hydrocalumites.

Aging
a =
Sample Ultrasound Heating T (°C) T(lrr:;e
HCR24 No conventional 60 24
HCRMwg No microwave 60 6
HCUSR,4 Yes conventional 60 24
HCUSRMwg Yes microwave 60 6

aduring precipitation
FT-IR in situ study of thermal decomposition.

Pure powder disks of the hydrocalumite materials have been outgassed at
increasing temperatures up to 400 °C in the IR cell directly connected to oven and
gas manipulation apparatus. Spectra were recorded at room temperature immediately
after the heating step by means of on a NICOLET 380 FT-IR spectrometer, DTGS
detector, KBr beamsplitter. Spectra were acquired by accumulating 100 scans at 4

cm * resolution (OMNIC software).

FT-IR study of the acid strength of hydrocalumites-type materials by pivalonitrile
adsorption

Pivalonitrile (PN) was used as probe molecule adsorption to study the acid
strength in the samples. Pressed disks of pure material were prepared with weights
among 16 and 22 mg of sample. These were activated at 400 °C for 1 h under
vacuum into the IR cell connected to a gas manipulation apparatus. Pivalonitrile
(0.09 Torr at equilibrium) was introduced at room temperature and evacuated at the
same temperature to eliminate physisorbed species. Stepwise adsorption and
desorption was continued at 100 °C and 400 °C. The infrared spectra of the
adsorption and desorption of pivalonitrile were subtracted, once at a time using the
OMNIC software.

FT-IR Study of the basic strength of hydrocalumites-type materials by acetonitrile
adsorption

Acetonitrile (AN) was used to study the basic strength of hydrocalumites by
adsorption at increasing temperatures. Pressed disks were prepared of pure catalyst

powder and activated by outgassing at 400 °C for 1 h in the IR cell. Once activated
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the sample, the acetonitrile was adsorbed on the surface of the material at room
temperature. Stepwise acetonitrile adsorption was continued to 400 °C, and spectra
of both adsorbed species and gas phase species were recorded. In the last step, the
sample was evacuated at 400 °C to evidence strongly adsorbed species at the
catalytic surface.

Results and discussion

In situ thermal decomposition studies of hydrocalumite-based materials.
In figure 31 we depict the spectra of pure powder HCR,, sample submitted
to outgassing at increasing temperature as an example of the hydrocalumite thermal

evolution spectra.

R.T
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Figure 31. FT-IR spectra of pure powder HCR,, recorded at increasing temperatures (from
top to bottom: room temperature, 100 °C, 200 °C, 300 °C, 400 °C)

Clearly, the spectrum recorded at room temperature showed as main features
bands those due to carbonate bulk species, characterized by strong and ill-resolved
absorption about 1450-1400 cm™, and corresponding overtones at about 1800 and
2500 cm™, and bands due to adsorbed water, characterized by the sharp and strong

deformation mode at 1630 cm™ and by a broad and weaker band in the range 2200-
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2000 cm™, due to overtones. Correspondingly, the OH stretching region was
composed by a broad absorption extending from 3750 to 3000 cm™, due to surface
OH groups and adsorbed water interacting through H-bonds. A very weak and
diffuse absorption centred at 3000 cm™ has been previously assigned to stretching
vibrational modes of water molecules in the interlayer, interacting with the chloride

anions.**¥

Increasing the pretreatment temperature at 100 °C resulted in the
desorption of molecularly adsorbed water, thus to the disappearance of the band at
1630 cm™ and the weakening of the broad bands in the range 3750-3000 cm™. This
step should correspond to the first weight loss recorded by TG analysis for these
materials, therefore, to the loss of physically adsorbed water and the loss of almost
all interlayer water molecules, which was complete around 200 °C.1%]
Correspondingly in the high frequency region of the spectrum we were able to
discriminate several components in the OH absorption band, also detectable after
heating at 200 °C. Maxima can be detected at 3180 cm™ ca, 3550 cm™, and 3650 cm”
! assigned to H-bound interlayer water, strongly bonded to M-OH groups of the
hydrocalumite structure.

Further heating in the 200-400 °C range led to the disappearance of all the
high frequency components and to the formation of a weak and broad band centred
at 3550 cm™. This interval corresponds to the second weight loss detected by TG
and assigned to the dehydroxylation of the Ca—Al hydroxide layer. At 400 °C the
collapse of the lamellar structure of hydrocalumite to oxide phases (CaO and
mayenite) is likely to occur.

Nevertheless, bands due to carbonate species were still the main features of
the spectrum at all the temperatures considered. Indeed decarbonation of similar
materials has been reported to occur at temperatures higher than 700 °C.1**4

The comparison of several materials after the same treatment in vacuum at

400 °C arose some differences (Figure 32).

87



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Leg%ﬁiAgTé%6 -2015

HCRMw

HCUSR,,

Intensity [a.u] Al= 0.5

HCUSRMw

4000 3750 3500 3250 3000 2750 2500 2250 2000 1750 1500
Wavenumbers (cm™)

Figure 32. FT-IR spectra of pure powder hydrocalumites recorded after outgassing at 400
°C. Bottom spectrum: reference Mg-HT

After the analysis of the IR spectra recorded at increasing temperatures, we
chose to carry out PN adsorption over the catalyst surfaces pretreated in vacuum at
three significant temperatures: i) prolonged outgassing at room temperature (i.e. in
the presence of physisorbed water and carbonates); ii) outgassing at 100 °C (i.e.
removal of physisorbed water and mostly of interlayer water); iii) outgassing at 400
°C (i.e. deep dehydroxylation and likely loss of lamellar structure). Results are

discussed in the following paragraph.

Analysis of the vC=N modes of pivalonitrile (PN) with acid sites.

In Figs. 33 and 34 the spectra of pivalonitrile adsorbed on the hydrocalumite
samples in the C=N stretching region are reported. For each sample the upper
spectra were those recorded in contact with PN gas (the gas-phase spectrum was
subtracted) while the lower one (dotted line) was recorded after outgassing.

First, we studied the pivalonitrile adsorption at room temperature. Figure 33
shows the IR subtraction spectra of adsorbed PN at room temperature for all samples

in the range of frequency from 2300 to 2200 cm™. Samples aged by conventional
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heating (HCR,, and HCUSR,,) exhibited a broad and complex band with two
maxima at 2247 and 2238 cm™ in HCR,,, and at 2253 and 2240 ¢cm™ in HCUSR .
The bands at 2238 cm™, in HCRy4, and 2240 cm™, in HCUSR,, were only very
slightly shifted by the interaction with the surface in comparison with the liquid PN
spectrum and can be assigned to H-bonded species over non-acidic OHs. The band
at 2247 cm™, only observed in HCR,4, corresponded to PN interacting with weakly
Bransted acid sites whereas the band at 2253 cm™, only appeared in HCUSRy,, can
be related to the formation of medium-weak Lewis acidity sites, which may be due

to exposed Ca’* ions in surface defects.

Al=0.06

Absorbance Intensity [a.u.]

2300 2275 2250 2225 2200

Wavenumbers [cm ]

Figure 33. FT-IR subtraction spectra of the surface species arising from room temperature
PN adsorption (black line) and desorption (dotted line) over samples: (a) HCR,4, (b)
HCRMwg, () HCUSR,, and (d) HCUSRMwg. C=N stretching region.
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Samples aged by microwaves (HCRMwg and HCUSRMwg) showed a broad
band composed by three maxima. The first maximum was observed at 2238 cm™, in
HCRMw; and at 2240 cm™ in HCUSRMwg (as for its corresponding conventional
heated sample); the second maximum at 2247 cm™, as in HCRy; and the third
maximum around 2254 cm™, as in HCUSR,,. Additionally, a weak band at 2281 cm’
! can be observed in the HCRMwg sample. This band can be assigned to PN that
interacts with medium-strong Lewis acid sites.

Moreover, it is important to note that the first maximum, related to H-
bonded species over non-acidic OHs, shifted to higher frequency values for the
samples prepared with ultrasounds (HCUSR,4; and HCUSRMws) when compared
with those synthesized by magnetic stirring (HCR24, and HCRMwg).

After evacuation at room temperature, all the IR bands significantly reduced
in intensity and slightly changed in shape and position. In detail, bands below 2250
cm™ (i.e. the band at 2247 cm™ as well as the bands around 2238-2240 cm™ ) almost
disappeared or were strongly weakened for all samples while the band above 2250
cm™ remained but shifted to lower frequencies. This behavior of the low frequency
bands is in agreement with the assignation to nitrile species weakly bound. On the
other side, the shift of the high frequency band, more resistant to outgassing as
expected for nitriles coordinated over Lewis sites, could be due to the low PN
coverage consequent to outgassing of the sample. The band around 2281 cm™, only
detected in the HCRMwjg sample spectrum at room temperature, also weakened.

Next, we proceed to study the pivalonitrile adsorption at 100 °C. Figures 34-
A and 34-B, show the corresponding spectra for the samples stirred with magnetic
stirrer, HCRy4 and HCRMwg, respectively. The two spectra were similar to those
obtained when the pivalonitrile was adsorbed at room temperature (Figure 33) but
they presented a new shoulder at 2273 cm™, which was indeed assigned to PN
interacting with medium-strong Lewis sites, likely surface AI** exposed by the
activation of the sample at 100 °C (or Ca®* ions in a different coordination). By
degassing the HCRy4 sample, the intensity of the band around 2238 cm™ decreased,
the band at 2247 cm™ disappeared, and a new band appeared at higher frequency

(2252 cm™). In addition, the shoulder at 2273 cm™ remained. These results indicate
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that higher amounts of PN were preferentially coordinated on Lewis acid sites than
interacting with Brgnsted acid sites. For the sample aged with microwaves,
HCRMwg, after degassing, all bands shifted to lower frequencies and decreased their
intensity, except for that at 2251 cm™, which increased its relative intensity with
respect to the other peaks. This behavior confirms that at 100 °C, the amount of
weak Brgnsted acidic sites decreased while the amount of Lewis acidic sites
increased. Additionally, after degassing, the shoulder at 2273 cm™ was still detected,

confirming its assignation to PN more strongly adsorbed on Lewis acid sites.

=0.06
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Figure 34. FT-IR subtraction spectra of the adsorbed species arising from PN adsorption

(black line) and desorption (dotted line) over the samples: (A) HCRy, (B) HCRMwg, (C)

HCUSR,, and (D) HCUSRMwg. C=N stretching region.

In the case of the HCUSR,, sample, stirred with ultrasounds and aged by
conventional heating, after adsorbing PN at 100 °C, a broad band with three maxima
at 2240 cm™, 2248 cm™ and 2255 cm™ was observed (Figure 34-C). The band at
2248 cm™ was not evident in the spectrum recorded at room temperature. After
degassing, this sample presented the same behavior than HCR,4, thus, the band at
2248 cm™ became the main one of the spectrum, with a shoulder at 2240 cm™.

The HCUSRMwg sample, stirred with ultrasounds and aged with

microwaves, after adsorbing PN at 100 °C, presented two bands at 2239 cm™ and
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2254 cm™ (Figure 34-D). The relative intensity of the band at 2239 cm™ increased
with respect to the band at 2254 cm™, when compared to the spectrum of this sample
at room temperature (Figure 33). This indicates that the Lewis-to-Brgnsted acid sites
ratio decreased, obtaining a higher contribution of Brgnsted acidity due to the OH
groups. After degassing, the intensity of both bands decreased (Figure 34-D) and the
highest frequency band was predominant, according to its assignation to PN on
Lewis sites.

When performing the adsorption of PN at 400 °C, the same behavior was
observed for all samples. The spectra showed one main band in the range 2256-2258
cm™ and a shoulder around 2237 cm™ (Figure 34). A significant increase of intensity
and a shift to higher frequencies was observed for the band appearing at 2256-2258
cm™ when compared to the results obtained by adsorbing PN at 100 °C (Figure 34).
This effect can be explained by the high activation temperature of the samples. As a
matter of fact, thermogravimetry,™®! as well as IR thermal analysis, have shown that
at this temperature decomposition of the hydrocalumite structure occurs, therefore
exposing Ca and Al cations acting as Lewis acid sites.

The samples aged by microwaves exhibited bands at higher frequencies than
those aged by conventional heating. After outgassing, the band at 2237 cm™
disappeared whereas the band around 2257 cm™ remained. These results indicate
that at 400 °C the Lewis-to-Brgnsted acid site ratio increased for all samples,
although strong Lewis acid sites were not observed.

Table 8 shows a summary of the wavenumber (cm™) for PN adsorption at

different temperatures.

Table 8. Wavenumber (cm™) of PN adsorption at different temperatures

Sample r.t 100 °C 400 °C
HCRy4 - - 2247 2238 2273 - 2247 2239 2256 2237
HCRMwg 2281 2257 2247 2238 2273 2251 2242 2234 2257 2240
HCUSR,,4 - 2253 2240 - - 2253 2248 2240 2256 2240
HCUSRMwg - 2254 2247 2240 - 2254 - 2239 2258 2241

r.t: room temperature
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Analysis of the vC=N modes of acetonitrile (AN) with basic sites.

In this section, we present the results of acetonitrile adsorption at different
temperatures on the hydrocalumite samples. For each sample the spectra were
recorded in contact with AN gas at the reported temperature (the corresponding gas-
phase spectra were subtracted).

Figure 35 exhibits the spectra of the acetonitrile adsorption at different
temperatures in the C=N stretching region for the HCR,, sample. In the spectra
recorded from room temperature up to 200 °C the characteristic bands due to the
formation of carbanions, were not observed. Only the characteristic peaks of
acetonitrile at 2272 and 2305 cm™, with a shoulder at 2255 cm™ appeared. The peak
at 2255 cm™ corresponds to C=N vibrational modes due to the formation of
physisorbed species. The bands at higher frequencies are generated by the Fermi
resonance between the C=N stretching and a 8CHz + vC-C combination. This
doublet can be related to AN coordinated to Lewis acid sites on AI** jons %]
partially overlapped with the doublet corresponding to AN weakly interacting with

OH groups, in agreement with results from PN adsorption reported in the previous

section.
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Figure 35. FT-IR subtraction spectra of Acetonitrile adsorption on the sample HCR,, at
increasing temperatures (2350 to 1900 cm™).

93



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Leg%ﬁiAgTé%6 -2015

However, at 300 °C a new band at 2196 cm™ was formed, indicating a
reaction between acetonitrile and the catalyst surface (Figure 35). At 400 °C this
band was even more intense and a second band appeared around 2016 cm™. These
bands must be assigned to adsorbed species different than AN. According to
Lavalley (1996), the band at 2016 cm™ could correspond to the (CH,CN)™ carbanion
formation at the catalyst surface, stabilized by resonance, whose C=N stretching
band should fall at about 2050 cm™ depending on the exposed cations.® The band
appearing at higher frequency (2196 cm™) could be related to the anion formed by
dimerization of AN, through the reaction of the same carbanion discussed above.
The vC=N frequency of such species has been reported at about 2110 cm™ and the
corresponding vNH frequency was around 3260 cm™. P! Prinetto et al. (2004) also
detected similar species after AN adsorption at room temperature over Mg(Al)O
mixed oxides MgAl layered double hydroxides, and assigned the band at 2088 cm™
to (CH,CN) anions coordinated over Mg ions whereas the band characteristic of
polyanions was reported at 2161 cm™, with a shoulder at lower frequencies.[****
They also suggested that the preferential formation of anions or polyanions depends
on the AN partial pressure at the catalyst surface, i.e. on the AN coverage,
polyanions forming only in the presence of an excess of AN. This effect will explain
the detection of dimeric species as first adsorbed species in our experimental
conditions, where the catalyst surface is saturated with AN.

It is worth noting that the HCUSR,, sample presented the same behavior
(Figure 36) as that observed for the HCR,, sample (Figure 35). The adsorption
contact time at 400 °C was rised up to 1 h to observe possible changes in the
spectrum. In fact, a reduction in the intensity of the band around 2200 cm™ was
recorded while the band around 2000 cm™ maintained, as shown in Figure 36.
Probably, the dimeric species (those firstly detected in the spectrum) are less stable
(more reactive) than the adsorbed (CH,CN) anions. This could be explained by
some decomposition of the sample due to the high temperature used. The above
discussion indicates the high basicity of these materials. Moreover, the sample

HCUSR4 exhibited more intense peaks assigned to adsorbed anions than the HCR4
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sample at 400 °C. Therefore, the precipitation of the starting salts in ultrasonic helps

obtaining of a higher basicity in the final material.
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Figure 36. FT-IR subtraction spectra of Acetonitrile adsorption on the sample HCUSR,, at
increasing temperatures (2350 to 1900 cm™).

