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Como resultado det Examen de Fondo realizado, con fundamento en el Articulo 45
de la Decision 486 de la Comisién de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion: Folios 3-16 2008-09-02
Reivindicaciones: Folios 17-20 2008-09-02
Figuras Folios 21-23 2008-09-02

2. Objeto de la invencién

Titulo _de _la_solicitud: Proceso de preparacién de catalizadores Utiles en la
licuefaccion directa de carbon y el catalizador asi obtenido. Folio 1.

Objeto de Ia invencion: El objeto de la presente solicitud de patente de invencion
se refiere a un procedimiento para la obtencién de catalizadores de metales de
transicion soportados en un material carbonoso via impregnacion con una solugién
de complejo de metal-tiourea y los catalizadores asi obtenidos.

El problema técnico que se plantea en esta solicitud radica en la necesidad de
disefiar un procedimiento econémico y de bajo impacto ambiental para la
obtencidon de un catalizador soportado. el cual no requiere la utilizacion de
compuestos azufrados tales como CS, o H,S. Para solucionar ese problema
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técnico [a solicitud plantea un procedimiento para la obtencién de catalizadores de
metales de transicion soportados en un material carbonoso via impregnacion ¢con
una solucion de complejo de metal-tiourea y los catalizadores asi obtenidos.

El objeto de la presente solicitud se relaciona con la Clasificacién Internacional de
Patentes (CIP): BO1J 31/16; 27/049; 27/02; 37/02, C01G 1/00; 1/08.
3. De la solicitud de Patente

Reivindicaciones (articulo 30 D 486)

El capitulo reivindicatorio es demasiado amplioc y no cumple con el requisito de
concision; asimismo se considera una generalizacidon que no se encuentra
enteramente soportada en la descripcion.

Se llama la atencion del solicitante frente a que las etapas y condiciones del
proceso de interés son presentadas en un lenguaje muy general que no permite
definir claramente el alcance de la invencidén. En este sentido sirvase definir
especificamente el metal 0 metales de transicion involucrados y el material
carbonoso. Se le recomienda al solicitante que limite el alcance de su invencion a
aquella materia que se encuentre enteramente sustentada.

En consecuencia, el capitulo reivindicatorio no cumple con el requisito de
concision y sustento en la descripcion de acuerdo al art. 30 de la Decision 486.

Descripgion (articulo 28)

La descripcidn resulta ser insuficiente para el amplio alcance que tiene el capitulo
reivindicatorio. Se le recuerda al solicitante que la descripcion debe ser una
divulgacion suficiente y adecuada para la materia que se esta reclamando, pero el
alcance de la misma va mucho mas alld de aquella materia que se encuentra
enteramente soportada en la descripcion.

Se llama la atencién del solicitante, frente a que los estudios presentados evaltian
catalizadores soportados en coque térmico (y no en cualquier material carbonoso)
y que utilizan como metal de transicion el cobalto o el niquel {y no cualquier metal
de transicién ni mezclas de ellos). Dichas especificidades se alejan en gran
medida de la generalidad reclamada. Esta Oficina no encuentra ninguna razoén
técnica para prever gue un catalizador soportado sobre otro material carbonoso o
que contenga otro metal de transicidon o incluso mezcla de ellos, tenga el mismo
comportamiento. Una vez mas, se le recomienda al solicitante que limite e!
alcance de la invencion.

En consecuencia, la descripcién no cumplié con el requisito de claridad y/o
divulgacion completa de acuerdo al art. 28 de la Decisién 486 y el art, 22 del
Tratado PCT.

4. Determinacion del Estado de la Técnica
Considerando la fecha de presentacién de {a solitud 2008-09-02 se realizd la
busqueda en el estado de la técnica y se encontraron los documentos

relacionados a continuacion que pueden afectar la patentabilidad del objeto de Ia
presente solicitud:
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; FECHA DE
N° DOCUMENTO TITULO PUBLICACION
Method for dispersing catalyst onto
D1 US5168088 particulate material and product 1992-12-01
thereof
Process for the preparation of a e
D2 US5139990 resulfided catalyst 1992-08-18

Los documentos son anexados al expediente

El documento D1 divulga un método para preparar un catalizador Gtil para la
licuefaccién directa de carbdn u otro proceso de hidrogenacion de carbon que
comprende las etapas de depositar un precursor de catalizador hidratado tal como
6xido de hierro hidratado (FeOOH) o sulfuros de hierro insolubles como la pirita,
directamente sobre la superficie del carbén hasta formar una pasta himeda. La
pasta humeda asi obtenida puede incluir particulas de carbon u otro materiai
carbonoso humedecido con una solucién acuosa de iones férricos. El catalizador
se activa mediante la conversiéon a la forma de sulfuro para la hidrogenacion o
licuefaccién directa del carbén

El documento D2 divulga un procedimiento de pre-sulfuracion ex situ de un
catalizador para hidrotratamiento que comprende impregnar el catalizador con una
solucion acuosa de un compuesto organico sulfurado, posterior proceso de secado
y activacién.

5. Examen de patentabilidad (articulo 14 D486)

Nivel Inventivo (articulo 18 D486)

La reivindicacion 1 reclama:

Un proceso para la obtencion de un catalizador Util para la licuefaccion directa de
carbén caracterizado porque comprende las siguientes etapas:

a) Preparacidn de los compuestos de coordinacién metal-tiourea a partir de afadir
una salucion acuosa de una sal precursora de uno o varios metales de transicion a
una solucion de tiourea, a temperatura ambiente que puede ser seleccionada del
intervalo comprendido entre 290 y 307 K, en la que la adicion de la sal precursora
a la tiourea se realiza a un flujo de 0,5 a 1 mL/imin;

b} Impregnacion del material carbonoso estabilizado térmicamente utilizado como
soporte del catalizador bajo vacio y en presencia de agitacion ultrasénica; y

c) Activacion del catalizador por tratamiento térmico y a presion atmosférica.
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Caracteristicas esenciales de la
nvencion

Caracteristicas esenciaies de!
documento D1

Caracteristicas esenciales del
documento D2

Un proceso para la obtencién de
un catalizador util para la
licuefaccion directa de carbdn
caracterizado porgue comprende
ias siguientes etapas:

un método para preparar un
catalizador util para la licuefaccion
directa de carbén u otro proceso
de hidrogenacion de carbén que
comprende las etapas

divulga un procedimiento de pre-
sulfuracién exsitu de un
catalizador util para procedimiento
de hidrotratamiento catalitico.

a) Preparacién de los compuestos
de ceordinacidn metal-tiourea a
pariir de afadir una solucidn
acuosa de una sal precursora de
uno o varios metales de transicion
a una solucion de ticurea, a
temperatura ambiente que puede
ser seleccionada del intervalo
comprendido entre 290 y 307 K,
en la que la adicion de la sal
precursora a la tiourez se realiza a
un flujo de 0.5 a 1 mL/Imin;

Cepositar un precursor de
catalizador hidratado tal como
oxido de hierro hidratado
{FeQOH) o suifuros de hierro
insolubles como la pirita,
directamente sobre |a superficie
del carbén hasta formar una pasta
humeda.

preparar una solucion de un
compuesto azufrado organico por
ejemplo tiourea

b} Impregnacion del material
carbonoso estabilizado
termicamente utilizado como
soporte del catalizador bajo vacio
¥y en presencia de agitacion
ultrasdnica; y

Afadir amonlaco gaseoso 0 una
solucion de hidréxido de
amoniaco para precipitar el dxido
de hierro hidratado directamente
sobre el material carbonoso en
particulas. La pasta humeda a
continuacién, es secada mezclada
con disolvente para formar la
alimentacion al proceso de
licuefaccion.

Impregnar el medio acuoso que
contiene el compuesto organico
azufrade, con el catalizador
soportado a temperatura
ambiente.

¢) Activacion del catalizador por
tratamiento térmico y a presion
atmosférica

Postericrmente sometar a
calentamiento para que el
precursor del catalizador, dxido de
hierro hidratado, reaccione con un
material azufrado tales como H,5
0 C8; 0 (NH,),;S proporcionando
las formas activas del hierro (Fe,.
S) donde x es entre 0,01y 0.2

Postericrmente someter a un
proceso de secado para eliminar
el agua en exceso. Y luego activar
el catalizador para obtener su
forma activa como sulfuro de
metal.

Los documentos D1 y D2 se consideran el estado de la técnica cercano a la
invencién definida en la reivindicacién 1 porque:

El documento D1 divuiga (columna 3 vy ejemplos) un método para preparar un
catalizador util para la licuefaccion directa de carbén u otro proceso de
hidrogenacién de carbon que comprende las etapas de depositar un precursor de
catalizador hidratado tal como 6
xido de hierro hidratado (FeOOH) o sulfuros de hierro insolubles como la pirita,
directamente sobre la superficie del carbén hasta formar una pasta himeda. La
pasta himeda asi obtenida puede incluir particulas de carbon u otro material
carbonoso humedecido con una solucidn acuosa de iones férricos.

Especificamente, la preparacion de la pasta himeda consiste en una mezcla entre
el carbdn particulado de aproximadamente 10 a 250 micras de tamafno de
particula con una solucién de sales de hierro solubles, tales como nitrato férrico o
cloruro férrico. La cantidad de solucion esta limitada a no mas que la cantidad en
la que se produce la humedad incipiente.
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Posteriormente se afiade un agente que proporcione iones amonio tal como
amoniace gaseosc 0 una solucion de hidroxido de amoniaco para precipitar el
oxido de hierro hidratado directamente sobre el material carbonoso en particuias.
La pasta humeda es secada y mezclada con disolvente para formar la
alimentacién ai proceso de licuefaccion.

A las temperaturas elevadas requeridas para la licuefaccion, el precursor del
catalizador (6xido de hierro hidratado) reacciona con un material azufrado tal como
H2S 0 CS; o (NH),S proporcionando las formas activas del hierro (Feq.,S) donde x
es entre 0,01y 0,2,

Obteniéndose asi, sulfuro de hierro depositado directamente sobre las superficies
de las particulas de carbdn dentro de la mezcla de pasta humeda.

La diferencia de D1 con la presente solicitud de patente radica en gue D1 no
divulga compuestos de coordinacién metal-tiourea, como precursores del
catalizador depositado.

El efecto que logra el utilizar un compuesto de coordinacién para la obtencién del
precursor es que se obtiene un proceso ambientalmente mas amigable, es decir
que no se requiere de la utilizacion de H,S o CS; u otro sulfuro de dificil manejo.

Por lo tanto, el Problema Técnico Objetivo que pretende resolver esta invencion se
puede formular asi: “cémo modificar el procedimiento de D1 para lograr obtener un
catalizador soportado cuya fase activa sea un sulfuro de metal de transicion pero
que no requiera la presencia de H,S 0 CS,;?"

No obstante, el documento D2 ensefa que se puede obtener la forma activa del
metal (sulfuro del metal) depositado sobre un soporte inerte, por medio de la
utilizacion de ligandos complejos organicos tales como la tiourea.

Especificamente el documento D2 divulga (reivindicaciones y ejemplos) un
procedimiento de pre-sulfuracion exsitu de un catalizador Gtil en procedimientos de
hidrotratamiento catalitico.

Dichos catalizadores contienen comunmente un material portador, tal como
alumina, silice, silice-alimina o aluminosilicato cristalino, con uno o mas metales o
compuestos de metales, tales como Oxidos, depositados sobre &l
seleccionandose los metales de los grupos Ib, Vb, Vib, VIIB y Vil del Sistema
Periddico. Ejemplos tipicos de estos metales son hierro, cobalto, niquel. volframio,
molibdeno, cromo, vanadio, cobre, paladio y platino, asi como sus combinaciones.
Se da preferencia al molibdeno, volframio, niquel, cobalto, platino y paladio y sus
combinaciones. Ei contenido de metal de los catalizadores generalmente es de un
0,1-30 % en peso, calculado sobre el peso del catalizador total.

El compuesto organico azufrado utilizado debe ser soluble o miscible en agua,
entre estos compuestos se incluye la tiourea. El documento D2 divulga que puede
hacerse uso de métodos de impregnacion convencionales para poner en contacto
el catalizador con el medio acuoso que contiene el compuesto organico azufrado,
por ejemplo inmersion, impregnacidn por pulverizacién e impregnacion por vacio.
En general, la impregnacion se lleva a cabo a temperatura ambiente pero también
puede tener lugar a temperaturas superiores.

Despues de que el compuesto organico azufrado se ha incorporado al catalizador.
s€ entra a una etapa de secado para eliminar el agua en exceso. Posteriormente,
el catalizador presulfurado se activa para llevar al catalizador a la forma sulfurada.
Tal activacién se lleva a cabo haciendo pasar gas hidrogeno, en combinacién o no
con una alimentacidon que contiene hidrocarburos, sobre el catalizador
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presulfurado a una temperatura en el intervalo de 100°C a 600°C, preferiblemente
en el intervalo de 100°C a 400°C, y una presién de hidrogeno en el intervalo de 1 a
300 barias, preferiblemente de 5 a 100 barias. Esta etapa del proceso puede
lievarse a cabo ex situ, es decir en un reactor separado, o in situ, es decir en el
reactor en el que se usara el catalizador.

El catalizador asi preparado es adecuado para ser usado en el hidrotratamiento
catalitico de alimentaciones que contienen hidrocarburos. Los més significativos
de  estos procesos  son  hidrodesulfuracion, hidrodesnitrogenacian,
hidrodesmetalizacion, hidrorreformaje, hidroisomerizacion e hidrocraqueo.

En otras palabras, la mejora del proceso, entendida como un proceso mas
amigable con ambiente debido al reemplazoc de H,;S o CS; por compuestos
coordinados de ligandos organicos, ya se habia sido claramente sugerida desde el
documento D2. En consecuencia, la persona del oficio normalmente versada en la
materia, plantearia un procedimiento donde se incluyera una etapa de formacién
de un compuestos coordinados de con ligandos organicos para acomplejar el
metal y la posterior activacién del precursor, para llegar asi al objeto de la
reivindicacion 1 de la solicitud. Por lo cual se considera obvia.

De forma equivalente el catalizador de ia reivindicacion 10 no es inventivo dado
gue su proceso de obtencidn (procedimiento de la reivindicacion 1) tampoco lo es.

Se llama la atencion del solicitante en cuanto a que existen multiples referencias’
que utilizan materiales carbonosos como soportes en catalizadores heterogéneos
en diversos procesos. Asi entonces, la utilizacidon de carbdn o coque como soporte
se puede entender como una practica comun en campo de la tecnologia de la
catalisis heterogénea.

6. Conclusidn

Los requisitos de patentabilidad de la presente solicitud se encuentran afectados
asi:

F

N® | Documento N° E Reivindicaciones afectadas Requisito que afecta |
D1 | US5168088 i1-17 " Nivel Inventivo '
D2 1 US5139990 ) 1-17 . Nivel Inventivo

1 Limin Chen, Ding Ma, Barbara Pietruszka, Xinhe Bao
“Carbon-Supported Sitver Catalysts for CO Selective Oxidation in Excess Hydrogen”
Journal of Natural Gas Chemistry, 15(2006)(3)481-180

M.J. Lazare, A. Boyano, M.E. Galvez, M.T. zquierdo, E. Garcia-Bordejé, C. Ruiz. R Juan, R. Moliner, "Nave! carbon
based catalysts for the reduction of NO: Influence of support precursors and active phase loading’, Catal, Today,
137, 295-221, 2008.