The spectra of the sample magnetically stirred and aged by microwaves
(HCRMwg) presented a decrease in the intensity of the peaks at 400 °C with respect
to the HCUSR,, sample (aged by conventional heating). However, the HCRMwg
sample presents an increase in the acetonitrile adsorption with respect to the
HCUSR,, sample (Figure 37). This could point out a higher reactivity towards acidic
probe molecules. In these spectra we also detected a shoulder at 2065 cm™ of the
main band at 2016 cm™. The complexity of this band suggests an increase in the
heterogeneity of the surface, exposing different cationic sites available to the

carbanion coordination.
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Figure 37. FT-IR subtraction spectra of Acetonitrile adsorption on the sample HCRMwg at
increasing temperatures (2350 to 1900 cm™).

Finally, the sample stirred by ultrasounds and aged by microwaves
(HCUSRMwg) presented a different behavior in comparison to the previous samples
since there was no formation of new bands at 300 °C or 400 °C (Figure 38). After 1
h of adsorption at 400 °C, the formation of a very weak peak was observed at 2200
cm™ (characterizing the dimerization of the CH3;CN). Despite maintaining the
adsorption up to 3 h at 400 °C, the formation of the band around 2000 cm™ was not
observed. However, an increase in the intensity of the bands at 1794 cm™ and 1075
cm™ was recorded on longer adsorption at 400 °C (Figure 38). This could be related
to the formation of acetamide type species due to nucleophilic attack of CH;C=N
with hydroxyls groups present at the surface.’® The formation of acetamide species
by hydrolysis can be also responsible for the decrease of the vOH band intensity
(around 3562 cm™). Therefore, the use of microwaves and ultrasounds during
hydrocalumite preparation resulted in different surface characteristics of the
HCUSRMwvs.
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Figure 38. FT-IR subtraction spectra of Acetonitrile adsorption over the sample
HCUSRMw; at different temperatures in the range from 4000 to 1650 cm™.

These results confirm the formation of adsorbed anions, which evidences the
strong basicity of O sites in these materials. Figure 39 shows the spectra of the four
hydrocalumites recorded after adsorbing AN at 400 °C. The band around 2200 cm™,
characteristic of the CH3;CN dimerization, increased in wavenumber in the following
order: HCUSR,; < HCR,s <HCRMwg<HCUSRMw;. The same effect was observed
with the band around 2000 cm™ (characteristic of (CH,CN)") where the variations in
wavenumber were HCUSR,, < HCR,,<HCRMwg<HCUSRMwvs.
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Figure 39. FT-IR subtraction spectra of surface species arising from Acetonitrile adsorption
on the samples at 400 °C in the range from 2300 to 1900 cm™.

The intensity of the band is another important factor to characterize basicity
since the higher intensity involves the presence of higher amounts of basic sites. The
samples show the following order regarding the (CH,CN) peak intensity: HCUSRy4
>HCRMw; > HCRy,. HCUSR,4 had the highest relative intensity of the (CH,CN)
peak, which is also complex and possibly detectable already at room temperature. It
seems that oxygen basic sites are more active in C-H bond breaking, while, at the
same time, different cations are exposed at the surface, available for anions

coordination.
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Conclusions

By TF-IR spectroscopy we checked that the thermal decomposition of these
samples occurs through successive steps of dehydration, dehydoxylation and layered
structure decomposition. Moreover, PN adsorption over the samples outgassed as
such at room temperature mainly evidenced very weak Brgnsted acidity, possibly
increased by the magnetic stirring. Ultrasounds technique during precipitation
appears to increase the amount of weak Lewis acid sites, likely Ca ions,
characterized by bands at 2253-2255 cm™. The amount of Lewis acid sites increased
after activation of the samples at 100 °C (i.e. over dehydrated surface) and after
outgassing at 400 °C, stronger Lewis sites were detected (CN stretching bad at 2258-
2259 cm™). However, at this temperature the lamellar structure was practically lost.
All these samples are characterized by strong basicity of the O anions, evidenced

by the formation of (CH,CN)" anions after AN adsorption at high temperature.
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4.2. Background about the catalytic transesterification of glycerol with

dimethyl carbonate to obtain glycerol carbonate.

Glycerol carbonate (4-hydroxymethyl-1,3-dixolan-2-one) is an important
and interesting derivative from glycerol due to its low toxicity, good
biodegradability and low boiling point. Because of these properties, this compound
has many applications in different industrial sectors, especially as non-volatile polar
solvent, as intermediate in organic synthesis (e.g. monomer in the synthesis of
polycarbonates, polyurethanes and polyglycerols), as precursor in biomedical
applications or as protector in the carbohydrates chemistry. Also, it is used as
component of gas separation membranes, a component in coatings, and in the
production of polyurethane foams and surfactants.'2**¢*" (jts molecular structure

shown in Figure 40)

O

PN

O O

OH

Figure 40. Molecular structure of glycerol carbonate.

Traditionally, glycerol carbonate has been prepared in the industry by
reacting glycerol with phosgene but due to the high toxicity and corrosive nature of
this reagent, new alternative routes have been investigated.!*®!

At middle 90s, several methods for glycerol carbonate manufacture were
patented, such as the reaction of glycerol with CO and oxygen at high pressure using
Cu(l) salts as catalysts™*® or by reacting glycerol with organic carbonates in the
presence of homogeneous or heterogeneous catalysts with the aim to favour the
heterocyclation of two neighbours hydroxyls of glycerol, and thus, to form the
glycerol carbonate.™ In the studies performed by Mouloungui et al (1996), they

observed that transcarbonatation of glycerol takes place directly by using cyclic
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organic carbonates (ethylene carbonate, propene carbonate) as well as by using non-
cyclic carbonates (dimethyl carbonate, diethyl carbonate) as sources of carbonates.
These authors postulated that the diol radicals are formed on the basic sites of
catalysts: basic oxides, basic forms of X and Y zeolites or bicarbonated or
hydroxylated anionic-exchange resins. The best results were achieved with ethylene
carbonate as carbonate source and using macroporous resins with basic properties as
catalysts, obtaining yields of 86-88 % at 30 min in a discontinuous reactor, and at 7
min in a continuous reactor.**”

Other method for the synthesis of glycerol carbonate, initially published in
patents, consists of the catalytic carbonylation of glycerol with urea (Figure 41).22*
21 The reaction is carried out in 2 consecutive steps of carbamilation and
carbonatation using mainly heterogeneous catalysts such as ZnO, MgO or ZnSQ, at
temperatures of 140-180 °C. Thus, the final reaction system is formed by 3 phases:
liquid (glycerol/glycerol carbonate), solid (catalyst) and gaseous (NH; released

during reaction).

H,0 COy
H ><
H—1—0H o NH,
H—T—OH
+ cat
H—=—O0H NH,
H
H,O
CO,
HN, OCH;CH(OH)CH,OH
NH; a -
‘\H““’///lcm
8]
A
L<°
3 :
CH,OH

Figure 41. Synthesis of glycerol carbonate by glycerolysis of urea.l*?®]

Mouloungui et al. concluded that the nucleation of ZnSQ, catalyst and the

production “in situ” of gaseous ammonia modify the equilibrium state favouring the
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formation of glycerol carbonate. They reported, as best result, a yield of 90 % in a
batch reactor of 25 | at 140 °C with pressures of 30 mbar to 5 mbar with a reaction
time of 6.5 h."?% Okutsu and Kitsuki prepared glycerol carbonate by reacting
glycerol with urea using ZnO as catalyst in the presence of a dehydrating agent
(MgSOQ,) at 120 °C. After 6 h of reaction, the conversion of glycerol was of 62-65 %
with selectivity to glycerol carbonate of 92 %.1"***?1 Aresta et al. published yields
of 80 % at 145 °C after 3 h of reaction using equimolar amounts of glycerol and urea
with y-zirconium phosphate as catalyst.!*8 3!

Many authors have reported the use of urea and glycerol as a method of
synthesis of glycerol carbonate. Climent et al. (2010) studied the transesterification
of ethylene carbonate with glycerol and urea, catalyzed by basic oxides derived from
hydrotalcites to obtain glycerol carbonate. Their results showed that balanced
bifunctional acid-base catalysts were the most active and selective catalysts.!**!!
Fujita et al. (2013) studied inorganic zinc salts as catalysts to produce glycerol
carbonate from glycerol and urea under solvent-free conditions (at 130 °C and at a
reduced pressure of 3 kPa). These homogeneous catalysts presented a correlation
between the carbonate yield and the amount of zinc species dissolved into the liquid
phase.’® More recently, Ryu et al. (2015) used a mixture of ZnO and ZnAl,O,,
obtaining a yield to glycerol carbonate of 82 % and a conversion of 83 %. They
found a correlation between the highest yield to glycerol carbonate and the acid base
sites ratio.”* Chem et al. (2015) published their studies using acidic, basic and
neutral ionic liquids as catalysts for the carbonylation of glycerol with urea. Results
showed that neutral ionic liquids had high catalytic activity for this reaction.™* A
Zn/MCM-41 catalyst, reported by Kondawar et al. (2015), exhibited an excellent
activity for the reaction of glycerol and urea, with 75 % glycerol conversion and 98
% of selectivity to glycerol carbonate. The excellent activity of such catalyst was
explained based on the presence of both basic and acidic sites on the same catalyst,
which activated the glycerol and urea molecules, respectively.** Other
heterogeneous catalysts (e.g. gold and palladium supported nanoparticles) have
shown to be effective catalysts for the transformation of glycerol into glycerol

carbonate.™® Tin-tungsten mixed oxide catalysts were highly active for the
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selective formation of glycerol carbonate (about 52 % of glycerol conversion with
>95 % selectivity towards glycerol carbonate).*! Lanthanum oxide exhibited high
catalytic activity with 49 % of glycerol conversion and 82 % selectivity to glycerol
carbonate at 150 °C after 4 h reaction.*8%]

High glycerol conversion and high glycerol carbonate selectivity values
were achieved with the reaction of glycerol with urea. However, this reaction must
be conducted at pressures below 20-30 mbar in order to separate gaseous ammonia
and avoid the formation of undesirable products such as isocyanic acid and biuret.

Another alternative process is the carbonylation of glycerol with CO, to
obtain glycerol carbonate. George et al. (2009) prepared glycerol carbonate from
glycerol and CO, in methanol, by using nBu,SnO as catalyst. The reaction was
completed in 4 h and the yield of glycerol carbonate obtained was around 35 %.4%
Li et al. (2013) studied the transformation of CO, and glycerol into glycerol
carbonate using acetonitrile as coupling agent, over La,0,CO3-Zn0O. The best result
was achieved with the catalyst whose La/Zn molar ratio was 4 and was calcined at
500 °C.*!Y Zhang et al. (2014) obtained glycerol carbonate and monoacetin from
glycerol and CO, in the presence of CH3;CN and Cu/La,O; as catalysts, with glycerol
conversion of 33 %, selectivity to glycerol carbonate of 45 % and selectivity to
monoacetin of 53 % at 150 °C for 12 h and 7 MPa.*? Also, Liu et al. (2014)
synthesized glycerol carbonate from glycerol and CO, over a cobalt acetate catalyst
at 180 °C for 6 h, with a molar ratio of solvents to glycerol 4:1. The conversion of
glycerol was 37 % and the selectivity to GC was 12 %.1***! More recently, Li et al.
(2015) presented the direct carbonylation of glycerol with CO, to glycerol carbonate
over Zn/Al/La/X (X=F, Cl, Br) catalysts (mixed oxides derived from calcination of
re-constructed hydrotalcites)."**? The addition of propilene oxide to the reaction
improved the yield. Thus, Ma et al. (2012) studied the simultaneous transformation
of CO, and glycerol to value-added products using propylene oxide as coupling
agent, catalyzed by alkali metal halides. The effects of the reaction temperature, CO,
pressure, reaction time, amount of catalyst were investigated, finding that, the
reaction was very effectively using Kl as catalyst.* Yu et al. (2014) evaluated the

catalytic activity of KI/y-Al,O3 by the reaction of CO,, propylene oxide and glycerol
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to synthesize glycerol carbonate, at 130 °C for 2 h and 5 MPa of pressure, obtaining
a conversion of glycerol of 58 % and yield to glycerol carbonate of 55 %,
However, the catalytic results in the carbonylation reaction of glycerol with CO; to
obtain glycerol carbonate are not highly significant.

The transesterification reaction of glycerol with dimethyl carbonate (DMC)
has taken great strength in the last years as one of the most direct and industrial
feasible pathways to produce glycerol carbonate. DMC is one of the most used,
since its co-product, methanol, can be easily separated and the reaction can be
performed at milder conditions.

Biocatalysts have been used in the transesterification reaction of glycerol
with dimethyl carbonate to obtain glycerol carbonate. However, this method need
long reaction times.*! In the last year, Waghmare et al. (2015) studied the
transesterification of glycerol to glycerol carbonate using commercial immobilized
lipase (Novozym 435) under ultrasonic irradiation. They found that ultrasounds
reduces up the reaction time using Novozym 435 as catalyst to 4 h, compared to
conventional stirring method (14 ).

Some studies have been carried out using zeolites as catalysts for the
transesterificaion reaction of glycerol with dimethyl carbonate. > Additionally,
Ochoa-Gomez et al. (2009) studied different reaction conditions with different basic
and acid homogeneous and heterogeneous catalysts. The best results were achieved
using a basic heterogeneous catalyst (CaO). The CaO showed 100 % of conversion
and >95 % yield after 1.5 h of reaction at 95 °C. Moreover, CaO catalyst led to 70 %
of conversion and 70 % of yield to glycerol carbonate at 75 °C in 15 min of reaction.
Ochoa-Gbémez et al. (2009) also proposed one mechanism for this reaction, in which
two conditions are required: close contact between basic catalytic sites and glycerol,
and catalyst base strength must be high enough to abstract a proton from the primary

hydroxy! group of glycerol (Figure 42).
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Figure 42. Base-catalyzed transesterification mechanism. B: base.[*

Hydrotalcite-based catalysts have been widely employed for this reaction;
Alvarez et al. (2012) used MgAl hydrotalcites supported on a- and y-Al,05,"*% and
also prepared hydrotalcite-like compounds containing a Mg/Al molar ratio of 4,
activated by calcination, followed by rehydratation under ultrasounds.™* or by
anion exchange (F, CI, CO;*).'™ Also Zheng et al. (2014) studied the
transesterification reaction of glycerol using MgAI hydrotalcites with different
Mg/Al ratios. The sample with ratio equal to 2 showed 97 % of selectivity to GC
and 67 % of glycerol conversion at 70 °C for 3 h."** Yadav et al. (2014) studied the
effects of various hydrotalcites with different Mg/Al composition loaded on
hexagonal mesoporous silica (HMS) for the transesterification reaction of glycerol,
in autoclave at 230 °C for 3 h. They obtained a glycerol conversion of 85 % and
selectivity to glycerol carbonate between 84-88 %.1**®! Other authors have studied
this reaction with ZnO/La,0; mixed oxides,**” Mg/Al/Zr calcined at different
temperatures,™® and Mg/Zr/Sr mixed oxide base catalysts."**!

The first studies using uncalcined Mg/Al hydrotalcites were found to be
active catalysts for this reaction. Unfortunately it required the use of a harmful
solvent (N,N-dimethyl formamide).[*®! Doping transition metals cations into Mg/Al

hydrotalcites have been also tested as catalysts for this reaction, resulting in yields to
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glycerol carbonate between 55-94 % at reaction temperatures in the range 75-100
oC. ®U More recently, Liu et al. (2015) synthetized MgAl hydrotalcite, which was
calcined to produce Mg,AlOss mixed oxides. These oxides were modified by
introducing LiNO; and applied to the synthesis of glycerol carbonate from glycerol
and dimethyl carbonate. Full conversion of glycerol and 96 % yield of glycerol
carbonate at 80 °C for 1.5 h was obtained with this catalyst.**? On the other hand,
although there are numerous studies about the use of microwaves to transform
glycerol into high value-added products,™®* %" there are no references about its
application for the transesterification reaction of glycerol to obtain glycerol
carbonate.

In this section we present the results obtained by testing several Ca/Al
hydrocalumite-type compounds, synthesized by using microwaves and ultrasounds,
for the transesterification of glycerol with dimethyl carbonate to obtain glycerol
carbonate. Additionally, we will study the effect of the preparation conditions on the
catalytic activity of the oxides derived from the calcination of these hydrocalumite-
type compounds as well as the effect of using microwaves as heating source during

reaction.
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4.2.1 CaAl-layered double hydroxides as active catalysts for the transesterification

of glycerol to glycerol carbonate

OH
HO.__k__oH Iw 4' ﬁ
PN
+ CaAl-LDH O O
I
H3C\o O/CH3 "

Abstract

Several hydrocalumite-type materials (CaAl-LDHs) were prepared by
precipitation using nitrate or chloride salts with and without ultrasounds, and aged
hydrothermally in autoclave or by refluxing with and without microwaves. These
samples were tested as catalysts for the transesterification of glycerol with dimethyl
carbonate to glycerol carbonate. After 3 h of reaction, all catalysts showed high
glycerol conversion (70-84 %) and moderate selectivity values to glycerol carbonate
(52-65 %) accompanied by the formation of low amounts of glycidol (7-15 %).
These results are very interesting taking into account the low surface area of these
catalysts (7-25 m%g). No significant catalytic differences were observed between the
catalysts. This can be due to the similar surface and basic characteristics observed
for all of them. By increasing the reaction time, an increase of conversion was
observed arriving practically to total conversion after 24 h of reaction, with
selectivity to glycerol carbonate in the range 65-75 %. Several catalytic reuses
favoured the decarboxylation of glycerol carbonate resulting in the formation of
higher amounts of glycidol (30 %) but still maintaining high selectivity values to

glycerol carbonate (70 %).
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Introduction

Biofuels, derived from renewable raw materials, have emerged as an
alternative to overcome the environmental problems associated with the use of fossil
fuels. During biodiesel manufacture, by transesterification of vegetable oils with
methanol in the presence of basic catalysts, glycerol is formed as by-product in high
amounts (10 wt % of the total product).’® The price of glycerol is falling as fast as
biodiesel plants are being built. Thus, it is necessary to find new outlets to convert
the surplus of glycerol into high-added value products that improve the economy of
the whole process.>781741771

One challenging option is the obtention of glycerol carbonate, (4-
hydroxymethyl-1,3-dioxolan-2-one), which is a relatively new product in the
chemical industry with a large potential due to its low toxicity, good
biodegradability and high boiling point.*® Glycerol carbonate is a green substitute
for important petro-derivative compounds such as ethylene carbonate or propylene
carbonate.’’® Additionally, this compound has many applications in different
industrial sectors, such as intermediate in organic synthesis (e.g. monomer in the
synthesis of polycarbonates, polyurethanes and polyglycerols),®* biolubricant
owing to its adhesion to metallic surfaces and resistance to oxidation, hydrolysis,
and pressure,® protector in the carbohydrates chemistry, component of gas
separation membranes, in coatings, or in the production of polyurethane foamst™
and surfactants."®? Glycerol carbonate could also serve as a source of glycidol, 2!
which is employed in textile, plastics, pharmaceutical and cosmetics industries.

Traditionally, glycerol carbonate has been industrially produced by reacting
glycerol with phosgene but due to the high toxicity and corrosive nature of this
reagent, new alternative routes have been investigated.'*'® Studies have been carried
out on the synthesis of glycerol carbonate from glycerol and urea over zinc-
containing homogeneous catalysts,** and over heterogeneous catalysts, such as
gold,™® Janthanum oxide,™* hydrotalcite,™® tin-tungsten mixed oxides™" and,
more recently, polymer-supported metal containing ionic liquid catalysts.*¥ High

glycerol conversion and high glycerol carbonate selectivity values were achieved.

111



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Leg%ﬁiAgTé%6 -2015

However, the reaction of glycerol with urea must be conducted at pressures below
20-30 mbar in order to separate gaseous ammonia and avoid the formation of
undesirable products such as isocyanic acid and biuret.

An alternative catalytic route to obtain glycerol carbonate is the
transesterification reaction of glycerol with organic cyclic carbonates (ethylene
carbonate or propene carbonate) or with non-cyclic carbonates (diethyl carbonate or
dimethyl carbonate). Dimethyl carbonate is preferred since the reaction can be
performed at milder conditions and the co-product methanol can be easily separated.
Ochoa-Gomez et al.(2009) studied the influence of 12 different basic and acid
homogeneous and heterogeneous catalysts at different reaction conditions. The best
results were obtained using basic heterogeneous catalysts.*? CaO catalyst led to 70
% of conversion and 70 % of yield to glycerol carbonate at 75 °C after 15 min of
reaction.® Hydrotalcite-based catalysts have been widely employed for this
reaction. 5615816118518 1y the first studies, uncalcined Mg/Al hydrotalcites with co-
existent hydromagnesite phase were found to be active catalysts for this reaction but
the use of a harmful solvent (N,N-dimethyl formamide) was necessary.l*¢%%]
Calcined Mg/Al/Zr,™*® calcined Mg/Zr/Sr ™ and doping transition metals cations
into Mg/Al hydrotalcites™® have been also tested as catalysts for this
transesterification reaction resulting in yields to glycerol carbonate between 55-94 %
at reaction temperatures in the range 75-100 °C. More recently, Z. Liu et al. (2015)
reported full conversion of glycerol and 96 % vyield of glycerol carbonate at 80 °C
for 1.5 h in the presence of Li/Mg,4AlOss obtained by impregnating calcined Mg/Al
hydrotalcite with LiNO3.'*® Finally, Yadav et al. performed this reaction in
autoclave at 170 °C for 3 h obtaining conversion values around 85 % and selectivity
to glycerol carbonate values between 84-88 % when using Mg/Al hydrotalcites
supported on hexagonal mesoporous silica as catalysts.**®

Hydrocalumite-type compounds belong to the layered double hydroxides
family (LDHs) with formula  [M(I1)1M(I11),(OH),][X,*%nH,0]  where
[Ca,Al(OH)¢]" represents the hydrocalumite layer composition, and [Xq'x’q-nHZO]
the interlayer composition.™*! Especifically, the hydrocalumite name is used when

the anion is chloride. Hydrocalumites have been widely used in the immobilization
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of toxic cations,™ optimization of concrete properties,”” but in less extent, for
catalysis™ although the presence of Ca" instead of Mg®" into the layers can
provide interesting basic properties. In recent years, the use of microwaves for the
synthesis or modification of materials is becoming an important tool to decrease the
synthesis time, with the subsequent energy saving, and to modify the sample
properties, which can be of interest for catalysis.!"8***>5"% Additionally, ultrasounds
is another interesting technique to improve the synthesis of materials since, when
used for the mixing of reagents, allows obtaining materials with more homogeneous
composition.[t"5"%]

The aim of this work was to test several Ca/Al hydrocalumite-type
compounds, synthesized using microwaves and ultrasounds, as catalysts for the

transesterification of glycerol with dimethyl carbonate to obtain glycerol carbonate.

Experimental

Preparation of catalysts

Hydrocalumite-type compounds were synthesized by the co-precipitation
method from different starting salts: chlorides (series HC1) or nitrates (series HC2).
Two different aqueous solutions containing CaCl,*2H,O (Sigma-Aldrich) and
AICIz*6H,0 (Riedel-de Haén) or Ca(NOs3),*4H,O (Sigma-Aldrich) and
AI(NO3)3*9H,0 (Sigma-Aldrich) were prepared with a 2:1 Ca**/AI** molar ratio.
These solutions were added dropwise to a 500 ml four neck round-botton flack in an
oil bath at 60 °C previously filled with 250 ml of a mixture of water/ethanol in a 2:3
volumetric ratio. The pH was kept constant at 11.5 + 0.1, by the simultaneous
addition of an aqueous solution of 2 M NaOH (Panreac). Magnetic stirring or
ultrasounds were used for mixing during precipitation (Table 9). After complete
addition of the metallic salts, the mother solutions were aged by several treatments
using microwaves or conventional heating, refluxing or autoclave at different
conditions (Table 9). Finally, all samples were filtered at room temperature, washed

with deionized and decarbonated water and then dried in an oven at 80 °C overnight.

113



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Leg?ﬁiAgTé%6 -2015

Table 9. Aging treatments of hydrocalumites.

Aging
Sample Ultrasound? : - :
Heating Technique T (°C) Time (h)
HC1Ry, No conventional refluxing 60 24
HC1RMwg No microwaves refluxing 60
HC1AC, No conventional autoclave 180
HC1AMw; No microwaves autoclave 180
HC1AMw; No microwaves autoclave 180
HC1USR,, Yes conventional refluxing 60 24
HC1USRMwg Yes microwaves refluxing 60 6
HC2R,, No conventional refluxing 60 24
HC2RMwg No microwaves refluxing 60 6
HC2AC; No conventional autoclave 180 1
HC2AMw;, No microwaves autoclave 180 1
HC2AMws; No microwaves autoclave 180 3
HC2AC100 No conventional autoclave 100 1
HC2AMw100 No microwaves autoclave 100 1
HC2USR,, Yes conventional refluxing 60 24
HC2USRMwg, Yes microwaves refluxing 60 6

& during precipitation

HC2R,, sample was modified with a KOH solution, with the purpose of
modify the amount of basic centers in the catalyst. 1 g of sample was mixed
(dropwise) with 0.047 g of KOH contained in a 1.5 ml of aqueous solution. The

resulting sample was dried at 80 °C overnight.

Characterization methods

Powder X-ray diffraction patterns of the samples were obtained with a
Siemens D5000 diffractometer using nickel-filtered CuKo radiation and detecting
between 20 values of 5°-70°. Crystalline phases were identified using the Joint
Committee on Powder Diffraction Standards (JCPDS) files (035-0105- Calcium
aluminium hydroxide chloride hydrate-Ca,Al(OH)sCl2H,0, 089-6723- Calcium
Aluminun Nitrate Hydroxide Hydrate- Ca,Al(OH)¢NO3*2H,0, 089-0217- Katoite-
CazAl,(OH);, and 086-2341- calcite -CaCOs).
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Elemental analysis of the samples was obtained with an ICP-OES analyser
(Induced Coupled Plasma — Optical Emission Spectroscopy) from Spectro Arcos.
The digestion of all hydrocalumites was carried out with concentrated HNO;.
Analyses were performed by triplicate.

Scanning electron micrographs were obtained with a JEOL JSM-35C
scanning microscope operating at an accelerating voltage in the range 15-30 kV,
work distance of 14 mm and magnification values between 5000 and 30000x.

Transmission electron microscopy of the samples was performed using a
JEOL electron microscope Model 1011 with an operating voltage of 80 kV. Samples
were dispersed in acetone and a drop of the suspension was poured on to a carbon
coated cooper grip and dried at room temperature before measurements. The
magnification values used were between 20 and 100 k.

BET surface areas were calculated from the nitrogen adsorption isotherms at
-196 °C using a Quantachrome Quadrasorb Sl surface analyzer and a value of 0.164
nm? for the cross-section of the nitrogen molecule. Samples were degassed at 90 °C.

Basicity of the catalysts was evaluated using Hammett indicators:
phenolphthalein (pKa = 8.2), nile blue A (pKa = 10.1), tropaeolin O (pKa = 11),
thyazole yellow G (pKa = 13.4) and 2,4-dinitroaniline (pKa = 15). 25 mg of catalyst
was taken along with 2.5 ml dry methanol and 1 ml of indicator, and kept in a shaker
for 2 h.

Catalytic Tests

For the catalytic tests, dimethyl carbonate and glycerol were mixed in a
3.5:1 weight ratio in a 50 ml round bottom 3-neck jacketed glass reactor fitted with a
magnetic stirrer, a reflux condenser and a thermometer. The mixture was heated at
90 °C with constant stirring at 1000 rpm under N,. Then, 0.15 g of catalyst was
added to start the reaction. After 1, 3, 6, 12 or 24 h of reaction, the mixture was
filtered and evaporated in a rotatory evaporator. 1 pl of the concentrated residue was
analysed by gas chromatography.

Gas chromatography analyses were performed in a ZHIMADSU GC-2010

apparatus, equipped with a split injection mode and a flame ionization detector. The
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column was a 60 m length SUPRAWAX-280 with a film thickness of 50 um and an
internal diameter of 0.25 mm. Glycerol conversion and selectivity to glycerol
carbonate and glycidol were determined from calibration lines obtained from

commercial products.

Results and discussion

Catalysts characterization
Table 10 summarizes the main characterization results of the catalysts. More

detailed characterization of the samples can be found in a chapter 4.1.1.

Table 10. Characterization of the catalysts

Samples Crystazl)l(ig%r))hases g%/'s)l BI?;%;ea (Hilar‘TS]Irf":?t/t
Indicators)

HC1R,, Ca,Al(OH)sCl-2H,0 1.98 13 10.1<H_>13.4
HC1RMwg Ca,Al(OH)eCI-2H,0 1.87 10 10.1<H_>134
HC1USRy, Ca,Al(OH)sCl-2H,0? 1.97 6 10.1<H >134
HC1USRMwg Ca,Al(OH)sCl-2H,0? 1.88 7 10.1<H_>13.4
HC1AC, Ca,Al(OH)4Cl-2H,0 1.96 7 10.1<H_>13.4
HC1AMw; Ca,Al(OH)eCl-2H,0° 1.93 10 10.1<H_>13.4
HC1AMw; Ca,Al(OH)eCl-2H,0° 2.12 10 10.1<H_>13.4
HC2R,, Ca,Al(OH)gNO;-2H,0° 1.79 9 10.1<H_>13.4
HC2RMws Ca,Al(OH)sNO;-2H,0? 1.63 9 10.1<H_>13.4
HC2USR,,4 Ca,Al(OH)gNO3-2H,0% 1.78 16 10.1<H_>134
HC2USRMwg Ca,Al(OH)gNO;-2H,0? 1.85 25 10.1<H >13.4
HC2AC, Ca,Al(OH)gNO3-2H,0% 1.76 10 10.1<H >134
HC2AMw; Ca,Al(OH)¢NO3-2H,0 + katoite 1.42 11 10.1<H_>13.4
HC2AMw; Katoite” 1.38 12 10.1<H_>13.4

& Katoite phase was detected in low amounts (5-23 %) ™

Y Hydrocalumite phase was detected in low amounts (15 %) 1°%!

XRD patterns of the samples obtained from chloride salts (HC1) presented
only one crystalline phase corresponding to hydrocalumite, except for the samples

aged in autoclave with microwaves, and the samples coprecipitated under
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ultrasounds where we observed additionally the presence of katoite in very low
amounts.'®! Katoite is a non-layered double hydroxide with formula CazAl,(OH);,.
For HC2 samples, a mixture of the CaAl-LDH structure and katoite phase was
observed for all samples in different relative proportions depending on the aging
performed.'®! The formation of katoite was more favoured in autoclaved samples,
and using microwaves at longer aging times. Actually, katoite practically became the
only one phase for the sample aged in autoclave with microwaves at longer aging
time (HC2AMws).

Ca/Al molar ratio of HC1 samples were around 2, in agreement with the
Ca/Al molar ratio of the starting solutions used for coprecipitation, except for the
sample aged at longer time in autoclave with microwaves (HC1AMws3), which had
slight higher Ca/Al molar ratio (Table 10). Longer aging times in autoclave under
microwaves could involve some dealumination of the hydrocalumite layers,
explaining the higher Ca/Al molar ratio of HC1AMws. This effect was previously
observed in the preparation of hydrotalcites with microwaves.™® Ca/Al molar ratio
values of the samples prepared from nitrates (HC2) were lower than those obtained
for the samples synthesized from chloride salts (Table 10). There is a clear
correlation between the amount of katoite phase and the decrease in the Ca/Al molar
ratio observed for the HC2 samples. Thus, the sample with the highest amount of
katoite showed the lowest Ca/Al ratio (Table 10). This can be attributed to the lower
Ca/Al molar ratio of katoite (CaszAl,(OH)1,), which is 1.5.

All the HC1 and HC2 samples exhibited nitrogen adsorption-desorption
isotherms type 1V according to IUPAC classification, corresponding to solids with
mesoporous contribution. On the whole, all samples had low surface areas (Table
10). This agrees with the results reported by other authors for conventionally
prepared hydrocalumite-type compounds.“® Interestingly, samples precipitated from
nitrate salts using ultrasounds for stirring had the highest surface areas values (Table
10). This has been attributed to the presence of interparticle mesoporosity between
larger and smaller particles, as confirmed by comparing the pore size distribution of

the samples.!%!

117



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Leg%ﬁiAgTé%6 -2015

All samples showed the formation of thin regular hexagonal crystals
corresponding to the hydrocalumite-type compound with some overlay of the layers
(e.g. Fig. 43a) except the sample HC2AMws;, where non-layered particles were
observed since this sample is composed of katoite, a non-layered calcium aluminium

hydroxide compound (Fig. 43b). TEM images allowed us to confirm the observation

of well-formed hexagonal sheets corresponding to the hydrocalumite phase (Figure
43c).

10 um
Figure 43. a) SEM image of HC1R,, (x 20000), b) SEM image of HC2AMws; (x 9000) and
¢) TEM image of HCLUSRMwg (x 25000).

All catalysts had similar basicity strength (10.1< H_ <13.4), as deduced
from the results obtained by using Hammett indicators (Table 10).