Yong Xiao, Qingya Liu, Zhenyu Liu, Zhanggen Huang, Yanxia Gue. Jianli Yang
“Roles of lattice oxygen in V,0s and activated coke in SO, removal over coke-supported V,0; catalysts”. Applied
Catalysis B: Environmental, 82(1-2): 114-118, 18 July 2008.
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En cumplimiento del articulo 45 de la Decision 486 de la Comisién de la
Comunidad Andina, se le indica que. debe dar respuesta dentro del término de
sesenta (60) dias contados a partir de la fecha de notificacién de la presente
comunicacion. En caso de no dar respuesta al presente requerimiento, o si a pesar
de la respuesta subsistieran los impedimentos para la concesidn, se denegara la
patente.

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal &),
del capitulo quinto del titulo primero de la Circular Unica N° 10 de 2001.

MARIA JOSE|LAMUS BECERRRA

Directora de Nuevds Creaciones (Ad Hoc)

El anterior requerimiento fue notificado por fijacién en iista, de fecha

97 JiL. 2012

Elaborado per: Sandra Isabel Calderén,
Revisado por: Jacqueline Alfonso. OW
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(57 ABSTRACT

Ex situ presulfidation of hydrotreating catalysts com-
prising impregnating the catalysts with an aqueous solu-
tion of an organic sulfur compound, e.g. the diammo-
nium salt of 2.5-dimercapto-1,.}.4-thiadiazole and 2,2
dithiodiethanol. followed by drying of the impregnated
material. The dried material is activated by contacting it
with hydrogen gas at ¢levated temperature,
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§
lands. Very generally, the following reaction conditions
apply here: temperatures in the range of 200° C. to 550°
C.., LHSV values in the range of 0.1 to 10 hours-1,
hydrogen partial pressures in the range of 10 to 300

bars, and hydrogen/hydrocarbon ratios in the range of 5

50 to 5000 Nm3/m3,
The invention will be further described in the follow-
ing examples.

EXAMPLE 1| 10

Presulfiding \{

In a rotating impregnator 1 kg of fresh catalyst KF-
165@® {ex Akzo Chemicals; catalyst composition:

15.4% by weight of MoO3, 4.29 by weight of CoO, 1

‘alumina) PV (H3Q): 046 ml/g) was impregnated at
room temperature with an aqueous solution prepared by
dissolving 0.88 moles of diammonium salt of 2,5-dimer-
capto-1,3,4-thiadiazole in such an amount of water as to

obtain a final volume of 460 ml, use being made of the 20

pore volume saturation technique. Next, the resulting
material was dried in an oven for 15 hours at 100° C.
The sutfur content of the catalyst thus presulfided and

\‘3 the sulfur content of the catalyst in the sulfided state
calculated therefrom are given in Table 1. 25

Activation and hvdrotreatment

75 ml of the resulting catalyst were introduced into a
reactor tube, The reacior tube bad a diameter of 21 mm

end in longitudinal direction it contained a thermo- 30

couple tube with a diameter of 6 mm. The length of the
catalyst bed was 45 cm. Activation was as fallows.

First the reactor was flushed with nitrogen to remove
air. Next, hydrogen gas was passed upwardly over the
catalyst at a pressure of 60 kg/cm? and at a rate of 65
1/hour, the temperature being increased from room
temperature to 150" C. in a period of 1 hour. Subse-
quently, a light gas oil (LGO), the relevant data on
which is provided in Table 2, was admixed in the hydro-
gen gas stream at a rate of 200 ml/hour and the tempera-
ture was incrementatly raised to 368° C. over a period
of 12 hours,

The catalyst thus activated was used in the same
reactor for hydrotreating a vaecuum gas oil (VGQ), the
relevant data on which is provided in Table 2. A first
treatment was carried out at & temperature of 368° C., a
hydrogen partial pressure of 50 bars, a hydrogen 1o oi!
ratio of 300 Nm3/m3, and an LHSV of 2.67 hours—1.
Subsequently, a treatment was carried out at an LHSV 4
of 1.33 hours—!, given otherwise identical conditions.
The data obtained was used to determine the relative
volume activity RVA) of the catalyst for desulfuriza-
tion, the catalyst according to EP-A 0,153,233 de-

scribed in Example 6 below being used as standard. The 45

value found f{or the RV A is given in Table 1.

EXAMPLE 2
The procedures described in Example 1 were re-

peated, except that presulfiding was ¢arried out using 6o

0.64 moles of diammonium salt of ethylene bis{dithi-
ocarbamic acid). The results are given in Table 1.

EXAMPLE 3

The procedures described in Example 1 were re- 6%

peated, except that presulfiding was carried out using
1.32 moles of 3.4-dithia adipic acid. The results are
given in Table 1.

6

EXAMPLE ¢

The procedures described in Example | were re-
peated, except that presulfiding was carried out using
1.27 moles of dimethylammonium salt of dimethyldithi-
ocarbamic acid. The results are given in Table 1.

EXAMPLE §

The procedures described in Example 1 were re-
peated, except that presulfiding was carried out using
1.32 moles of 2,2"-dithiodiethanol. the results are given
in Table 1.

EXAMPLE 6 {(comparative example)

A fresh KF-165 ® catalyst was presulfided using an
agueous solution of diammonium sulphide as described
in EP-A 0,153,233, p. 19, 1. 12 through p. 20, 1. 20.
After the second drying step in a nitrogen atmosphere
the sulfur content of the presulfided comparative cata-
lyst was 7.4% by weight. From it is calculated for the
catalyst in the sulfided state a sulfur content of 8.09% by
weight, which within the measuring error corresponds
to the amount of 8.6 g of sulfur per 100 g of catalyst
mentioned in the publication.

The presulfided catalyst was then activated and used
ta hydrotreat VGO in the manner described in Example
1. The activity of this catalyst was arbitrarily rated 100.
See Table 1.

The results listed in Table 1 clearly show that the
catalysts which were presulfided by the process accord-
ing 1o the invention display a desuvifurizing activity
superior to that of the catalyst according to EP-A
0.153,233.

TABLE 1
Sulfur Comient (wi1. %)
Example Presulfided Sulfided RVA
| 13 1.3 155
2 71 1.6 152
3 6.8 7.8 138
4 6.7 7.5 144
4 7.1 18 152
6* 74 8.0 100
*Comparanve Exampte
TABLE 2
N s Density
(wi.  (wt. 0 C Boiling_point fraet. {'C.}
Feed ppm) %) (g ml} 10% X% N% 0% W%
LGO 92 117 0.814% 224 162 2B 313} M§
VYGCo 970 193 0.9018 191 421 451 486 527

EXAMPLE 7
Sulfur retention test

This test provides a simple yet effective method of
determining the suitability for use as (pre)sulfiding rea-
gent of sulfur compounds.

The test is carricd out s follows.

Use is made of an impregnated KF-165®) catalyst
subsequently dried at 100* C.; see for instance the pre-
suifided catalyst prepared in Example 1. It is heated for
16 hours in an atmosphere of static air, in an oven, at
160° C. Care should be tzken that the catalyst material
is spread evenly and has a maximum bed height of 1 cm.

Next the composition of the starting material and the
product material is determined by chemical analysis,

>
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1

PROCESS FOR THE PREPARATION OF A
RESULFIDED CATALYST

CROSS REFERENCE TO RELATED
APPLICATION

This application is a continuation-in-part of my prior
copending application Ser. No. 07/387,466, filed Jul. 28,
1989, now abandoned, incorporaled herein by refer-
ence.