Catalytic Tests

Figure 44-A and 44-B show the catalytic results obtained for HC1 and HC2
catalysts for the transesterification of glycerol with dimethyl carbonate after 3 h of
reaction. All catalysts exhibited high glycerol conversion (70-84 %) and moderate
selectivity values to glycerol carbonate (52-65 %). These results are very interesting
taking into account the low surface area of these catalysts, and the lower reaction
time used compared with other hydrotalcite-type catalysts previously reported.
[156.159.161]. Additionally, low amounts of glycidol (7-15 %) were detected for all of
them. The formation of glycidol during this reaction, by decarboxylation of glycerol
carbonate, has been previously reported by other authors over catalysts with high
basicity strength.*®*] No other reaction products were detected by gas

chromatography at the conditions used. The formation of condensation products
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from glycerol or glycidol could round off the total products obtained. It is well
known that glycerol can polymerize in the presence of basic sites. By comparing
these catalytic activity results, there are no great differences between HC1 and HC2
catalysts. This can be due to the similar surface and basic characteristics observed
for these catalysts (Table 10). Therefore, there is not effect of using ultrasounds
during mixing of the reagents, microwaves during hydrothermal treatment or
different interlayer anion (chloride or nitrate). Additionally, the presence of katoite
in higher amounts (HC2AMw; and HC2AMws;) did not modify significantly the
catalytic results.
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Figure 44. Catalytic activity of the catalysts A) HC1 and B) HC2 after 3 h of reaction.
Reaction conditions: dimethyl carbonate/glycerol = 3.5:1 weight ratio; stirring 1000 rpm; N,
atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h.
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The sample modified with KOH showed a glycerol conversion of 80 % and
selectivity to glycerol carbonate of 61 % after 3 h of reaction. These values were
higher than those obtained with the starting sample (HC2R2: 70 % of conversion
and 52 % of selectivity). The selectivity to glycidol was also higher for the modified
sample (20 % in front of 14 %).

In order to study the catalytic behaviour of the hydrocalumite-type catalysts
with time, several HC1 and HC2 samples were tested at different reaction times

maintaining the rest of reaction conditions (Fig. 45).
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Figure 45. Catalytic activity vs reaction time. Blue lines: conversion; green lines: selectivity
to glycerol carbonate; orange lines: selectivity to glycidol A) for several HC1 catalysts: ¢
HC1R,4, O HC1IRMws, A HC1USR,,, OO0 HC1IUSRMwg and B) for serveral HC2 catalysts:
¢ HC2R,;, O HC2RMwg, A HC2USR,,, OO0 HC2USRMwg. Reaction conditions dimethyl
carbonate/glycerol = 3.5:1 weight ratio; stirring 1000 rpm; N, atmosphere; 0.15 g of catalyst;
temperature: 90 °C; time: 1, 3, 6, 12 and 24 h.
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A significant increase of conversion from 1 to 8 h of reaction was observed
for all catalysts arriving to values around 90-95 %. Conversion values increased
more slowly from 8 h of reaction yielding practically total conversion after 24 h of
reaction. With respect to the selectivity to glycerol carbonate, we also observed an
initial increase with the reaction time until 8 h achieving values in the range 65-75
%. After this reaction time, stable or slight lower selectivity to glycerol carbonate
was detected for all catalysts at expenses of the formation of higher amounts of
glycidol. The highest selectivity values to glycidol were yielded for the catalysts the
precursors of which were mixed under ultrasounds and aged with microwaves
(HC1USMw,g and HC2USMw) after 24 h of reaction (20-25 %).
Finally, the catalytic life of one of the catalysts (HC2USR,,) was evaluated
from four consecutive runs performed reusing the catalyst at the same reaction
conditions used for the first catalytic test (Fig. 46).

B Glycerol conversion ™ Selectivity to Glycerol carbonate ™ Selectivity to Glycidol
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Figure 46. Reuse studies of catalyst HC2USR,,. Reaction conditions: dimethyl
carbonate/glycerol = 3.5:1 weight ratio; stirring 1000 rpm; N, atmosphere; 0.15 g of catalyst;
temperature: 90 °C; time: 3 h.

After each catalytic run, recovering of the catalyst was performed by
filtration, mild-washing in methanol at room temperature and dried before reaction.
Several catalytic reuses favoured the decarboxylation of glycerol carbonate resulting
in the formation of higher amounts of glycidol but still maintaining high selectivity
values to glycerol carbonate with a progressive loss of conversion. By comparing
the XRD pattern of the reused catalyst with that of its corresponding fresh catalyst
(Fig. 47), we observed a decrease of the crystallinity of the CaAl-LDH phase for the
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reused sample since there was a clear decrease in the intensity of the peaks, which
were also wider, corresponding to this phase. It is interesting to note the layered
disorder produced in the catalyst during reaction, as confirmed by the decrease of
the (006) peak intensity related to the stacking of the layers. This could favour the
accessibility of the reagents to the catalytic active sites. Additionally, an increase in
the crystallinity of the katoite phase and the appearance of a new crystalline phase,
identified as calcite (CaCOg), were also detected (Fig. 47).
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Figure 47. XRD patterns of catalyst HC2USR,,. a) Fresh catalyst and b) Reused catalyst. ®
Ca,Al(OH)sNO3-2H,0; @ Kkatoite, and ® calcite phases.

The formation of calcite can be explained by the reaction of the CO,,
generated during decarboxylation of glycerol to glycidol, with the Ca of the catalyst.
Thus, the progressive loss of conversion observed could be attributed to the loss of
some basic centres during reaction.

Interestingly, for catalytic reuses 3 and 4 (see Figure 46), the sum of the
selectivity values to glycerol carbonate and glycidol was 100 % in front of the 72 %
and 81 % observed for reuses 1 and 2, respectively. This means that with the reuses

there is a loss of the centres responsible for the condensation products formation.
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Conclusions

Several CaAl-layered double hydroxides have been synthesized, by
modifying the preparation conditions, and tested for the transesterification of
glycerol to glycerol carbonate. Although these catalysts showed some differences in
the crystalline phases obtained (in general, LDH structure with some amounts of
katoite), they had similar surface and basic characteristics. This explains their
similar catalytic behaviour observed after 3 h of reaction resulting in high glycerol
conversion (70-84 %) and moderate selectivity values to glycerol carbonate (52-65
%). It is important to remark the interest of these results taking into account the low
surface areas of these catalysts (7-25 m?g) compared to those of the catalysts
previously tested by other authors for this reaction. After 24 h of reaction, practically
all catalysts arrived to total glycerol conversion with selectivity values to glycerol
carbonate between 65 and 75 %. Several catalytic reuses favoured the
decarboxylation of glycerol carbonate resulting in the formation of higher amounts
of glycidol (30 %) but still maintaining high selectivity values to glycerol carbonate
(70 %). This decarboxylation was confirmed by the appearance of a new crystalline

phase, CaCOs, in the reused catalyst.
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4.2.2 Effect of the preparation conditions on the catalytic activity of calcined

Ca/Al-layered double hydroxides for the obtention of glycerol carbonate

CaAl-LDH
o oH Calcined )c-)k
450 °C vs 750 °C
H3C.\OJJ\O,CH3 + Ho _K_oH » 070 4+ 2CH;0H
90 °C, 3h
OH
Dimethyl Carbonate Glycerol Glycerol Carbonate

Abstract

The effect of the preparation conditions of several calcined Ca/Al layered
double hydroxide compounds on the catalytic transesterification of glycerol with
dimethyl carbonate to obtain glycerol carbonate has been studied. The CaAl-LDH
precursors were prepared by aging under microwaves or conventional heating, and
using chlorides or nitrates as interlayer anions. Calcination conditions, such as
temperature, time and calcination system, were modified. After 3 h of reaction, the
catalysts obtained by calcination at 450 °C for 15 h in air exhibited moderate-high
glycerol conversion (46-76 %) and moderate selectivity to glycerol carbonate (41-65
%). Calcination at 450 °C at longer calcination time or the use of a dynamic inert-
atmosphere system during calcination led to higher conversion (89-94 %) and higher
selectivity to glycerol carbonate (72-73 %). This has been related to the higher
basicity of these catalysts. Finally, calcination at 750 °C resulted in high conversion
(88-98 %) and high selectivity to glycerol carbonate (60-85 %) due to the presence
in the catalysts of highly basic CaO. Several catalytic reuses favoured the
decarboxylation of glycerol carbonate resulting in the formation of higher amounts
of glycidol (42 %). The progressive loss of conversion and selectivity to glycerol
carbonate observed has been attributed to the loss of some CaO basic centres during

reaction by calcite formation.
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Introduction

During biodiesel production, by transesterification of vegetable oils with
methanol, glycerol (glycerine or 1,2,3-propanotriol) is formed as by-product in high
amounts (10 wt % of the total product). The price of glycerol is falling as fast as
biodiesel plants are being built. Research is currently starting to find new outlets to
convert the surplus of glycerol into high-added value products that improve the
economy of the whole process.[>78:174-17¢]

Glycerol carbonate (4 -hydroxymethyl-1,3-dioxolan-2-one) is one of the
most attractive glycerol derivatives due to its low toxicity, good biodegradability
and high boiling point.*® This compound has many applications in different
industrial sectors, such as intermediate in polymer synthesis,®** biolubricant owing
to its adhesion to metallic surfaces and resistance to oxidation, hydrolysis, and
pressure,’® protector in the carbohydrates chemistry, component of gas separation
membranes, in coatings, or in the production of polyurethane foams*™® and
surfactants.!® Glycerol carbonate could also serve as a source of glycidol, which is
employed in textile, plastics, pharmaceutical and cosmetics industries.! 8!
Traditionally, glycerol carbonate has been industrially produced by reacting glycerol
with phosgene but due to the high toxicity and corrosive nature of this reagent, new
routes have been investigated.*®!

One alternative option consists of obtaining glycerol carbonate by the
catalytic transesterification reaction of glycerol with organic cyclic carbonates
(ethylene carbonate or propene carbonate) or with non-cyclic carbonates (diethyl

carbonate or dimethyl carbonate),!*2118156:156-161184-186]

Dimethyl carbonate is
preferred since the reaction can be performed at milder conditions and the co-
product methanol can be easily separated. A wide variety of solid base catalytic
systems, such an alkaline earth metal oxides, basic zeolites, mixed metal oxides
derived from hydrotalcites, have been tested for this reaction.**®! CaO catalyst led to
70 % of conversion and 70 % of yield to glycerol carbonate at 75 °C after 15 min of
reaction."®! Calcined Mg/Al/Zr,™® calcined Mg/zr/Sr ™% and doping transition

metals cations into Mg/Al hydrotalcites **" reuslted in yields to glycerol carbonate

125



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Leg%ﬁiAgTé%6 -2015

between 55-94 % at reaction temperatures in the range 75-100 °C. More recently, Z.
Liu et al. (2015) reported full conversion of glycerol and 96 % yield of glycerol
carbonate at 80 °C for 1.5 h in the presence of Li/Mg,AlOss obtained by
impregnating calcined Mg/Al hydrotalcite with LiNO3.**® Finally, Yadav et al.
(2014) performed this reaction in autoclave at 170 °C for 3 h obtaining conversion
values around 85 % and selectivity to glycerol carbonate values between 84-88 %
when using Mg/Al hydrotalcites supported on hexagonal mesoporous silica as
catalysts.['>®!

Hydrocalumite-type compounds belong to the layered double hydroxides
family (LDHs) with formula  [M(I1)1xM(I11)x(OH),][X%xq-nH20]  where
[Ca,Al(OH)e]" represents the hydrocalumite layer composition, and [X%yq-nH,0]
the interlayer composition.®! Especifically, the hydrocalumite name is used when
the interlayer anion is chloride. The CaAl-LDH structure collapses at temperatures
between 400 and 600 °C resulting in the formation of amorphous mixed oxides,
Ca(ADO,. At higher calcination temperatures crystalline CaO and mayenite
(Ca,Al4033) phases are obtained. These basic mixed oxides have been scarcely
used as catalysts for aldol condensation, Meerwein-Ponndorf-Verley or
isomerization of 1-butene reactions.®491%

The aim of this work was to study the effect of the preparation conditions of
several calcined Ca/Al hydrocalumite-type compounds on the catalytic
transesterification of glycerol with dimethyl carbonate to obtain glycerol carbonate.
The CaAl-LDH precursors have been prepared by aging under microwaves or
conventional heating, and using chlorides or nitrates as interlayer anions.
Calcination conditions, such as temperature, time and calcination system, have been

modified.

Experimental

Samples preparation
Ten CaAl-LDH samples were synthesized by the co-precipitation method
from different starting salts under vigorous magnetic stirring using

deionized/decarbonated water, as well as nitrogen atmosphere. Two aqueous
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solutions containing CaCl,-2H,0 (sigma-Aldrich) and AICl;-6H,0 (Riedel-de Haén)
(series HC1) or Ca(NOs3),-4H,0 (sigma-Aldrich) and AI(NOj3)3-9H,0 (sigma-
Aldrich) (series HC2), were prepared with a 2:1 Ca**/AI** molar ratio by adding an
aqueous solution of 2 M NaOH (Panreac) at 60 °C and constant pH of 11.5.1%° After
complete addition of the metallic salts, the two mother solutions were aged by
several treatments: by refluxing in conventional heating at 60 °C for 24 h (HC1R,,
and HC2R,4), by refluxing under microwaves (Milestone ETHOS-TOUCH
CONTROL) at 60 °C for 6 h (HCIRMwg and HC2RMwg), in autoclave by
conventional heating at 180 °C for 1 h (HC1AC; and HC2AC,), and in autoclave
under microwaves at 180 °C for 1 h (HC1IAMw; and HC2AMw;) and for 3 h
(HC1AMw; and HC2AMws). All samples were filtered at room temperature,
washed with deionized and decarbonated water and then dried in an oven at 80 °C
overnight.

For the preparation of the catalysts, all the hydrocalumite-type compounds
were calcined in a furnace Carbolite CWF11/5P8 at 450 °C for 15 h (CHC1Ry,,
cHC2R,;,, cHC1RMws, CcHC2RMwg, CcHC1AC;, cHC2AC;, cHC1AMwy,
cHC2AMw;,, cHC1AMw;, cHC2AMws;). To determine the influence of the
calcination time, and the effect of using a dynamic inert atmosphere system during
calcination, one of the CaAl-LDH samples (HC1AMws;) was calcined 450 °C for 24
h (cHC1AMws;-24h), and other sample by flowing nitrogen gas (1 ml/s) at 450 °C
for 10 h in a quartz reactor (c(HC1AMws-N,). Finally, in order to study the effect of
the calcination temperature, several samples were calcined at 750 °C for 4 h
(cHC1AC;-750, cHC1AMw;-750, cHC1AMw;-750, cHC2AC;-750 and

cHC2AMw;,-750). Table 11 summarizes the preparation conditions of all samples.
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Table 11. Preparation conditions of calcined CaAl-LDHs.

Aging conditions of the precursors Calcination
Sample* ] ) T Tim ;

Heating Technique (°C) (h)e (O-EZ) T('H;e System
CHCI1R, conventional  refluxing 60 24 450 15  static/air
cHC1RMws microwave  refluxing 60 6 450 15  static/air
cHC1AC, conventional  autoclave 180 1 450 15  static/air
cHC1AMw; microwave  autoclave 180 1 450 15  static/air
cHC1AMws, microwave  autoclave 180 3 450 15  static/air
cHC1AMws;-24 microwave  autoclave 180 3 450 24  static/air
cHC1AMws;-N, microwave  autoclave 180 3 450 10 dynamic/N,
CHC2Ry, conventional  refluxing 60 24 450 15  static/air
cHC2RMwg microwave  refluxing 60 6 450 15  static/air
cHC2AC, conventional  autoclave 180 1 450 15  static/air
cHC2AMw; microwave  autoclave 180 1 450 15  static/air
cHC2AMw; microwave  autoclave 180 3 450 15  static/air
CHC1AC;-750 conventional  autoclave 180 1 750 4 static/air
cHC1AMw;-750 microwave  autoclave 180 1 750 4 static/air
cHC1AMws,-750 microwave  autoclave 180 3 750 4 static/air
cHC2AC,-750 conventional  autoclave 180 1 750 4 static/air
cHC2AMw;-750 microwave  autoclave 180 1 750 4 static/air

* HC1: Chloride salts, HC2: Nitrate salts

HC2R,, sample was modified with a KNO3 solution, with the purpose of
modify the basicity of the sample. For this purpose, 1 g of sample was mixed
(dropwise) with 0.043 g of KNO; contained in a 1.5 ml of aqueous solution. The

resulting sample was calcined at 450 °C for 15 h.

Elemental Analysis

Elemental analysis of the hydrocalumite-type compounds was obtained with
an ICP-OES analyser (Induced Coupled Plasma — Optical Emission Spectroscopy)
from Spectro Arcos. The digestion of all samples was carried out with concentrated

HNOs. Analyses were performed by triplicate.

X-ray diffraction (XRD)
Powder X-ray diffraction patterns of the calcined samples were obtained

with a Siemens D5000 diffractometer using nickel-filtered CuKo radiation and
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detecting between 260 values of 5°-70°. Crystalline phases were identified using the
Joint Committee on Powder Diffraction Standards (JCPDS) files (086-2340- calcite,
089-6723-mayenite, 037-1497- lime).

Nitrogen Physisorption
BET surface areas were calculated from the nitrogen adsorption isotherms at
-196 °C using a Quantachrome Quadrasorb Sl surface analyzer and a value of 0.164

nm? for the cross-section of the nitrogen molecule. Samples were degassed at 90 °C.

Scanning electron microscopy (SEM)
Scanning electron micrographs were obtained with a JEOL JSM-35 C
scanning microscope operating at an accelerating voltage in the range 15-30 kV,

work distance of 14 mm and magnification values between 5000 and 30000x.

Transmission electron microscopy (TEM)

Transmission electron microscopy of the samples was performed using a
JEOL electron microscope Model 1011 with an operating voltage of 80 kV. Samples
were dispersed in acetone and a drop of the suspension was poured on to a carbon
coated cooper grip and dried at room temperature before measurements. The

magnification values used were between 20 and 100 k.

Hammett’s indicators

Basicity of the -catalysts was evaluated using Hammett indicators:
phenolphthalein (pKa = 8.2), nile blue A (pKa = 10.1), tropaeolin O (pKa = 11),
thyazole yellow G (pKa = 13.4) and 2,4-dinitroaniline (pKa = 15). 25 mg of catalyst
was taken along with 2.5 ml dry methanol and 1 ml of indicator, and kept in a shaker
for 2 h.

Catalytic Tests

For the catalytic tests, dimethyl carbonate and glycerol were mixed in a
3.5:1 weight ratio in a 50 ml round bottom 3-neck jacketed glass reactor fitted with a
magnetic stirrer, a reflux condenser and a thermometer. The mixture was heated at

90 °C with constant stirring at 1000 rpm under N,. Then, 0.15 g of catalyst was
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added to start the reaction. After 3 h of reaction, the mixture was filtered and
evaporated in a rotatory evaporator. 1 ul of the concentrated residue was analysed by
gas chromatography.

Gas chromatography analyses were performed in a Shimadzu GC-2010
apparatus, equipped with a split injection mode and a flame ionization detector. The
column was a 60 m length SUPRAWAX-280 with a film thickness of 50 um and an
internal diameter of 0.25 mm. Glycerol conversion and selectivity to glycerol
carbonate and glycidol were determined from calibration lines obtained from

commercial products.

Results and discussion

X-ray diffraction (XRD)

XRD patterns of the cHC1 samples, prepared from chloride salts and
calcined at 450 °C for 15 h, mainly showed the presence of an amorphous phase due
to the expected mixture of calcium and aluminium oxides, Ca(Al)Oy (Figure 48a-¢e).
Additionally, several crystalline peaks were observed for most of the samples
(cHC1AC;, cHC1RMwg, cHC1AMw; and cHC1AMws) that were identified as
calcite (CaCO3). The presence of the calcite phase can be related to the air
atmosphere used during calcination. By increasing the calcination time in air, from
15 to 24 h, the calcite content increased and new crystalline peaks, corresponding to
the mayenite phase, Ca;pAl14O3; appeared (Figure 48f). The use of nitrogen flowing
through the sample during calcination for 10 h favoured the crystallization of
mayenite and a small amount of CaO was observed (Figure 48g). This could be
associated with the easier elimination of the gases generated during calcination in
this dynamic system. Additionally, calcite was also observed in low amounts. Some
CO, formed during calcination could react with some Ca* to form calcite in this
sample. This CO, comes from carbonates located as interlayer anions in the starting
hydrocalumite, as observed by FT-IR and Raman spectroscopy (Figure 24 and
Figure 25).
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Figure 48. XRD patterns of the samples obtained from chlorides salts a) cHC1Ry,, b)
cHC1RMwg, c¢) cHC1AC;, d) cHC1IAMW,, e) cHC1AMws;, f) cHC1AMW;-24, g)

cHC1AMws;-N,. B Calcite phase; B Mayenite phase B CaO phase.

XRD patterns of the cHC2 samples, prepared from nitrate salts and calcined
at 450 °C for 15 h, are shown in Figure 49. cHC2 samples were more crystalline
than cHC1 samples (Figure 48). The cHC2 samples aged under reflux only exhibited
crystalline peaks corresponding to the calcite phase (Figure 49a and 49b) whereas
the cHC2 samples aged in autoclave showed, in addition to lower amounts of
calcite, the presence of the mayenite phase, which was more crystalline for the
sample aged under microwaves at longer time (Figure 49e). Therefore, the use of
nitrate anions for the preparation of hydrocalumite-type compounds favoured the
formation, after calcination, of the mayenite phase when using autoclave-aging

conditions, especially under microwaves.
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Figure 49. XRD patterns of the samples prepared from nitrate salts a) cHC2Ry, b)
cHC2RMW4, ¢), cHC2AC,; d) cHC2AMW,, e) cHC2AMW;. | Calcite phase; B Mayenite
phase.

Several Ca/Al LDHs were calcined at higher temperature (750 °C for 4 h). A
mixture of CaO and mayenite phase was obtained in all cases (Figure 50). These
samples did not show the calcite phase since this compound decomposes at lower
temperature than the calcination temperature used. The samples obtained from
chloride salts and aged under microwaves exhibited, after calcination at these

conditions, higher amounts of the CaO phase.
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Figure 50. XRD patterns of the samples a) cHC1AC;-750, b) cHC1AMy;-750, c)
cHC1AM3-750, d) cHC2AC;-750, ) cHC2AMy;-750. B Mayenite phase; B CaO phase.

Elemental analysis

Ca/Al molar ratio of cHC1 samples were around 2, in agreement with the
Ca/Al molar ratio of the starting solutions used for the coprecipitation of their
precursors, except for the sample aged at longer time in autoclave with microwaves
(cHC1AMws), which had slight higher Ca/Al molar ratio (Table 12). Longer aging
times in autoclave with microwaves could involve some dealumination of the
hydrocalumite layers, explaining the higher Ca/Al molar ratio of cHC1AMws;. This
effect was previously observed in the preparation of hydrotalcites with
microwaves."® Ca/Al molar ratio values of the samples whose precursors were
prepared from nitrates (cHC2) were lower than those obtained from the samples
synthesized with chloride salts (cHC1) (Table 12). This has been related to the
presence in their precursors of different amounts of Kkatoite phase
(CasAl,(OH)1,),™® which has a Ca/Al ratio of 1.5. Thus, cHC2AMws;, whose
precursor had the highest amount of katoite, showed the lowest Ca/Al ratio (Table
12).
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Table 12. Characterization results of the samples.

samples Ca/Al Surface Area  Average Pore Volume Hammett

(m’g’)  PoreSize(A)  (cm*g?) Indicators
CHC1R,4 1.98 11 147 0.08 6.8<H_>8.2
cHC1RMwg 1.87 12 129 0.07 6.8<H_>8.2
cHC1AC, 1.96 11 100 0.05 6.8<H_>8.2
cHC1AMw; 1.93 13 160 0.10 6.8<H_>8.2
cHC1AMw; 2.12 7 79 0.03 6.8<H_>8.2
cHC1AMw;-24  2.12 9 88 0.04 8.2<H >10.1
CHC1AMw;z-N, 2.12 9 104 0.04 10.1<H_>134
CHC2R4 1.79 9 124 0.05 6.8<H_>8.2
cHC2RMwg 1.63 10 86 0.04 6.8<H _>8.2
cHC2AC, 1.76 9 96 0.04 6.8<H_>8.2
cHC2AMw; 1.42 8 98 0.07 6.8<H_>8.2
cHC2AMw; 1.38 4 144 0.03 6.8<H_>8.2
cHC1AC;-750 1.96 5 95 0.02 13.4<H_>15
cHC1AMw;-750 1.93 4 100 0.02 13.4<H_>15
cHC1AMw3-750 2.12 5 128 0.03 13.4<H_>15
cHC2AC;-750 1.76 7 103 0.06 13.4<H_>15
CHC2AMw;-750 1.42 7 129 0.05 13.4<H_>15

Nitrogen physisorption

All calcined samples presented nitrogen adsorption-desorption isotherms of
type 1V, which according to the IUPAC classification corresponded to mesoporous
solids with pore size distribution in the mesoporous range (20-500 A).

Table 12 shows the surface area, average pore size and pore volume values
obtained for all samples. Calcined Ca/Al LDHs had low surface areas in the range 4-
13 m%g (Table 12). This agrees with the results reported by other authors for

calcined hydrocalumite-type compounds.?%“?! Regarding the surface areas of the

134



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015 . .
P g Results and discussion

Catalytic transesterification of glycerol with DMC to obtain glycerol carbonate
samples calcined at 450 °C, we observe that cHC1 samples exhibited slight higher
surface areas than cHC2 samples. This can be related to the lower crystallinity
observed by XRD for cHC1 samples (Figure 48). After calcination at higher
temperature (750 °C), a decrease of surface area was observed, as expected, due to
the presence of CaO and mayenite phases with higher crystallinity (Figure 50).

Scanning electron microscopy (SEM) and Transmission electron microscopy (TEM)
Figure 51 shows some representative SEM and TEM images of the samples.
SEM allowed us to observe that calcined samples retained the original hexagonal
morphology of their precursors, the hydrocalumite-type compounds.'® This means
that despite the thermal decomposition and the consequent changes suffered by the
structure due to the loss of water, anions and dehydroxilation processes, there were
not significant changes in the crystal morphology of the particles. Samples calcined
at 750 °C showed a greater deformation of the edges, more compact and more
agglomerated particles than those calcined at 450 °C, explaining their lower surface

areas.

(1um]
Figure 51. SEM images of a) cHC1AC; (x20000), b) cHC1AMw; (x13000), c) cHC2AC,
(x8000), d) cHC2AMyy; (x17000), ) cHC1AC;-750 (x9500), f) cHC1AM;-750 (x12000),
g) cHC2AC;-750 (x20000), h) cHC2AMy;-750 (x9000), and TEM images of i) CHC1R,
(x60000), j) cHC1RMyy (x80000), k) cHC2R,4 (x50000), 1) cHC2RMyys (x25000).
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TEM images also confirmed the presence of hexagonal sheets, but not so
well differentiated as in their precursors *®! and more compacted, probably because
of the water release and crystallographic phase transformation. This would also
account for the low specific surface areas measured for the calcined solids
(Table 12).

Hammett’s indicators

Hammett indicators results showed that all the samples calcined at 450 °C
for 15 h in air had the same basicity (6.8<H_<8.2) (Table 12). However, the sample
calcined at higher calcination time, cHC1AMws;-24, showed higher basicity strenght
(8.2<H_<10.1), probably due to the presence of mayenite phase in this sample, and
the sample calcined in an inert atmosphere in a dynamic system, cHC1AMw3;-N,,
exhibited the highest basicity strength (10.1<H_<13.4) regarding the samples
calcined at 450 °C. This could be attributed to the presence of a low amounts of CaO
(known for its basicity), and lower amounts of calcite phase. The presence of higher
amounts of more crystalline calcite in the samples calcined at 450 °C for 15 h in air
could justify the lower basicity of these samples. The use of higher calcination time
or an inert atmosphere could reduce the formation of this calcite phase, and therefore
higher basicity was obtained. Finally, the stronger basicity observed for the samples
calcined at 750 °C (13.4<H_<15) can be related to the presence of CaO, highly
basic, together with the absence of calcite, which decomposed at these higher

calcination temperatures.

Catalytic Activity

Figure 52 and 53 show the catalytic results obtained by using the cHC1 and
cHC2 catalysts prepared by calcination at 450 °C for the transesterification of
glycerol with dimethyl carbonate after 3 h of reaction. All the catalysts calcined at
the same conditions (CHC1R,4;, CHC2Ry;, cHC1RMws, cHC2RMws, cHC1AC,,
cHC2AC;, cHC1AMw;, cHC2AMw;, cHC1AMws; cHC2AMws;) exhibited
moderate-high glycerol conversion (46-76 %) and moderate selectivity to glycerol
carbonate (41-65 %). On the whole, these values were slight lower with respect to

glycerol conversion and similar with respect to glycerol carbonate selectivity than
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those obtained when using their corresponding hydrocalumite-type precursors as

catalysts for this reaction at the same reaction conditions (chapter 4.2.1).%! This

can be explained by the lower basicity strength of the catalysts calcined at 450 °C, as
deduced from Hammett indicators (Table 12).

B Glycerol Conversion (%0) H Selectivity to glycerol carbonate (%) = Selectivity to glycidol (%)

cHCIR,,  cHCIRMw; cHCIAC, cHC1AMw, cHCI1AMw, cHC1AMw;24h cHCIAMw,-N,

Figure 52. Catalytic activity results of the cHC1 catalysts obtained by calcination at 450 °C.
Reaction conditions: dimethyl carbonate/glycerol = 3.5:1 weight ratio; stirring 1000 rpm; N,
atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h.
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H Glycerol Conversion (%) H Selectivity to glycerol carbonate (%) = Selectivity to glycidol (%)

74 75

cHC2R,, cHC2RMwy cHC2AC, cHC2AMw; cHC2AMw;

Figure 53. Catalytic activity results of the cHC2 catalysts obtained by calcination at 450 °C.
Reaction conditions: dimethyl carbonate/glycerol = 3.5:1 weight ratio; stirring 1000 rpm; N,

atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h.

Conversion and selectivity values to glycerol carbonate were slightly higher
for the catalysts whose precursors were aged under microwaves by refluxing as well
as autoclave. This could be correlated with the higher amounts of calcite observed
for these catalysts, which neutralizes the strongest basic centers responsible for the
deactivation. Interestingly, the two catalysts calcined at 450 °C but at longer
calcination time (cHC1AMws;-24h) or using a dynamic inert-atmosphere system
during calcination (cHC1AMws;-N,) led to higher conversion (89-94 %) and higher
selectivity to glycerol carbonate (72-73 %) values than cHC1AMws. The presence
of mayenite and calcite with low crystallinity together with the mixed oxide
Ca(AlOy (Figure 48), only observed in these two catalysts, could justify these
results together with the higher basicity observed in these two catalysts. These
results are very interesting taking into account the low surface area of these
catalysts, and the lower reaction time used. Additionally, glycidol was detected for
all catalysts in different amounts (4-20 %). The formation of glycidol during this

reaction, by decarboxylation of glycerol carbonate, has been previously reported by
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other authors over catalysts with high basicity strength.'®® No other reaction
products were detected by gas chromatography.

The results for the modified catalyst confirm an increase in the conversion
of glycerol and in the selectivity to glycerol carbonate of the catalyst (76 % and 66
%, respectively) compared with the catalytic results of the non modified catalyst (61
% and 58 %, respectively). The selectivity of glycidol was very similar for both
catalysts (14 % in fron of 13 %).

u Glycerol Conversion (%) H Selectivity to glycerol carbonate (%) = Selectivity to glycidol (%)

98 97 98

94

cHC1AC,-750 cHC1AMw,-750 cHC1AMw,-750 c¢cHC2AC,-750 cHC2AMw,-750

Figure 54. Catalytic activity results of several catalysts calcined at 750 °C. Reaction
conditions: dimethyl carbonate/glycerol = 3.5:1 weight ratio; stirring 1000 rpm; N,
atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h.

Figure 54 shows the catalytic activity results of the catalysts calcined at 750
°C. These samples had much higher conversion (88-98 %) and much higher
selectivity to glycerol carbonate (60-85 %) than their corrresponding catalysts
calcined at 450 °C, especially catalysts cHC1. This can be related to the higher
basicity of the catalysts calcined at 750 °C with respect to those calcined at 450 °C,
as confirmed by the results obtained by using Hammett indicators (Table 12). The
higher amounts of CaO, highly basic, detected in cHC1 catalysts (Figure 50) could
explain the differences observed between cHC1 and cHC2 catalysts (Figure 54).
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Finally, the catalytic life of one of the catalysts (c(HC1AM;-750) was
evaluated from four consecutive runs performed reusing the catalyst at the same
reaction conditions used for the first catalytic test. After each catalytic run,
recovering of the catalyst was performed by filtration, mild-washing in methanol at
room temperature and dried before reaction. Several catalytic reuses favoured the
decarboxylation of glycerol carbonate resulting in the formation of higher amounts
of glycidol with a progressive loss of conversion and glycerol carbonate selectivity.
This behaviour was previously observed for their hydrotaculamite-type precursorst:®
but with these calcined hydrocalumites the formation of glycidol was more marked

arriving to 42 % after 4 reuses (Figure 55).

m % Glycerol Conversion m9% Selectivity to Glycerol Carbonate = % Selectivity to Glycidol

97

91

1 2 3 4

Figure 55. Reuse studies of catalyst cHC1AMW,-750. Reaction conditions: dimethyl
carbonate/glycerol = 3.5:1 weight ratio; stirring 1000 rpm; N, atmosphere; 0.15 g of catalyst;
temperature: 90 °C; time: 3 h

By comparing the XRD pattern of the reused catalyst with that of its
corresponding fresh catalyst (Figure 56), we observed a decrease in the crystallinity
of the mayenite phase and the desappearance of CaO accompanied by the formation
of calcite for the reused sample. The formation of calcite can be explained by the
reaction of the CO,, generated during decarboxylation of glycerol to glycidol, with

the Ca of the catalyst. Thus, the progressive loss of conversion and selectivity to
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glycerol carbonate observed could be attributed to the loss of some CaO basic

centres during reaction.
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Figure 56. XRD patterns of the catalyst cHC1AMw;-750: a) fresh catalyst and b) after
reaction. Reaction conditions: dimethyl carbonate/glycerol = 3.5:1 weight ratio; stirring 1000
rpm; N, atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h. B Mayenite phase; ®
CaO phase.