BACKGROUND OF THE INVENTION

{. Field of the Invention

The field of art 10 which this invention pertains is the
preparation of catalyst for the hydrotreatment of hydro-
carbon-containing feeds. The invention relates to s pro-
cess for the preparation of a presulfided catalyst, 2 pro-
cess for the preparation of a sulfided catalyst, and the
use of said sulfided catalyst in the catalytic hydrotreat-
ment of hydrocarbon-containing feeds.

2. Prior Art

In the oil industry many processes are known in
which hydrocarbon-containing feeds are catalytically
treated with hydrogen, such as hydrodesulfurization,
hydrodenitrogenation, and hydrocracking. In such pro-
cesses use is made of catalysts byilt up from a carrier
material, such as alumina, on which there are deposited
one or more catalytically active metals or compounds
thereof; examples of such metals are molybdenum,
nickel, cobalt and tungsten.

It is common knowledge that optimum results are
abuained in using such catalysts when the catalytically
active metals are in their sulfided form. See for instance
H. Hallie’s article in Oil & Gas Journal, Dec. 20, 1982,
Technology, pp. 69-74, which also describes several
techniques for preparing sulfided catatysts, These tech-
niques comprise treating a fresh catalyst in a reactor at
clevated temperature with a combination of hydrogen
suifide and hydrogen, a naturally sulfurcus feed (non-
spiked feed), or a feed to which a sulfur compound,
such as carbon disulfide or dimethyldisulfide, has been
added (spiked [eed).

Although these rechniques are practiced on a large
scale, they nevertheless display several drawbacks. For
instance, they require accurate control to achieve the
desired result and are time-consuming, and the sulfur
compounds used cause odor nuisance. Moreover, pro-
tracted interruption of the actua) hydrotreatment of the
hydrocarbons is needed if, as is often the case in actual
practice, the reactor in which these processes are car-
ried out is used for sulfiding catalysts,

To meet these drawbacks it is proposed in European
patent application No., 0,153,233 that the fresh catalyst
or a regenerated one should be contacted ex situ, i.e.
outside the reactor in which the actual hydrotreatment
of hydrocarbon-containing feeds is carried out, with an
aqueous solution of diammonium sulfide, and the result-
ing material be dried to obtain a presulfided catalyst,
whereupon the resulting presulfided catalyst is acti.
vated in situ or not in the presence of hydrogen, i.e. is
brought into the sulfided state. This proposal also has its
drawbacks, however. Firstly, aqueous diammonium
sulfide is a reagent which produces an extremely objec-
tionable odor. Secondly, if the total amount of the cata-
Iytically active metal is 10 be brought into the sulfided
form, then, sccording 10 the teachings of the patent
specification, the presulfiding should comprise at least
two impregnating steps with the aqueous diaramonium
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sulfide; in this process each impregnating step should be
followed by a drying step, and the final drying step
should preferably be carried out in an inert atmosphere,
such as nitrogen. A disadvantage to such a preparative
process is its Jaboriousness when used in actual indus-
trial practice. Thirdly, it has been found that the drying
during the preparation of catalysts according to said
patent specification is attended with the release of hy-
drogen sulfide, causing environmental problems. Fi-
nally, it has been found that these catalysts display an
objectionably poor activity,

U.S. Pat. No. 3,477,963 (Van Venrooy) describes the
sulfiding of hydrotreating catalvst. Van Venrooy re-
quires first transforming an organic sulfur compound
into & mixture of gases (by passing it over a presulfided
catalyst) comprising H;S, CHs, CH3—SH and CH3—
5.CHj. It is this mixture of gases that is contacted with
the unsulfided catalyst in a second step or stage.

U.S. Pat. No. 4,814,315 (Kukes et al); 4,020,012
(Miura et al ) and 3,959,179 (Mikovski et al.) are typical
of prior art references which require calcining of presul-
fided catalysts in air prior to any contact of the catalyst
with a reducing atmosphere. This results in the finished
catalyst containing little if any of the catalytically active
metals being in their sulfided fortm. As mentioned
above, optimum results for use of such catalysts will be
realized only when the catalysts are in their sulfided
form.

U.S. Pat. No. 4,320,030 (Happel ¢t al.) describes mak-
ing particles of active metal salts obtained from a solu-
tion of such salts in molten ammonium thiocyanate or
thiourea {no carrier material is empioyed). Water is
removed from the solution and the mixture heated to
decompose the organic sulfur compounds and the mix-
ture heated to decompose the organic sulfur compounds
and evolve gases including sulfur dioxide and yield a
black solid mass. Eventually, particles of this mass are
heated in a reducing atmosphere. This reference teaches
that the organic sulfur compound is & precursor for
hydrogen sulfide.

U.S. Pat. No. 4,845,068 (Takshashi et al.) describes
the use of organic thiol-group-containing organic acids
ta presulfide hydrotreating catalysts which are then
activated with hydrogen gas at elevated temperature.

SUMMARY OF THE INVENTION

The present invention has for its primary object to
meet the drawbacks to the teachings of the above prior
art.

Accordingly, the invention is a process for the prepa-
ration of a catalyst usefu! in the catalytic hydrotreat-
ment of hydrocarbon-containing feeds conprising:

) obtaining & catalyst comprising a carrier material
having deposited therson one or more metals or
metal compounds catalytically active for the hy-
drotreatment of hydrocarbon-containing feeds:

b) contacting the catalyst of step 2) with an agqueous
medium containing an organic sulfur compound to
incorporate an effective amount of the organic
sulfur compound into the catalyst; the organic
sulfur compound being selected from the group
consisting of salts of ethylene bis{dithiocarbamic
acid), salts of 2,5-dimercapto-1,3,4-thiadiazole, salts
of dimethyldithiocarhamic acid, thiourea, ammag.
nium thiocyanate, dimethyl sulfoxide, 3,4-dithia
adipic acid, salts of 3,4-dithia adipic acid, and 2,2'-
dithiodiethanol;
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¢} drying the sulfur-containing catalyst of step b}; and
d) activating the dried sulfur-containing catalyst of
step c) by contacting said catalyst with hydrogen
gas at a temperature of from 100* C. to 600" C.
It is essential that calcining not be effected between
steps b) and d).

DETAILED DESCRIFTION

The present invention enables catalysts having a rela-
tively high sulfur content to be prepared in a simpler
manner than is described in EP-A 0,153,233, and, more-
over, they do not cause odor nuisance during their
preparation and display a greater activity during the
hydrotreatment of hydracarbon-containing feeds than
do those according to the teachings of said patent speci-
fication.

As compared to the above prior art which teaches
calcination (heating in air at a temperature and condi-
tions sufficient to cause a joss of sulfur which is signifi-
cant with respect to a loss of catalytic desulfunzing
activity) of the catalyst between the impregnation with
the organic sulfur step and the activation step the pro-
cess of the present invention yields a catalyst having a
very high sulfur retention. This sulfur, when present in
the hydrotreating reactor, will enable good activity.