Conclusions

Calcined samples, prepared from chloride salts and calcined at 450 °C for 15
h, mainly showed the presence of an amorphous Ca(Al)Oy phase together with some
amounts of calcite (CaCOs3) in most of them. By increasing the calcination time, the
calcite content increased and new crystalline peaks, corresponding to the mayenite
phase, Ca;,Al14033 appeared. The use of nitrogen flowing through the sample during
calcination favoured the crystallization of mayenite. The use of nitrate anions for the
preparation of hydrocalumite-type compounds favoured the formation, after
calcination, of the mayenite phase when using autoclave-aging conditions, especially
under microwaves. When calcined at 750 °C for 4 h, a mixture of CaO and mayenite

phase was obtained in all cases. All catalysts showed low surface areas (4-13 m%g)

141



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Leg%ﬁiAgTé%6 -2015

and retained the original hexagonal morphology of their precursors, the
hydrocalumite-type compounds, as observed by SEM and TEM. The basicity
strenght was higher for the samples calcined at higher temperature, as determined by
using Hammett indicators.

The catalysts obtained by calcination at 450 °C for 15 h in air showed
moderate-high glycerol conversion (46-76 %) and moderate selectivity to glycerol
carbonate (41-65 %) after 3 h of reaction. The use of longer calcination time at 450
°C or a dynamic inert-atmosphere system during calcination led to higher conversion
(89-94 %) and higher selectivity to glycerol carbonate (72-73 %) values. This has
been related to the presence of mayenite and calcite with low crystallinity together
with the mixed oxide Ca(Al)Oy in these two catalysts, which had higher basicity
strength than the catalysts calcined at 450 °C for 15 h. Calcination at 750 °C resulted
in high conversion (88-98 %) and high selectivity to glycerol carbonate (60-85 %)
due to the presence in the catalysts of CaO, highly basic. The progressive loss of
conversion and selectivity to glycerol carbonate observed after several reuses has
been attributed to the loss of some CaO basic centres during reaction, resulting in

the formation of higher amounts of glycidol (42 %).
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4.2.3 Boosted selectivity towards glycerol carbonate using microwaves for the

transesterification of glycerol

Abstract

Several hydrocalumite-type materials (CaAl-LDHs) and some of their
calcined forms, obtained at different calcination temperature, have been tested as
catalysts for the transesterification of glycerol towards glycerol carbonate under
microwaves. The results have been compared with those obtained using
conventional heating during reaction. Interestingly, the use of microwaves increased
conversion and especially selectivity to glycerol carbonate for all catalysts while the
selectivity to glycidol was similar. Glycerol conversion values were between 63-95
% in microwaves and 61-91 % by conventional heating, and selectivity to glycerol
carbonate between 53-92 % in microwaves and 30-80 % by conventional heating
depending on the catalyst used. This can be related to the best homogeneity in

heating provided by microwaves compared to conventional heating.
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Introduction

The interest in new industrial applications of glycerol is increasing parallel
to the growth of biodiesel production®"#*™"™ since glycerol is formed as by-
product in high amounts (10 wt % of the total product) during biodiesel
manufacture. The inherent non-toxic and edible nature of glycerol further
encourages its industrial utilization.

One interesting option is the catalytic conversion of glycerol to glycerol
carbonate, (4-hydroxymethyl-1,3-dioxolan-2-one), which has many applications in
different industrial sectors, such as intermediate in organic synthesis (e.g. monomer
in the synthesis of polycarbonates, polyurethanes and polyglycerols),>
biolubricant owing to its adhesion to metallic surfaces and resistance to oxidation,
hydrolysis, and pressure,’® protector in the carbohydrates chemistry, component of
gas separation membranes, in coatings, or in the production of polyurethane foams
[17%) and surfactants. 2

Traditionally, glycerol carbonate has been produced by reacting glycerol
with phosgene but due to the high toxicity and corrosive nature of this reagent, new
alternative routes have been investigated.™® An alternative catalytic route to obtain
glycerol carbonate is the transesterification reaction of glycerol with organic cyclic
carbonates (ethylene carbonate or propene carbonate) or with non-cyclic carbonates
(diethyl carbonate or dimethyl carbonate). Dimethyl carbonate is preferred since the
reaction can be performed at milder conditions and the co-product methanol can be
easily separated. Ochoa-Gomez et al. (2009) studied the influence of different basic
and acid homogeneous and heterogeneous catalysts at different reaction conditions.
The best results were obtained using basic heterogeneous catalysts.*?! CaO catalyst
led to 70 % of conversion and 70 % of yield to glycerol carbonate at 75 °C after 15
min of reaction. "® Hydrotalcite-based catalysts have been widely employed for
this reaction.'*0158 1611851861 - Calcined Mg/Al/Zr, ™8 calcined Mg/Zr/Sr™® and
doping transition metals cations into Mg/Al hydrotalcites resulting in yields to
glycerol carbonate between 55-94 % at reaction temperatures in the range 75-100 °C

for this transesterification reaction.™® Z. Liu et al. (2015) reported full conversion
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of glycerol and 96 % yield of glycerol carbonate at 80 °C for 1.5 h in the presence of
Li/Mg,AlOs s obtained by impregnating calcined Mg/Al hydrotalcite with LiNO3.['®!
In previous works, we studied the -catalytic behaviour of several Ca/Al
hydrocalumite-type compounds, synthesized using microwaves and ultrasounds, and
their calcined forms for the for the transesterification of glycerol with dimethyl
carbonate to obtain glycerol carbonate (see chapters 4.2.1 and 4.2.2).

Microwave radiation is known to offer additional advantages over
traditional thermal heat sources since it provides a rapid, energy-efficient way of
heating materials and promotes or accelerates chemical reactions by selectively
heating the reactants in a way that it is not possible in conventional heating.!**®]
While the conventional reflux set up is relatively slow and inefficient to transfer the
energy into a reaction mixture as it relies on convection currents and on the thermal
conductivity of medium (reaction vessel, reactants and solvent phase etc.);
microwave irradiation works through ‘in-core’ volumetric heating (direct coupling
of microwave energy with reaction mixture) which results in rapid and uniform
temperature attainment."® %! As compared with conventional methods, focused
microwave heating is known to reduce side reactions and sharply decrease the
creaction time thus improving the selectivity of the reaction, increasing yields and
purity of the products, and decreasing the amounts of the solvents used as
well.'**1%] Microwaves irradiation haven used for glycerol valorisation to perform
the acetalization of several aldehydes and ketones with glycerol in catalyst and
solvent free conditions,*® for the synthesis of acrylonitrile under mild
conditions,™® and for the obtention of glycidol from glycerol carbonate.™*” To the
best of our knowledge there are no reports on heterogeneous-catalyzed
transesterification of glycerol to glycerol carbonate under microwaves.

The aim of this work was to study the effect of using microwaves during the
transesterification of glycerol with dimethyl carbonate, in the presence of several
Ca/Al hydrocalumite-type compounds and their calcined forms, on the conversion

and selectivity to glycerol carbonate values.
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Experimental

Preparation of catalysts

Hydrocalumite-type compounds were synthesized by the co-precipitation
method from different starting salts: chlorides (serie HC1) or nitrates (serie HC2).
Two different aqueous solutions containing CaCl,-2H,O (Sigma-Aldrich) and
AICI3-6H,0 (Riedel-de Haén) or Ca(NOs),-4H,O (Sigma-Aldrich) and
AI(NO3)3-9H,0 (Sigma-Aldrich) were prepared with a 2:1 Ca**/AI** molar ratio.
These solutions were added dropwise to a 500 ml four neck round-botton flack in an
oil bath at 60 °C previously filled with 250 ml of a mixture of water/ethanol in a 2:3
volumetric ratio. The pH was kept constant at 11.5 + 0.1, by the simultaneous
addition of an aqueous solution of 2 M NaOH (Panreac). Magnetic stirring or
ultrasounds were used for mixing during precipitation (US is added to notation for
the samples prepared with ultrasounds). After complete addition of the metallic salts,
the mother solutions were aged by refluxing under conventional heating at 60 °C for
24 h (HC1R,4, HC2Ry4, HC1USRy4, HC2USRy,) or under microwaves (Milestone
ETHOS-TOUCH CONTROL) at 60 °C for 6 h (HC1IRMws HC2RMws,
HC1USRMwg, HC2USRMwg). Finally, all samples were filtered at room
temperature, washed with deionized and decarbonated water and then dried in an
oven at 80 °C overnight. Several of these hydrocalumite-type compounds were
calcined in a furnace Carbolite CWF11/5P8 at 450 °C for 15 h (C(HC1R,4, CHC2R,4,
cHC1RMwg, cHC2RMwg), and at 750 °C for 4 h (c(HC1R2,-750, cHC1RMwg-750).

Characterization methods

Powder X-ray diffraction patterns of the samples were obtained with a
Siemens D5000 diffractometer using nickel-filtered CuKa radiation and detecting
between 20 values of 5°-70°. Crystalline phases were identified using the Joint
Committee on Powder Diffraction Standards (JCPDS) files (035-0105- Calcium
Aluminium Hydroxide Chloride Hydrate-Ca,Al(OH)¢CI-2H,0, 089-6723- Calcium
Aluminun Nitrate Hydroxide Hydrate- Ca,Al(OH)sNO3-2H,0, 089-0217- Katoite-
CazAly(OH),, 086-2341- calcite -CaCO; and 089-6723-mayenite, 0.7-1497-Lime-
Ca0).
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Elemental analysis of the samples was obtained with an ICP-OES analyser
(Induced Coupled Plasma — Optical Emission Spectroscopy) from Spectro Arcos.
The digestion of all hydrocalumites was carried out with concentrated HNOs.
Analyses were performed by triplicate.

BET surface areas were calculated from the nitrogen adsorption isotherms at
-196 °C using a Quantachrome Quadrasorb Sl surface analyzer and a value of
0.164nm? for the cross-section of the nitrogen molecule. Samples were degassed at
90 °C.

Basicity of the catalysts was evaluated using Hammett indicators:
phenolphthalein (pKa = 8.2), nile blue A (pKa = 10.1), tropaeolin O (pKa = 11),
thyazole yellow G (pKa = 13.4) and 2,4-dinitroaniline (pKa = 15). 25 mg of catalyst
was taken along with 2.5 ml dry methanol and 1 ml of indicator, and kept in a shaker
for 2 h.

Catalytic Tests

For the catalytic tests, 0.15 g of catalysts was used. Dimethyl carbonate and
glycerol were mixed in a 3.5:1 weight ratio in a 50 ml round bottom glass reactor
fitted with a reflux condenser and a thermocouple. The mixture was heated at 90 °C
under N, under microwaves (Milestone ETHOS-TOUCH CONTROL). After 3 h of
reaction, the mixture was filtered and evaporated in a rotatory evaporator. 1 pl of the
concentrated residue was analysed by gas chromatography. Catalytic tests were
compared with those performed at the same reaction conditions but using
conventional heating instead microwaves.

Gas chromatography analysis were performed in a ZHIMADSU GC-2010
apparatus, equipped with a split injection mode and a flame ionization detector. The
column was a SUPRAWAX-280 with 60 m length, a film thickness of 50 um and an
internal diameter of 0.25 mm. Glycerol conversion and selectivity to glycerol
carbonate and glycidol were determined from calibration lines obtained from

commercial products.
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Results and Discussion

Catalysts characterization

Table 13 summarizes the main characterization results of the catalysts. More
detailed characterization of the samples can be found in previous works (%,
chapters 4.1.1).

Table 13. Characterization of the catalysts

BET Basici

f Ca/Al  Area ty

Catalysts Crystalline phases (XRD) (ICP)  (mg) (Hammet

g Indicators)
HC1R,, Ca,Al(OH)sCI-2H,0 1.98 13 10.1<H >13.4
HC1RMwg Ca,Al(OH)sCI-2H,0 1.87 10 10.1<H >13.4
HC1USR,, Ca,Al(OH)4Cl-2H,0* 1.97 6 10.1<H_>13.4
HC1USRMwg Ca,Al(OH)4Cl-2H,0* 1.88 7 10.1<H >13.4
HC2R,,4 CazAI(OH)GNO:,'ZHan 1.79 9 10.1<H->13.4
HC2RMwg CazAI(OH)ﬁNO;;ZHgOa 1.63 9 10.1<H->13.4
HC2USR,, CazAI(OH)ﬁNO;;ZHgOa 1.78 16 10.1<H->13.4
HC2USRMwg Ca,Al(OH)sNO3-2H,0? 1.85 25 10.1<H->13.4

@ Katoite phase was detected in low amounts (5-23 %) (%!
® Calcite was detected in very low amounts (see Figure 48).
¢ Calcite was more crystalline and was detected in higher amounts than in cHC1RMws (see Figure 49).

XRD patterns of the hydrocalumite-type compounds showed the crystalline
phase corresponding to the CaAl-LDH structure. Crystalline katoite was also
observed in different amounts for the samples HC1 coprecipitated under ultrasounds
and for all HC2 samples.'® XRD patterns of the samples calcined at 450 °C
exhibited the presence of an amorphous phase due to the expected mixture of

calcium and aluminium oxides, Ca(Al)O,. Additionally, several crystalline peaks
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were detected for most of the samples (cHC1RMwg, cHC2R,4 and cHC2RMwg),
which were identified as calcite (CaCOj3). Calcite was more crystalline and was
observed in higher amounts for the samples the precursors of which were prepared
with nitrates (CHC2R,4 and cHC2RMwg). Ca/Al molar ratio of HC1 samples were
around 2, in agreement with the Ca/Al molar ratio of the starting solutions used for
coprecipitation. Ca/Al molar ratio values of the samples prepared from nitrates
(HC2) were lower than those obtained for the samples synthesized from chloride
salts (Table 13). There is a clear correlation between the amount of katoite phase and
the decrease in the Ca/Al molar ratio observed for the HC2 samples. All the HC1
and HC2 samples exhibited nitrogen adsorption-desorption isotherms type 1V
according to IUPAC classification, corresponding to solids with mesoporous
contribution. All samples showed low surface areas (Table 13).

Hydrocalumite-type compounds had higher basicity strength (10.1< H_
<13.4) than the samples calcined at 450 °C (6.8<H_>8.2) but lower than the samples
calcined at 750 °C (13.4<H_>15). This can be explained by the presence of calcite in
the samples calcined at 450 °C. XRD results of samples calcined at 750 °C showed
the mayenite and CaO phases; justifying the higher basicity strenght in the samples
calcined at 750 °C. However, cHC1R»,-750 sample presented a greater amount of
CaO than the cHC1RMws-750 sample, which is reflected in increased basicity
strength in the cHC1R,4-750 sample (13.4<H_>15).in comparison with the
cHC1RMws-750 sample (10.1<H_>13.4).
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Catalytic Tests

Figures 57 and 58 show the catalytic results obtained by HC1 and HC2

catalysts for the transesterification of glycerol with methyl carbonate after 3 h of

reaction using microwaves and conventional heating during reaction. All these

catalysts exhibited high conversion and the formation of two reaction products:

glycerol carbonate, as main product, and glycidol, in lower amounts. Interestingly,

the use of microwaves instead of conventional heating clearly increased the

conversion but especially the selectivity to glycerol carbonate for all catalysts while

the selectivity to glycidol was similar. No other reaction products were detected.

There are no great differences between HC1 and HC2 catalysts. This can be

explained by the similar surface and basic characteristics observed for these catalysts

(Table 13).
u % Glycerol conversion % Selectivity to Glycerol carbonate % Selectivity to Glycidol
86 86
84 82 -8 85
A)
HCI1R,, HC1RMw, HC1USR,, HC1USRMw,
m % Glycerol conversion % Selectivity to Glycerol carbonate % Selectivity to Glycidol
78 e 78
[;) 71

HCIR,, HC1RMw HC1USR,, HC1USRMw,

Figure 57. Catalytic activity of the catalysts HC1 A) under microwaves and
conventional heating. Reaction conditions: dimethyl carbonate/glycerol = 3.5:1 weight ratio;

N, atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h.
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B % Glycerol conversion % Selectigvzity to Glycerol carbonate % Selectivity to Glycidol
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Figure 58. Catalytic activity of the catalysts HC2 A) under microwaves and B) by
conventional heating. Reaction conditions: dimethyl carbonate/glycerol = 3.5:1 weight ratio;
N, atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h.