With regard to Takahashi et al., it has been found that
the thiol-group-containing organic acids disclosed by
that reference for effecting presulfiding cause corrosion
in the hydrotreating reactor. The organic sulfur com-
pounds employed in the process of the present inven-
tion do not exhibit that undesirable propeny,

The fresh or regenerated catalysts to be presulfided
according to the process of the invention are those
which are known in the prior art as suited for use in
sulfided form in the catalytic hydrotreatment of hydro-
carbon-containing feeds, for instance in hydrodesulfun-
zation, hydrodenitrogenation, hydrodemetallization,
hydroreforming (which process, in the present context,
is also considered a hydrotreatment), hydroisomeriza-
tion, hydrocracking, hydroalkylation, and hydrodeal-
kylation. Such catalysts commonly contain a carrier
materigl, such as alumina, silica, silica-glumina, or crys-
telline aluminosilicate, with deposited thereon one or
more metals or compounds of metals, such as oxides, the
metals being selected from the groups Ib, Vb, VIb,
VIIb, and VIII of the Periodic System. Tvpical exam-
ples of these metals are iron, cobalt, nickel, tungsten,
molybdenum, chromium, vanadium, copper, palladium,
and platinum as well as combinations thereof. Prefer-
ence is given to molybdenum, tungsten, nickel, cobalt,
platinum and palladium and combinstions thereof. The
metal content of the catalysts generally is 0.1-309% by
weight, calculated on the weight of the tota] catalyst.

In addition, the catalysts may still contain other com-
ponents, such as phosphorus, halogen. barium, zeolites
and clays—including pillared clays.

The shape of the catalysts is dependent on the process
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in which they are used. Most frequently used are ex- |

truded particles (cylindrical, pelylobes) and also fluidiz-
sble particles.

The sulfur compound to be used is organic, i.e. hav-
ing at least one carbon atom in the molecule. The com-
pound is either water-soluble or water-miscible. These
compounds permit the preparation of aqueous mediums
which at 25° C, and per 100 m! contain at least i, prefer-
ably at least 2, and more particularly as least 3 g of
hamogeneously distributed sulfur, i.e. the compound is
fully dissolved or mixed.

4

The compounds 1o be used are

salts of ethylene bis{dithiocarbamic acid),

salts of 2,5-dimercapto-1,3,4-thiadiazole,

salts of dimethyldithiocarbamic acid,

thioures,

ammonium thiocyanate,

dimethyl sulfoxide,

3,4-dithia adipic acid and salts thereof, or

2,2'-dithiodiethanol.

Also, use may be made of combinations of the above
compounds.

Preference is given to sulfur compounds with at least
two sulfur atoms in the molecule.

It should be noted that when a salt of a sulfur com-
pound is used in the presulfiding process according to
the invention, it must not be an alkali metal salt or an
carth alkali metal salt. It is common knowledge that
alkali metal tons and carth alkali metal ions in catalysts
have a negative effect on the catalytic action. Salts that
are preferred, also for reasons of economy, are ammo-
nium salts and mono-, di-, tri-, and tetra alkyl ammo-
nium salts, The methyl group is the most suited alkyl
group.

Use may be mede of conventional impregnation
methods for contacting the fresh or regenerated catalyst
with the aqueous medium containing the organic sulfur
compound, for instance immersion, impregnation by
spraying, impregnation by vacuum and soaking.

The length of this treatment may range from severa
minutes to several hours,

In general the impregnation will be carried out at
room temperature. Optionalty, however, the operation
may also take place at higher temperatures.

The amount of sulfur compound to be used is depen-
dent on the degree of sulfiding desired for the ready-for-
use catalyst. Conventional degrees of sulliding are in
the range of 0.5 X stoichiometric to 1.5 X stoichiomet-
ric, on which basis it is easy for the skilled man to deter-

mine the amount of sulfur compound to be used in the .

presulfiding process.

After the organic sulfur compound has been incotpo-
rated into the catalyst, the resulting material need be
dried to remove excess water. To this end use may be
made of conventional equipment, such as ovens and belt
driers,

Next, the resulting presulfided catalyst should be
activated in order to bring the catalyst into the sulfided
form. Such activation is carried out by passing hydro-
gen gas, in combination of not with a hydrocarbon-con-
taining feed, over the presulfided catalyst at a tempera-
ture in the range of 100° C. to 600" C,, preferably in the
range of 100* C. to 400* C., and & hydrogen pressure in
the range of | to 300 bars, preferably 5 to 100 bars, This
process step may be carricd out either ex sity, i.e, in a
separate reactor, or in situ, i.e. in the reactor in which
the catalys! will be used.

The catalyst thus prepared is suitable to be used in the
catalytic hydrotreatment of hydrocarbon-containing
feeds. The most significant of these processes are hydro-
desulfurization, hydrodenitrogenation, hydrodemetalli-
zation, hydroreforming, hydroisomerization, and hy-
drocracking. The process equipment to be used and the
conditions under which the reactions are carried out
vary with the process used and have been described in
detail in the prior-art. See for instance M. De Wind ¢t
al., Proceedings of symposium on catalyst performance
testing, Mar. 28/29, 1988, pp. 29-42; published by Uni-
fever Research Laborntories, Vlaardingen, The Nether-
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and the sulfur content is calculated on the basis of the
total weight excluding i} water that may be present and
i) the constituents other than sulfur eriginating from
the original suifur compound. From the resulting sulfur
contents of the starting material (Ss) and the product
material (Sp) can be calculated the sulfur retention (Sr)
by the formula

N
5r = -ﬁL— % 100%
Table 3 lists the Sr values for the compounds used in the

preceding Examples.
TABLE 3

Exarnple

O-\\lll-\di-l—
g oo
— o
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B
in EP-A 0,153,233, p. 19, 1. 12 through p. 20, 1. 20.
Adfter the second drying step in 2 nitrogen atmosphere
the sulfur content of the presulfided comparative cata-
Tyst was 5.0 wt.%. From it is calculated for the catalyst
in the sulfided state a sulfur content of 5.3 wt.%.

The presulfided catalyst was then activated and used
to hydrotrest VGO in the manner described in Example
8. The RVA values of this catalyst were arbitrarily
rated 100. See Table 4,

The results in Table 4 show that the catalyst which
was presulfided by the process according to the inven-
tion displays activities superior to those of the catalyst
according to EP-A 0,153,233

*Comparative Evumple

As a rule, those sulfur compounds are suited to be
used in the presulfiding process according to the inven-
tion which in the sulfur retention test have an Sr value
of at least 55%, preferably of at least 65%, and moare
particularly of at least 80%.

EXAMPLE &
Presulfiding

In a rotating impregnator 1 kg of a fresh commercial
mild-hydrocracking catalyst (catalyst composition: 10.0
wt.% of MoQs, 2.7 wt.% of Co0, silica-alumina sup-
pert; PV (H20): 0.60 ml/g) was impregnated at room
temperature with an aqueous solution prepared by dis-
solving 0.86 moles of 2,2'-dithipdiethano} in such an
amount of water as to obtain 2 final volume of 600 ml,
use being made of the pore volume saturation tech-
nique. Next, the resulting material was dried in an oven
for 15 hours at 100° C. The sulfur content of the catalyst
thus presulfided was 4.8 wi.% and that of the catalyst in
the suifided state calculated therefrom 5.2 wt.%.

Activation and hydrotreatment

100 ml of the resulting catalyst wete introduced inio
the reactor tube, the details of which are described in
Example 1. Activation was carried out according to the
procedure also described in Example 1.

The catalyst thus activated was used in the same
reactor for hydrotreating a vacuum gas oil, the relevant
datz on which is given in Table 2.

For a first hydrodesulfurization and hydrodeni-
trogenation treatment the conditions (i) included a tem-
perature of 370" C., a hydrogen partial press of 50 bars,
e hydrogen to oil ratio of 600 Nm*/m?and an LESV of
1.50 hours—!. Afier a subsequent change for z mild-
hydrocracking treatiment the conditions (i) included a
temperature of 407 C,, a hydrogen partial pressure of
50 bars, a hydrogen to il ratio of 320 Nm?/m3 and an
LHSV of 0.5 hours—1.

The data obtained wes used to determine the RV A of
the catalyst for hydrodesulfurization (HDS), hy-
drodenitrogenation (HDN) and mild-hydrocracking
(MHC), the catalyst according 1o EP-A 0,153,233 de-
. scribed in Example 9 below being used as standard. The

RVA values are given in Table 4.