Figures 59 and 60 show the catalytic results obtained by the catalysts
calcined at different temperatures for the transesterification of glycerol with
dimethyl carbonate after 3 h of reaction using microwaves and conventional heating
during reaction. For all these catalysts we observed that again the use of microwaves
increased conversion and especially selectivity to glycerol carbonate. Focused
microwave heating is known to reduce side reactions thus improving the selectivity
of the reaction, increasing yields and purity of the products.’*'*! It is also well
known that microwaves can accelerate organic reactions (oxidation, polymerization,
reduction). ™™ This has been attributed to the higher homogenity of heating when
using microwaves with respect to conventional heating. Interestingly, the sum of the
selectivity values to glycerol carbonate and glycidol was higher when using
microwaves than when using conventional heating during reaction. Therefore, the

use of microwaves favors the transesterification reaction.

151



UNIVERSITAT ROVIRA I VIRGILI
HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit LegEﬁAETé%6 -2015

B Glycerol conversion Selectivity to Glycerol carbonate Selectivity to Glycidol
87

78 78 75 77

A)

1I— ]
cHC1R,, cHC1RMw; cHC2R,, cHC2RMw;
M Glycerol conversion Selectivity to Glycerol carbonate Selectivity to Glycidol
84
B) 76

cHCIR,, cHC1RMw, ¢HC2R,, cHC2RMw,

Figure 59. Catalytic activity of the samples calcined at 450 °C A) under microwaves and B)
by conventional heating. Reaction conditions: dimethyl carbonate/glycerol = 3.5:1 weight
ratio; N, atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h.

On the whole, the catalytic results of the samples calcined at 450 °C were
worse than those of the hydrocalumite-type compounds while the best catalytic
results were achieved with the samples calcined at 750 °C. This can be correlated
with the different basicity strenght of the catalysts, which varies in this order:
samples calcined at 750 °C > hydrocalumite-type compounds > samples calcined at

450 °C (Table 13) as a consequence of the different composition of the samples.
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m % Glycerol conversion % Selectivity to Glycerol carbonate = % Selectivity to Glycidol
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70
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Figure 60. Catalytic activity of the samples calcined at 750 °C A) under microwaves and B)
by conventional heating. Reaction conditions: dimethyl carbonate/glycerol = 3.5:1 weight
ratio; N, atmosphere; 0.15 g of catalyst; temperature: 90 °C; time: 3 h.

The catalytic life of one of the catalysts (HC2USRMw;) was evaluated from
four consecutive runs performed reusing the catalyst at the same reaction conditions
used for the first catalytic test (Fig. 61). After each catalytic run, recovering of the
catalyst was performed by filtration, mild-washing in methanol at room temperature
and dried before reaction. Several catalytic reuses resulted in a progressive loss of
conversion and selectivity to glycerol carbonate, and glycidol. This progressive loss
of activity could be attributed to the loss of some basic centres during reaction. It is
important to note that this behavior is different to that observed when reusing one
hydrocalumite-type compound by conventional heating (Figure 46, Chapter 4.2.1),
the results of which exhibited similar selectivity to glycerol carbonate values and a

significant increase of selectivity to glycidol after reusing. The homogeneity of the
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heating under microwaves could explain the similar activity values obtained under

reusing.

W Glycerol Conversion (%) Selectivity to glycerol carbonate (%) Selectivity to glycidol (%)

86 87
83 79 80
76 71

67

| =— | =

Reuses

Figure 61. Reuse studies of catalyst HC2ZUSRMw; under microwaves. Reaction conditions:
dimethyl carbonate/glycerol = 3.5:1 weight ratio; N, atmosphere; 0.15 g of catalyst;
temperature: 90 °C; time: 3 h.

Conclusions

Several CaAl-layered double hydroxides and several calcined CaAl-layered
double hydroxides have been tested as catalysts for the transesterification of glycerol
to glycerol carbonate using microwaves or conventional heating during reaction. The
catalytic results of the samples calcined at 450 °C were worse than those of the
hydrocalumite-type compounds (with glycerol conversion values between 87-63 %
in the case of the samples calcined at 450 °C and 88-82 % in the hydrocalumite-type
compounds, and selectivity of glycerol carbonate values between 78-53 % and 92-73
%, respectively) while the best catalytic results were achieved with the samples
calcined at 750 °C (glycerol conversion between 95-87 % and selectivity to glycerol
carbonate between 88 and 87 %). This can be correlated with the different basicity
strength of the catalysts. The use of microwaves during reaction resulted in higher

conversion and, especially, higher selectivity to glycerol carbonte for all catalysts.

Acknowledgments

Authors acknowledge Ministerio de Economia y Competitividad of Spain
and Feder Funds (CTQ2011-24610), and Catalan Government for FI grant
(2012FI_B 00564).

154



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes
Diposit Legal: T 1362-2015

CHarPTER 4

Results and discussion

Catalytic decarboxylation of
glycerol carbonate to glycidol



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.
Judith Cecilia Granados Reyes

Diposit Legal: T 1362-2015



UNIVERSITAT ROVIRA I VIRGILI

HYDROCALUMITE-BASED CATALYSTS FOR GLYCEROL REVALORIZATION.

Judith Cecilia Granados Reyes
Diposit Legal: T 1362-2015

Results and discussion

Catalytic decarboxylation of glycerol carbonate to glycidol

4.3 Catalytic decarboxylation of glycerol carbonate to glycidol

Abstract

(
) ( |
s ‘\K;$r$—\&awr
Glycerol Y L
Carbonate & g' Glycidol

150°C, 16 h

In this work, several layered double hydroxides of Ca/Al, Mg/Al and Ni/Al

and various aluminium (oxi)hydroxides, prepared with microwaves, have been

tested as catalysts for the decarboxylation of glycerol carbonate to glycidol in a

preliminary study. Catalysts were characterized by XRD, elemental analysis

nitrogen physisorption and TEM. The best catalytic result was achieved using a

catalyst prepared by coprecipitation of Ca and Al salts at pH 8 and later modification

with H3PO,, obtaining 72 % of selectivity to glycidol for a carbonate glycerol

conversion of 36 % at 150 °C after 16 h of reaction. These values are comparable to

those described in the literature using conventional heating at 150 °C after 23 h of

reaction.
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Introduction

Nowadays, the biofuels, which are derived from renewable raw materials,
have emerged as an alternative to reduce carbon dioxide emissions from fossil fuels,
and mitigate air pollution and global warming. Biodiesel is produced from vegetable
oils and methanol by a transesterification reaction which generates glycerol as a
byproduct in large amounts.®"#!

Although glycerol has many industrial applications, its large surplus has led
to a decrease on its price in recent years. In order to revalorise this material, it is
necessary to transform it into products with high-added value such as glycerol
carbonate, among others. Glycerol carbonate is a relatively new material in the
chemical industry. It can be used for gas separation membranes, as solvent,
biolubricant or as a source of new polymers.'2*®! Additionally, glycerol carbonate
is the most valuable intermediate for the production of glycidol, which is a precursor
for the synthesis of polymers (e.g. polycarbonates or polyurethanes). Glycidol is also
used as a stabilizer for natural oils and vinyl polymers, as demulsifier, in surface
coatings, in the chemical synthesis of several intermediates, pharmaceuticals and as
a gelation agent in solid propellants 27}

Traditionally, the industrial production of glycidol is performed by the
epoxidation of allyl alcohol and hydrogen peroxide in the presence of a
homogeneous catalyst. However, it requires a large humber of steps to obtain the
desired product. Moreover, some of the homogeneous catalysts tested for this
reaction were decomposed during reaction, increasing the final cost of the process.

This reaction has been also studied by using heterogeneous catalysts.
Wréblewska et al. (2002) has studied this reaction using different heterogeneous
titanium catalysts, they was getting this reaction efficiently.'** %! Other authors
have also used titanium catalyst in this reaction obtaining acceptable results.!?**2*!

Another route to obtain glycidol is through the decarboxylation reaction of
glycerol carbonate. Malkemus and Currier (1958) patented the synthesis of glycidol
from glycerol carbonate using a metal salt as catalyst, obtaining glycidol yields of

80-90 % at high temperature and low pressure.®® Gaset et al. (2001) patented the
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production of glycidol from glycerol carbonate and glycerol as co-reagent in 1 h of
reaction, at 3.5 kPa and 183 °C, using zeolite-A as catalyst, obtaining 72 % vyield of
glycidol.™ Mouloungui (2004) studied the formation of glycidol from glycerol
carbonate and using glycerol as co-reactant. In this reaction a glycerol/glycerol
carbonate ratio of 0.1/0.15 was added to a thin film reactor. Zeolite was used as
catalyst (10 % of weight with respect to the total glycerol carbonate). The
temperature was adjusted to 175 °C for 2 h at 35 mbar of pressure. The results show
that this new process produced glycidol anhydride with 87 % of selectivity, 86 % of
yield and 99 % of purity. Mouloungui (2004) also reported the mechanism for this
reaction (Figure 62), where the heterocyclization of two hydroxyl groups of glycerol
are inserted into a cyclocarbonate group, followed by oligomerization of glycerol
carbonate, and finally followed by controlled depolymerization by the action of

bifunctional zeolites.!?"!

OH
MX‘,H((A|202)K(Si02)y)w.HZ CH,0OH CH,OH
Carbonate de ‘ ‘
glycérol l solide HOH,C—CH—0—C ~0~CH,—CHOH
+ o O " o
Glycérol H__ Carbonate de
(Donneur de 0O 0,0-glycidyl glycéryl
O | (Phase liquide)
proton) H CH2*|CH q
CH,OH
Phase liquide
—~H 4—
nel
Glycidol A O, |
< H2C7CHXO;}—:CT;) —CHZ—C‘H—CHZOH
T Rendement = 86 % OIH T OH
Dioxyde de Sélectivité = 87 % . vl :
carbone gazeuse Pureté = 99 % /"_“-1_/71/—\_//
Si Al O Si Al

Figure 62. Reaction mechanism of the catalytic synthesis of glycidol by oligomerization of
glycerol carbonate.[?””]

Recently, Yuichiro et al. (2011) patented the process for glycidol synthesis
by using sodium sulfate anhydrous as catalyst, at 200 °C for 6 h at low pressure in

the presence of a solvent containing no active hydrogen, obtaining yields of 80
%.[208]
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Choi et al. (2013) studied the decarboxylation of glycerol carbonate to
produce glycidol using various ionic liquids as catalysts and solvent at a specified
temperature under a reduced pressure of 2.67 kPa. In their work, the ionic liquids
bearing an anion with medium hydrogen-bond basicity exhibited the higher glycidol
yields. Moreover, the yield of glycidol increased to 98 % when adding a high-
boiling aprotic solvent to the reaction.?® The aforementioned studies are restricted
to very specific reactions conditions (low pressure and with significant constraints in
the nature of the solvent). However, the new methodology used by Bolivar-Diaz et
al. (2013) presents an effective transformation of glycerol carbonate to glycidol in
dry media, in atmospheric pressure and using a heterogeneous catalyst. In their
work, Bolivar-Diaz et al. studied the transformation of glycerol carbonate into
glycidol using a ZSM-5 zeolite catalyst and C0s0,/Zn0O catalyst, in the absence of
solvent. They used conventional thermal activation, ultrasound-activation and
microwave-activation in the liquid; reporting the highest selectivity to glycidol
greater than 99 % and a high glycerol carbonate conversion of 71 %.%"

In this work we present the preliminary results of using various layered
double hydroxides materials and several aluminium (oxi)hydroxides as catalysts for

the decarboxylation of glycerol carbonate to obtain glycidol.

Experimental

Catalysts preparation

One CaAl-hydrocalumite, with a 2:1 molar ratio of Ca?/AI**, was
synthesized by the co-precipitation method from nitrate salts following the synthesis
methodology detailed in section 4.1. The solutions were added to a mixture of 250
ml water/ethanol (2:3) under ultrasounds at 60 °C and pH 11.5, and later aged by
conventional heating by refluxing at 60 °C for 24 h. This sample was named as
HC2USR,4. Another sample was synthesized following the method used for the
synthesis of the hydrocalumite but coprecipitating the mixture of Ca and Al nitrate
salts at pH 8 (sample HC2USR,-pH8). In order to increase the acidity of this later
sample, one fraction was impregnated with 0.7 M H3PQO, solution, and dried at 80 °C
overnight (sample HC2USR,-pH8-1).
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Two hydrotalcites (i.e. NiAl-hydrotalcite and MgAl-hydrotalcite) were also
synthesized by the coprecipitation method. The NiAl-hydrotalcite (takovite) was
synthesized from nitrates salts with a Ni/Al molar ratio of 4:1, The solutions of
Ni(NO3),-6H,0 and AI(NO3)3-9H,0 were added dropwise to a solution of 40 ml of
NaOH 0.01 M, at room temperature, under vigorous magnetic stirring. The pH was
kept constant at 8, by the simultaneous addition of an aqueous solution of 1 M
NaOH. After complete addition of the metallic salts, the resulting solution was aged
at room temperature for 18 h (sample NiAI-HT). MgAl-hydrotalcite was synthetised
by the co-precipitation of Mg(NO3),-6H,0 and AI(NO3)3-9H,0, with a 3:1 molar
ratio of Mg/Al. The solution of salts were added dropwise to a solution of 200 ml of
(NH,),CO3 0.05 M. under vigorous magnetic stirring at 70 °C. The pH was kept
constant at 8, by the simultaneous addition of an aqueous solution of 1 M NHs. After
complete addition of the metallic salts, the resulting solution was aged at 70 °C for
18 h (MgAI-HT).

Finally, three aluminium (oxi)hydroxide samples were prepared by
precipitating 100 ml of 0.1 M aqueous solution of Al (NOz)3-9H,0 with a 0.25 %
agueous ammonia solution until pH 8 at 75 °C. The mother solution was aged under
reflux in a microwave (ETHOS TOUCH CONTROL) at 75 °C for 1, 2 and 3 h (H1,
H2 and H3).

All samples were filtered at room temperature, washed with deionized water
and then dried in an oven at 80 °C overnight. Table 14 summarizes the preparation

conditions used and the nomenclature assigned to each sample.
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Table 14. Aging treatments of the samples.

Precipitation Aging

Sample . Time
Ultrasound T (°C) Heating T (°C) )
HC2USRy4 Si 60  conventional 60 24
HC2USR,4-pH8 Si 60  conventional 60 24
HC2USR4-pH8-1 2 Si 60 conventional 60 24
NiAI-HT No R.T conventional R.T 18
MgAI-HT No 70  conventional 70 18
H1 No 75 microwave 75 1
H2 No 75 microwave 75 2
H3 No 75 microwave 75 3

a Sample impregnated with a solution of 0.7 M H3PO,
R.T: Room temperature

Catalysts characterization

Samples were characterized with X-ray diffraction with a Siemens D5000
diffractometer, using nickel-filtered CuKa radiation. The patterns were recorded
over a range of 26 angles from 5° to 70°. Crystalline phases were identified using the
Joint Committee on Powder Diffraction Standards (JCPDS) files, 89-6723-Calcium
Aluminun Nitrate Hydroxide Hydrate, 89-0217- Katoite, 15-0087-Takovite, 89-
0460-Hydrotalcite, 73-6509-Boehmite, 74-1775-Gibbsite and 74-0087-Bayerite.

The elemental analysis of HC2USR,4-pH8 and HC2USR,4-pH8-1 samples
was performed using an ICP-OES analyser (Induced Coupled Plasma — Optical
Emission Spectroscopy) from Spectro Arcos. The digestion of the samples was
carried out with concentrated HNOs.

The Brunauer, Emmett and Teller (BET) theory was used to calculate the
total surface area of the samples through that the nitrogen adsorption isotherms at -
196 °C using a Quadrasorb SI Surface analyzer.

Transmission electron microscopy (TEM) of the samples was performed
using a JEOL electron microscope Model 1011 with an operating voltage of 80 kV.

The magnification values used were between 20 and 100 k.
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Catalytic Activity

The catalytic activitiy of the catalysts was studied in the decarboxylation
reaction of glycerol carbonate (GC) to obtain glycidol. For this purpose, 1.77 g of
glycerol carbonate into a round bottom flask 3-necked coupled to a reflux, which
was heated at 150 °C for 16 h under inert atmosphere. After the reaction was
completed, the reaction products were analysed by gas chromatography in a
ZHIMADSU GC-2010 apparatus, equipped with a split injection mode and a flame
ionization detector. The column was a SUPRAWAX-280 (60 m, 50 um and 0.25
mm). Glycerol carbonate conversion and selectivity to glycidol were determined

from calibration lines obtained from commercial products.