EXAMPLE 9 (comparative example)

A fresh commercial mild-hydrocracking catalyst (the
same type as used in Example 8) was presulfided using
an agueous solution of diammonium sulfide as described

0

38

45

55

60

65

TABLE 4
RVA
Condition ] Condition 11

Example HDS HDN HDS HDN MHC

8 »>200 163 >200 120 125

9* 100 100 100 100 100
*Ce Exampis

EXAMPLE 10

A catalyst was prepared generally in accordance
with the method set forth in Example 1 except that
presulfiding was carried out using dimethylsulfoxide.
The sulfur conient of the dried catalyst was 5% by
weight,

A sulfur retention test was carried out according to
Example 7, the S, value found was 61%.

COMPARATIVE EXAMPLE 11

A catalyst was prepared essentially in accordance
with the process described in Miura et al. by impregnat-
ing KF-165 @ with an aqueous solution of dimethylsulf-
oxide, drying it at 110" C, and calcining at 537" C. The
sulfur content of the obtained catalyst was 0.7 by
weight, indicative of a loss of sulfur highly significant
with respect 1o the desulfurizing activity of the catalyst,

We claim:

1. A process for the preparation of a catalyst usefu] in
the catalytic hydrotreatment of hydrocarbon-contain-
ing feeds comprising:

a) abtaining a catalyst comprising a carrier material
having deposited thereon one or more metals or
metal comnpounds catalytically active for the hy-
drotreatment of hydrocarbon-containing feeds:

b} contacting the catalyst of step a) with an agueous
medium containing an organic sulfur compound to
incorporate an cffective amount of the organic
sulfur compound into the catalyst; the organic
sulfur compound being seiected from the group
consisting of
salts of ethylene bis(dithiocarbamic acid),
salts of 2,5-dimercapto-1,3,4-thiadiazole,
salts of dimethyldithiocarbamic acid,
thiourea,
ammonium thiocyanate,
dimethyl] sulfoxide,
3.4-dithia adipic acid,
salts of 3,4-dithia adipic acid, and
2,2'-dithiodiethanol;

¢) drying the sulfur—containing catatyst of step b); and

d) activating the dried sulfur-containing catalyst of
step ¢) by contacting said catalyst with hydrogen
gas at a temperature of from 100° C. to 600" C.,

calcining not being effected between steps b) and 4d).

2. The process of claim 1 wherein the organic suifur

compound has at least two sulfur atoms in the molecule.
» L] ¥ *® L]
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METHOD FOR DISPERSING CATALYST ONTO
PARTICULATE MATERIAL AND PRODUCT
THEREOF

CONTRACTUAL ORIGIN OF THE INVENTION

The U.S. Government has rights in this invention
pursuant to the employee/employer relationship of the
inventor to the U.S. Department of Energy at the Pit1s-
burgh Energy Technology Center,

This is a division of application Ser. No. 531,722 filed
Jun. 1, 1990, now U.S. Pat. No. 5,096,570.

BACKGROUND OF THE INVENTION

The present invention relates 10 a method for dispers-
ing finely divided catalysts onto the surface of a particu-
late material. More particularly, it relates to an im-
proved method for dispersing hydrated iron oxide onto
the surface of carbonaceous material such as coal in a
manncr to permit effective estalytic activity at rela-
tively low concentrations of iron.

Iron and other transition metals have been used as
dispersed-phase catalysts in processes for the hydroge-
nation and the direct liguefaction of coal. One major
advantage of dispersed-phase catalysts is the potential
for once through use with high initial activity. Repre-
sentative processes of this type are described in U.S.
Pat. No. 3,775,286 1o Mukherjee et al. and in various
technical publications such as Mitra et al., “A Compara-
tive Swdy on Deposited and Mixed Iron Oxide Cata-
lysts for Hydrogenation of Coal”, FUEL PROCESS-
ING TECHNOLOGY, §(1924) 283-291. In this prior
work, hydrated iron oxide was precipitated from solu-
tion by the addition of ammoninm hydroxide onto par-
ticulate coal in suspension. Loadings typically of about
1.9 weight percent iron (19,000 ppm} were employed to
obtain accepiable catalytic activity. The intimate mix-
ture of iron and coal could then be drained of excess
moisture, dried and subjected to hydrogenation or di-
rect liquefaction of the coal. Prior workers also found
the sulfide form of iron io be a more active hydrogena-
tion catalyst,

Other prior workers heve employed techniques in
which water-soluble iron salts are impregnated into coal
through contact with a solution of the salts, On subse-
quent drying with the gradual removal of water from
the coal surfaces, the water-soluble, iron salt migrates
into ever smaller water droplets resulting in the crystal-
lization or precipitation of large particles of iron oxide.
The inability to retard particle growth resulted in the
requirement for high concentrations of iron when im-
pregnated iron precursors were used as coal Liquefac-
tion caralysts.

SUMMARY OF THE INVENTION

Therefore in view of the above, it is an object of the
presert invention to provide a method for dispersing
finely divided catalysts onto the surface of particulate
support material,

It is also an object of the invention to provide an
improved catalytic method for hydrogenating solid
carbonaceous material.

It is a further object of the invention 1o provide a
method for preparing a highly dispersed iron catalyst
mdsorbed onto the surface of a support material.

It is likewise an object of the invention to provide a
method for distributing highly dispersed transition
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metal catalysts onto the surface of a carbonaceous mate-
ria] for hydrogenation.

It is also an object to provide 8 method for impregnat-
ing catalyst precursor into carbonaceous material 10
provide increased activity at lower catalyst loadings.

In accordance with the present invention, a method
for dispersing finely divided catalysts onto the surface
of particulate support material involves forming & wet
paste mixture of incipient wetness of the particulate
material and a solution containing a soluble salt of the
catalyst. The wel paste mixture is contacied with an
agent capable of reacting with the solubie sali to dis-
perse a catalyst precursor in finely divided form di-
rectly onto the support maiterial.

In more specific aspects of the invention, the soluble
catalytic salt is selected from iron, cobalt or nickel and
the particulate support material can include carbona-
ceous material such as particulate carbon or carbona-
ceous fuels such as coal, Other suppon materials such as
alumina are also contemplaied. The support material
with finely divided, adsorbed catalyst precursor can be
uniformly mixed into additional particulate carbona-
ceous material in preparation for a hydrogenation reac-
tion such as the direct liquefaction of coal.

In other aspects of the invention, a catalytic method
of hydrogenating solid carbonaceous material is pro-
vided in which a wet paste mixture of particulate carbo-
naceous material is formed from a liquid solution of
soluble transition metal salt with the amount of solution
limited to no more than an amount at which incipient
wetness occurs. The wet paste misture is contacted
with an agent such as an ammonia affording material to
form an insoluble compound such as an oxide of the
transition mezal onto the surface of the particulate car-
bonaceous material. The wet paste mixture is then sub-
jected to a catalytic hydrogenation process under hy-
drogenation conditions such as in the direct liquefaction
of coal.

In other aspects of the invention & sulfur affording
material is reacted with the catalyst precursor to form a
trensition metal suifide which is catalytically active.
For instance, pyrrhotite, Fei— S can be formed.

In more-specific aspects of the invention, the condi-
tion of incipient wetness in the wet paste mixture will
include sufficient liquid solution to uniformly wet the
carbonaceous material but without forming drops of
free liquid and the transition metal catalyst concentra-
tion is limited to no more than 5000 ppm adsorbed on
the carbonaceous material.

DETAILED DESCRIPTION OF THE DRAWING

The present invention is illustrated in the accompany-
ing drawings wherein:

FIG. 1 is a diagrammatic representation of a process
for the direct liquefaction of coal including catalyst
preparation.

FI1G. 2 is a bar graph comparing the conversion of
coal by the process of the present invention with that of
prior processes.

DETAILED DESCRIPTION OF THE
INVENTION

In one menner of carrying out the method of the
present invention, a finely divided iron catalyst or cata-
lyst precursor is adsorbed on1o the surfaces of particu-
late coal in th¥~hrtial steps_Qof 8 coal jiqu ign or

other coal hydrogenation process. The method involues
precipitating or depositl 1yst precursor, typi-
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cally hydrated iron oxide (FeQOH), directly onto the
coal surface from a wet paste mixture, In addition 10
FeOOH, insoluble iron sulfides such as iron pyrite are
contemplated as precursors 1o the active form of the
cataiyst.

The wet paste mixture can include particulate coal or
other carbonaceous material wetted with an aqueous
solution of ferric ions limited in volume to no more than
that required for incipient wetness. A wet paste of incip-
ient wetness will include that amoumt of liquid mixed
and adsorbed onto a solid material just before drops of
free moisiure or liquid begin to form. In the case of a
wet paste mixture of bituminous particulate coal, incipi-
ent wetness typically will occur at about 30% to 30%
by weight moisture adsorbed on the coal particles.
However, with other solids such as highly porous car-
bon up 10 about 75 weight percent moisture may be
contained in a mixture of incipient wetness before drops
of free liquid appear. In all cases a wet paste of intipient
wetness is distinguishable from & suspension of solids in
liquid in that all of the liquid is adsorbed on (or absorbed
in) the solid without the presence of free liquid.

Inasmuch as all of the solution containing the iron
catalyst precursor is adsorbed” on the surface of the
particulate carbonaceous material, & highly dispersed.
iron precipitate can be deposited and maintained in 2
high dispersion even afier drying and conversion to a
more active catalytic form. The inventors have found
that the precipitated iron compounds, adsorbed on the
carbonaceous material in a highly dispersed state are
not nearly so subject to nucleation or flocculation as
those merely precipitated in mixture with & suspension
of carbonaccous material. Thus, extremely small parti-
cles of catalytic iron of high activisy can be provided on
the support material by the process of this invention.
The inventors have found that the iron catalyst precur-
sor particles will be no more than about 1000 angstrams
in size. -

In preparing the wet pasie mixture, pariiculate cosl of
sbout 10 to 250 microns particle size is mixed with a
solution of soluble iron salts such as ferric nitrate or
ferric chloride. The amount of salution is limited to no
more than the amount at which incipient wetness oc-
curs. An ammonia affording agent such as ammonig gas
or a solution of ammonia hydroxide is brought into
contact with the wet paste mixture to precipitate hy-
drated iron oxide directly onto the particulaie carbone-
ceous material, The wet pasie mixture ¢an thenbe dried
and mixed with hydrogenated coal §GIvent to form the
feed 10 a coal hydrogenation or liquefaction process. At
the elevated temperatures required for liquefaction, the
catalyst precursor, hydrated iron oxide, reacts with a
sulfur affording material such as H2S or CSs to convert
the iron 1o its active form generally considered to be a
form of pyrrhotite, Fe; _;S where x is between 8.01 and
0.2. Although some sulfur affording agents are expected
to be in the coal, it may be required to add the above
sulfur affording materisls into the liquefaction reactor
to folly activate the iron catalyst.

Alternatively, the inventors contemplate precipitat-
ing an iron sulfide such as pyrite directly onto the coal
particle surfaces within the wet paste mixture. To ac-
complish this 2 sulfur affording agent such as H38, CS;
or (NH4);S will be passed into contact with the wet
paste mixture to react with the soluble iron salt.

The following examples are presented merely by way
of illustration and ere not intended té limit the present
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invention beyond that defined in the accompanying
claims.

EXAMPLE 1

About one gram of ferric nitrate, Fe(NQ;3)3.9H10 is
per Amend. A dissolved into 40 grams of distilled wa-
ter. The solution was added to 50 grams of particulate
Illinois #6 coal having a particle size of abant 10-15
microns to form a wet paste mixture of incipient wet-
ness. The wet paste was rapidly added 10 a solution of
20 grams of ammonia hydroxide (29% NHa) and 200
grams of distilled water. The resulting suspension was
filtered and the coal solids with adsorbed FeOOH were
dried. The dried solids were mixed with tetralin as sol-
vent in & retio of 2:1 solvent to coal and subjected to
direct liquefaction in a microgutoclave at @ temperature
of 425° C., cold pressure of 1000 psig hydrogen {2000
psig at temperature) for a residence time of one hour.

EXAMPLE II

The procedure of Example 1 was followed except 0.1
gram of CS» was added to the coal/solvent mixture to
convert the iron to the sulfide form.

EXAMPLE III
{Comperative Example)

One gram of Fe(N03)2.9H;0 was dissolved into 40
grams of distilled water. Twenty grams of ammonia
hydroxide (299 in NHi) were added to the solution
resulting in precipitation of hydrated iron oxide. The
solids were separated by filtration, dried and added to a
liquefaction test reactor as FeOOH.

EXAMPLE 1V
(Comparative Example)

In a procedure similar to that described in U.S. Pat.
No, 3,775,286 to Mukherjee et al., FeOOH was precipi-
tated into mixture with a suspension of Illinois #6 coal
in ferric mitrate solution. Sufficient FeQOM was in-
cluded with the coal to provide a catalyst loading of
2500 ppm iron for comparison with the results obtained
with the catalyst of Example I1. The solids were filtered
from solution, dried and processed in a microautociave
as in Example I1.

Other comparative microgutoclave screcning tests
were conducted with no catalysts, powdered ferric
oxide, powdered pyrite and ammonium molybdate. The
results of these tests, along with those of Examples 1-1V
are presenied in Table 1.

TABLE 1|

Microautoclave Studies
Temperature - 425° C., Pressure - 2000 psig H2
Residence Time - | hour, 2:) Tetralin 10
Illinois #6 Con!

Coal Conversion to!

Methytene Chloride Heptane
Solubtes Solubles

Thermal 59.1 271
Thermal + H3S 2.2 328
Fe;Oy! $9.2 321
FeDOH! 62.3 354
(Example III}
FeOOH! + Hy8§ 1.7 425
Mukherjee et al, + H,8? 4.2 419
(Exnmple 1V)
Impregnated FeOOH? 0.4 40.8
(Example T)
Impregnated FeOOH? + Hjs 85.4 €28
(Example II)
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TABLE 1.continued

Microautoclave Studies
Temperature - 425° C., Pressure - 2000 psig H2
Residence Time - 1 hoyr, 2:1 Tetralin to
[lineis #6 Coal

Conl Conversion to:

Methylene Chloride Heptane
Solublas Solubles
Ammonium Molybdate? Has 881 £3.3

]C-IIIJ‘_-'SI Canceriralion - 5000 pnm (based on cosl)
3Catalys: Conzentranon « 2500 ppm fbased oa coal)
3Caulys Concenteation - 1500 ppm (based on coal)

In addition to the above, experiments were con-
ducted or a batch one-liter avtoclave to confirm the
results observed in the microautoclaves. The experi-
ments were conducted under the same conditions as the
microautoclave tests, however, a coal-derived distillate
solvent {V-1074) obtained from run 257 at the Wilson-
ville Advanced Coal Liguefaction Test Facility was
used as the solvent insiead of tetralin and a pressure of
2500 psig (3% Ha2S) was imposed. Experiments using
impregnated hydrated iron oxide catalyst were com-
pared to those conducted thermally and with ammo-
nium heptamolybdate. Hydrogen sulfide was added in
a!l of the experiments. The results from these tests are
illustrated in FIG. 2 showing the vield structure ob-
tained using the highly dispersed catalyst of this inven-

. tion 10 be comparable to the distillate structure using
ammonium molybdate.