Results and discussion

Catalysts characterization

Figure 63 shows the XRD patterns obtained for the CaAl samples. Sample
HC2USR,, was identified as an hydrocalumite-type compound, especifically
Calcium  Aluminun Nitrate Hydroxide Hydrate phase (with formula
Ca,Al(OH)sNO3-2H,0) (Figure 63a). This phase belongs to the group P-3cl (N°
165, indexed in the hexagonal group) with theroretical a and ¢ parameter values of
574 A and 17.23 A, respectively. Additionally, katoite (CasAl,(OH)y,), was

observed in low amounts.
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Figure 63. XRD patterns of the CaAl samples a) HC2USR,,, b) HC2USRy-pH8, ¢)
HC2USR,;-pH8-1. (®) hydrocalumite phase, (0) katoite phase. (®) Bayerite Phase, (®)

Boehmite phase (*) Calcite phase.

XRD pattern of sample HC2USR,4-pH8 revealed the formation of an

amorphous boehmite phase (y-AlO(OH)), accompanied by the presence of the

calcite phase and a bayerite phase (a-Al(OH)3) in very low amounts. The boehmite

phase belongs to the orthorhombic lattice system (Cmc2; space group and the a,b,c

cell parameters values are 2.87, 12.24, 3.70, respectively). The hydrocalumite phase

was not observed. Therefore, a decrease in the pH of precipitation from 11.5 to 8

avoided the formation of the hydrocalumite phase. This can be related to the high pH

of precipitation required to obtain Ca(OH),. In fact, the pH of a saturated Ca(OH),

solution is about 12.4. When this sample was modified with a phosphoric acid

solution (HC2USRy4-pH8-1), the corresponding XRD pattern (Figure 63c) was very

similar to that of the HC2USR-pH8 sample, with a slight decrease in the calcite

amount.

Figure 64 presents the XRD results for the hydrotalcite samples. For the

NIiAI-HT sample (Figure 64b), a single crystalline phase identified as takovite, with
formula NigAl,(OH)6(CO3,0H)-4H,0, was observed. XRD pattern of MgAI-HT
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(Figure 64a) exhibited the formation of the hydrotalcite phase with formula
(Mgo.667Al5.333)(OH)2(CO3)0.167(H20)0.5. This sample was less crystalline than NiAl-
HT and also had bayerite phase in low amounts.
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Figure 64. XRD patterns of the hydrotalcite samples a) MgAI-HT, b) NiAI-HT. (%)
hydrotalcite phase, (®) Bayerite phase, () Takovite phase.

Finally, Figure 65 shows the results obtained for the aluminium
(oxi)hydroxides samples. The sample aged at 1 h with microwaves (H1, Figure 65a),
presented an amorphous phase, which did not correspond to any crystalline
aluminium (oxi)hydroxide phase. By increasing the aging time to 2 h, the formation
of two crystalline phases was observed: the bayerite phase (a-Al(OH)3) in higher
amounts and the gibbsite phase (y-Al(OH)3). The bayerite phase belongs to the space
group P2;/a (N° 14) and had cell parameters (a,b,c) with values 5.06, 8.67 and 4.71,
respectively. The gibbsite phase belongs to the same space group (P2:/n (N° 14)) and
the monoclinic lattice system, with cell parameters 8.67, 5.07 and 9.72, which that

corresponds to a, b and c, respectively.
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Figure 65. XRD patterns of the aluminium (oxi)hydroxides samples a) H1, b) H2, ¢) H3. (*)
Gibbsite phase, (®) Bayerite phase, (®) Boehmite phase.

For the sample aged with microwaves at 3 h (H3, Figure 65c¢) only the
boehmite phase (y-AlO(OH)) was observed.

The M*/AIP* ratio of the Ni/Al and Mg/Al hydrotalcites practically matched
the theoretical values while for the hydrocalumite HC2USR,, the Ca%'/AI*" molar
ratio was lower than 2 because of the presence in low amounts of the katoite phase,
as commented in previous chapters. Finally, the Ca%*/AI*" molar ratio of HC2USR -
pH8 and HC,USRy;-pH8-1 were much higher than the theoretical value used for
their synthesis. This can be related to the low incorporation of Ca** due to the low

pH used for precipitation.
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Table 15. Sample characterization

Surface Average

Sample M2 AR Area  Poreradius ' °r¢ V;’Tme
(m’g") A) (cm'g™)

HC2USR,, 1.78 16 238 0.110
HC2USR4-pH8 0.97 28 143 0.199
HC2USR,4-pH8-I 097 39 138 0.219
NiAI-HT 3.92 3 24 0.003
MgAI-HT 3.01 83 44 0.183
H1 1 133 0.010
H2 7 28 0.010
H3 97 22 0.108

From nitrogen physisorption results, we observe that the samples
HC2USR,4-pH8 and HC2USR,4-pH8-1 had higher surface area than the
hydrocalumite sample (HC2USR,,) (Table 15). This can be explained by the lower
cristallinity of the amorphous oxihydroxides identified in the samples HC2USR ;-
pH8 and HC2USR,4-pH8-1 in comparison with the higher crystallinity of the
hydrocalumite HC2USR,, (Figure 63). Regarding hydrotalcites, MgAI-HT showed
higher surface area than NiAI-HT. This can be related to the lower crystallinity
observed for the MgAIl hydrotalcite (Figure 64). Finally, the aluminium
oxihydroxide obtained after 3 h of aging with microwaves (H3) had much higher
surface area than those obtained at less aging time (Table 15). The results for the H1
sample can be related to the shape of its nitrogen adsorption isotherm, which
corresponded to macroporous or nonporous materials (type I1). However, H2 and H3
samples showed type 1V isotherm, corresponding to mesoporous solids. The higher
surface area of H3 with respect to H2 can be attributed to the lower crystallinity
observed for this sample.

TEM images of the hydrocalumite and hydrotalcites samples exhibited the
typical lamellar structure of this type of compounds with different particle sizes
(Figure 66). Thus, sample HC2USR,, had hexagonal lamellar particles with sizes

around 50 nm whereas NiAI-HT showed particle sizes between 20 and 30 nm and
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MgAI-HT had particles of 30 and 100 nm. The rest of samples showed particles
more or less agglomerated.

Figure 66. TEM images of a) HC2USR,, (x120000), b) HC2USR,;-pH8 (x200000), c)
HC2USR,4-pH8-1  (x300000), d) NiAI-HT (x300000), e) MgAI-HT (x400000), f)
H1(x150000), g) H2 (x150000), h) H3 (x250000).
Catalytic Activity

Table 16 shows the catalytic results of the catalysts prepared for the
decarboxylation of glycerol carbonate at 150 °C after 16 h of reaction. All catalysts
were very active but different selectivity values to glycidol were obtained. In
addition to the glycidol formation, another compound, which presented a longer
retention time by gas chromatography, was observed. This product could be a
polymerization product of glycerol carbonate to poly-(glyceril-1,2-dicarbonate),
which would then release a carbon dioxide forming glycidol.* Hydrocalumite was
wery active (total conversion) but glycidol was not formed. MgAl hydrotalcite also
showed moderate conversion but nul selectivity to glycidol. However, NiAI-HT
resulted in 26 % of selectivity to glycidol for a 35 % of conversion. The different
acid-base properties due to the presence of different cations in the hydrotalcite layers
can justify these results.

Regarding the catalytic results of the aluminium (oxi)hydroxides, we
observed a similar selectivity to glycidol (12-20 %) for HC2USR,4-pH8, H1 and H3,
which are composed by amorphous boehmite or amorphous aluminium hydroxide.

The impregnation of HC2USR,4-pH8 with Hz;PO, considerably improved the
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selectivity up to 70 % to glycidol although conversion decreased. The presence of
crystalline aluminium hydroxides (bayerite and gibbsite) in catalyst H2 also
favoured the formation of glycidol (64 %)

Table 16. Catalitic activity results

% Conversion % Selectivity

Catalyst GC to Glycidol
HC2USR,, 100 0
HC2USR..-pH8 86 12
HC2USR4-pH8-| 35 72
NiAI-HT 30 2
MgAI-HT 55 e
H1 12 20
H2 16 64
H3 20 13

These results can be compared with those obtained by Bolivar-Diaz et al
(2013) who reported a glycerol carbonate conversion of 35 % with two catalysts
(ZSM-5 and RT-10CoZn). These catalysts presented selectivity values to glycidol of
100 % for the ZSM-5 zeolite and 60 % for RT-10CoZn catalyst. The reaction was
achieved by refluxing under conventional heating at 150 °C for 23 h of reaction. %"
In this preliminary work, we obtained, with the catalyst HC2USRy,-pH8-I,
conversion of glycerol carbonate of 35 % and selectivity to glycidol of 72 % at 150
°C at shorter time (16 h). More studies with different reaction techniques

(microwaves, low pressure) should be performed to improve these catalytic results.

Conclusions

Several layered double hydroxides of Ca/Al, Mg/Al and Ni/Al and various
aluminium (oxi)hydroxides have been prepared and characterized by XRD,
elemental analysis nitrogen physisorption and TEM techniques. These catalysts have
been tested for the decarboxylation of glycerol carbonate to glycidol at 150 °C for 16
h in a preliminary study. The best catalytic result was achieved using a catalyst
prepared by coprecipitation of Ca and Al salts at pH 8 and later modification with

HsPO,, obtaining 72 % of selectivity to glycidol for a carbonate glycerol conversion
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of 36 % at 150 °C after 16 h of reaction. The presence of crystalline aluminium
hydroxides (bayerite and gibbsite) in the aluminium hydroxide prepared by aging 2
h under microwaves also favoured the formation of glycidol (64 %) for a conversion
of 16 %. These values are comparable to those described in the literature using

conventional heating during reaction.
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Synthesis and characterization of hydrocalumite-type materials

e Several hydrocalumites were synthesized by coprecipitation of nitrate or
chloride salts with and without ultrasounds, and aged hydrothermally in
autoclave or by refluxing with and without microwaves.

e The presence of nitrates as interlayer anions resulted in hydrocalumites
slight less crystalline than those prepared with chlorides, and favour the
formation of katoite.

e The use of ultrasounds during coprecipitation led to more crystalline
hydrocalumites.

e The use of autoclave and microwaves during aging, especially at longer
times, also favoured the formation of katoite, in addition to hydrocalumite.

o All samples showed low surface areas and low pore volumes. Interestingly,
the hydrocalumite prepared from nitrates by coprecipitation in ultrasounds
and aged under microwaves resulted in the highest surface area measured.
This sample also showed an additional mesoporosity consequence of the
different particle size distribution observed by SEM and TEM with respect
to the rest of samples.

e Hydrocalumite-type materials were studied by Raman, near infrared, mid-
infrared and far infrared spectroscopies.

e The mid-infrared results showed the characteristic bands of the
hidrocalumites, as well as the formation of the calcite phase at low amounts.
Moreover, the samples stirred by ultrasounds (HCUSR,, and HCUSRMwvg)
exhibited a band at 1508 cm™ due to a higher adsorption of the carbonate,
and Raman results confirmed the presence of carbonate in these samples
because the samples stirred by ultrasounds presented a band at 1076 cm™
attributed to interlayer carbonate bonded to the water.

e The Far-IR spectra provided information about the cations located in the
interlayer space, and confirm the presence of the CI" anion in the interlayer

space.
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Near infrared spectra showed the characteristic overtones bands of the
hydrocalumites. However, it was not possible to observe significant
differences between the samples due to the all hydrocalumites have the same
composition.

TF-IR spectroscopy indicated that the thermal decomposition of these
samples occurs through successive steps of dehydration, dehydroxylation
and layered structure decomposition.

PN adsorption over the samples outgassed as such at room temperature
mainly evidenced very weak Brgnsted acidity, possibly increased by the
magnetic stirring. Ultrasound technique during precipitation appears to
increase the amount of weak Lewis sites, likely Ca ions, characterized by
bands at 2253-2255 cm™. The amount of Lewis sites indeed increased after
activation of the samples at 100 °C (i.e. over dehydrated surface) and after
outgassing at 400 °C, stronger Lewis sites are detected (CN stretching bad at
2258-2259 cm™). However, at this temperature the laminar structure was
likely lost.

Al these samples were characterized by strong basicity of the O anions,
evidenced by the formation of CH,CN" anions after AN adsorption at high
temperature. Moreover, HCUSR,, sample showed the higher basicity than

the other samples tested.

Catalytic transesterification of glycerol with dimethyl carbonate to obtain

glycerol carbonate

178

Several hydrocalumite-based catalysts were tested for the transesterification
reaction of glycerol with dimethyl carbonate to obtain glycerol carbonate.

The Hydrocalumites-type catalysts showed some differences in the
crystalline phases obtained, LDH structure with some amounts of Kkatoite,
they had similar surface and basic characteristics. This explains their similar
catalytic behaviour observed after 3 h of reaction resulting in high glycerol
conversion (70-84 %) and moderate selectivity values to glycerol carbonate

(52-65 %). It is important to remark the interest of these results taking into
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account the low surface areas of these catalysts (7-25 m?/g) compared to
those of the catalysts previously tested by other authors for this reaction.

o After 24 h of reaction, practically all catalysts arrived to total glycerol
conversion with selectivity values to glycerol carbonate between 65 and 75
%.

e Several catalytic reuses favoured the decarboxylation of glycerol carbonate
resulting in the formation of higher amounts of glycidol (30 %) but still
maintaining high selectivity values to glycerol carbonate (70 %). This
decarboxylation was confirmed by the appearance of a new crystalline
phase, CaCOg, in the reused catalyst.

e Calcined samples, prepared from chloride salts and calcined at 450 °C for 15
h, mainly showed the presence of an amorphous Ca(Al)O4 phase together
with some amounts of calcite (CaCOs) in most of them. By increasing the
calcination time, the calcite content increased and new crystalline peaks,
corresponding to the mayenite phase, Ca;,Al14033 appeared.

e The use of nitrogen flowing through the sample during calcination favoured
the crystallization of mayenite and the formation of CaO in low amount.

e The use of nitrate anions for the preparation of hydrocalumite-type
compounds favoured the formation, after calcination, of the mayenite phase
when using autoclave-aging conditions, especially under microwaves.

e When calcined at 750 °C for 4 h, a mixture of CaO and mayenite phase was
obtained in all cases. All catalysts showed low surface areas (4-13 m?/g) and
retained the original hexagonal morphology of their precursors, the
hydrocalumite-type compounds, as observed by SEM and TEM. The
basicity strenght was higher for the samples calcined at higher temperature,
as determined by using Hammett indicators.

e The catalysts obtained by calcination at 450 °C for 15 h in air showed
moderate-high glycerol conversion (46-76 %) and moderate selectivity to

glycerol carbonate (41-65 %) after 3 h of reaction.
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The use of longer calcination time at 450 °C or a dynamic inert-atmosphere
system during calcination led to higher conversion (89-94 %) and higher
selectivity to glycerol carbonate (72-73 %) values. This has been related to
the higher basicity observed for these two catalysts compared with those
calcinaded at 450 °C in air for 15 h.

Calcination at 750 °C resulted in high conversion (88-98 %) and high
selectivity to glycerol carbonate (60-85 %) due to the presence in the
catalysts of CaO, highly basic.

The progressive loss of conversion and selectivity to glycerol carbonate
observed after several reuses has been attributed to the loss of some CaO
basic centres during reaction, resulting in the formation of higher amounts
of glycidol (42 %).

Several CaAl-layered double hydroxides and several calcined CaAl-layered
double hydroxides have been tested as catalysts for the transesterification of
glycerol to glycerol carbonate using microwaves or conventional heating
during reaction.The catalytic results of the samples calcined at 450 °C were
worse than those of the hydrocalumite-type compounds (glycerol conversion
between 87-63 % in the case of the samples calcined at 450 °C and 88-82 %
in the hydrocalumite-type compounds, and selectivity of glycerol carbonate
between 78-53 % and 92-73 %, respectively). This can be correlated with
the different basicity strenght of the catalysts.

Catalytic decarboxylation of glycerol carbonate to glycidol

180

By comparing several crystalline layered double hydroxides of Ca/Al,
Mg/Al and Ni/Al tested for this reaction, the selectivity to glycidol was nul
except for the Ni/Al hydrotalcite, which led to 26 %. The different acid-base
properties due to the presence of different cations in the hydrotalcite layers
can justify these results.

The best catalytic result was achieved using a catalyst prepared by

coprecipitation of Ca and Al salts at pH 8 and later modification with
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H3PO,, obtaining 72 % of selectivity to glycidol for a carbonate glycerol
conversion of 36 % at 150 °C after 16 h of reaction.

e The presence of a mixture of bayerite and gibbsite in the aluminium
hydroxide prepared by precipitating until pH 8 and later aging 2 h under
microwaves also favoured the formation of glycidol (64 %) for a conversion
of 16 %.
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