The catalyst prepared in accordance with Mukherjee
et al. was also tested in a one-liter autoclave test, similar
to the tests illustrated in FIG. 2. The conversion to
—850° F. boiling material (usefu} in the preparation of
transportation fueis) using the Mukherjee preparation
procedure was only 37% (not shown in FIG. 2) com-
pared to 48% obtained with the Impregnated FeOOH
procedure of this invention.

It is therefore seen that catalysts obtained from the
impregnated FeoOH precursor are sybstantially as ef-
fective for coal liquefaction as ammonium molybdate.
Through use of the incipient wetness tmpregnation
technique, a high dispersion of the hydreied iron oxide
on the coal is formed which acts as a catalyst precursor
in coal liquefaction. The coal conversion with iron
concentrations as low as 2500 ppm compare favorably
with those observed with molybdenum catalyst at 1500

M.

It will also be clear that this method of incipient wet.
ness impregnation is applicable to any group VIII
metal. For instance, with nickel or cobalt as well as
iron. In addition, it is expected that the dispersion of
catalytic iron sulfides can be precipitated from an incipi-
ent wetness mixture including impregnated ferrous
chloride solution by the addition of ammonium sulfide.

In other variations of the invention, iron or other
group VIII metal can be precipitated only into a se-
lected fraction of the coal to be hydrogenated. This
selected fraction, as wet paste mixture, can then be
uniformly mixed with at least an equal weight of partic-
ulate carbonaceous material. For instance, 10%-50% of
the coal can be spiked with the catalyst precursor and
subsequently thoroughly mixed in with the fuli volume
of coal or other carbonaceous material to be liquefied or
hydrogenated.

The methed is not limited to the dispersion of cata-
lysts onto the carbonaceous material itself but is also
applicable to incipient wetngss precipitation onto an-
other support material such as highly porous carbon or
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alamina. The supported catalysts then can be blended
with the carbonaceous materiai in preparation for the
hydrogenated pracess.

One example of the present invention applied (o coal
liquefactior is illustrated schematicelly in FIG. 1. The
catalyst precursor is conveniently impregnated into the
cosl in the coal beneficiation step 10. Typically, grind-
ing and aqueous beneficiation 12 are used to pretreat the
coal 16 with added water 18. A solution of ferric nitrate
20 can be added to form a wet paste of incipient wetness
22 which is contacted and reacted with ammonia gas 24
during the drying step 14. Conventional packed bed,
fluidized bed or other industrial dryers can be selected
for use in drying step 14. As described above the ammo-
niz reacts with the wet paste as a part of or prior to
drying 10 deposit a highly dispersed, catalyst precursor,
FeQOH, onto the coal surfaces. Unreacted gases and
reaction products 26 are withdrawn or conditioned for
recycling. The remainder of the FIG. 1 process is a
conventional two stage coal liquefaction process with a
slurry reactor 28 and ebullated bed reactor 30. Product
distillation 32 provides liquefied product 33 and condi-
tioning steps 34 and 36 provide solvent recycle 38, Gas
clean-up and separation processes 40 provide recycle
H;S for activation of the catalyst precursor, Excess Hz5
can be withdrawn at 44 for further separation and pro-
cessing.

Although the present invention is described in terms
of specific materials and process steps, it will be clear to
one skilled in the art that various changes and modifica-
tions may be made in accordance with the invention
described in the accompanying claims.

The embodiment of the invention in which an exclu-
sive property or privilege is claimed is defined as fol-
Jows:

1. A method for dispersing finely divided, iron-con-
teining catalyst onfo the surface of particulate support
material comprising:

forming a wet paste mixture of incipient wetness

including the particulate material and a solution
containing a solubie iran salt of the catalyst precur-
sor;

contacting the wet paste mixture with an agent capa-

ble of reacting with the soluble iron salt to disperse
finely divided particles of the catalyst precursor,
containing iron, directly on the support material.

2. The method of claim 1 wherein a sulfur-affording
material is reacted with the catalyst precursor to form a
catalyticly active, iron sulfide.

3. The method of claim 1 wherein the particulate
support material containing finely divided, dispersed
catalyst is uniformly mixed into additional particulate
carbonaceows malerial in preparation for hydrogena-
tion.

4. An iron-containing, catalyst precursor mixture
suitable to afford & catalyst, seid mixture comprising
particulate material having dispersed particles of an iron
compound adsorbed as precipitated from a wet paste of
incipient wetness onto the surfaces of the particulate
material.

5. The catalyst precursor mixture of claim 4 wherein
the iron compound is suitable for reaction with a sulfur-
containing material to form a catalyticly active, iron
sulfide.

6. The catalyst precursor mixture of claim § wherein
the iron sulfide is pyrrhotite, Fej_xS, where x is be-
tween 0.01 and 0.2,
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7. The catalyst precursor mixture of claim 4 in further
mixture with at least an equal weight portion of particu-
lats carbonaceous material in preparation for the hydro-
genation of the particulate carbonaceous material.

8. The catalyst precursor mixture of claim & wherein
the iron compound is hydrated iron oxide capable of
reacting with a sutfur-containing material selected from
the group consisting of H3S and CS; to form a catalyti-
cally active iron sulfide,

9. The catalyst precursor mixture of claim 4 wherein
the particulete material is particulate carbonaceous ma-

- terial with a compound of iron dispersed as finely di-
vided particles of no more than 1000 angstroms size and
limited to no more than 5000 ppm based on the carbona-
ceous material,

10. The method of claim 1 wherein the wet paste
mixture is formed by blending an aqueous solution of
ferric nitrate or ferric chloride with particulate material
and an ammonia-containing material is added to dis-
perse finely divided particles of hydrated iron oxide
onto the particulate material.

11. The method of claim 10 wherein the ammonia.
containing material is ammonia gas passed inio contact
with the wet paste mixture following comminution of
the particulate material in the presence of ferric nitrate
solution.
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12. The method of claim 10 wherein a suifur-contain-
ing material selected from the group consisting of H;S
and CS3is reacted with the hydrated iron oxide to form
a catalytically active iron sulfide.

13. The method of claim 1 wherein sufficient catalyst
precursor solution is present in the wet paste mixture to
uniformly wet the particulate material but withou: ex-
ceeding the liquid required for incipient wetness.

14. The method of claim 13 wherein the catalyst
precursor is a compound of iron dispersed as finely
divided particles of no more than 1000 angstroms size
on the support material.

15. The method of cleim 14 wherein the wet past
mixture is uniformly mixed with at least an equal weight
of particulate carbonaceous material prior to subjecting
the mixture io catalyiic reaction.

16. Ap iron-containing, catalyst precursor mixture
suitable to afford a catalyst, said mixture comprising
particulate carbonaceous material having dispersed
particles of hydrated iron oxide adsorbed as precipi-
tated from s wet paste mixture of incipient wetness onto
the surfaces of the particulate material, the wei paste
mixture including particulate carbonaceous material
and agqueous ferric nitrate solution suitable for reacting
with ammonia to disperse finely divided particles of

hydrated iran oxide onto the carbonaceous material.
] * L] * *
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Abstract:  Carbon materials were used as supports for Ag catalysts that are prepared using the con-
ventional wet impregnation method, and their catalytic properties for CO selective oxidation in excess
hydrogen at temperatures below 483 K were tested. A variety of techniques, e.g. N; adsorption, XPS,
TPD, UV-Vis DRS, TEM and SEM, were used to determine the influence of physical and chemical prop-
ertien of the carbon on the properties of Ag catalyst. It was found that defects on the carbon surface
served as nucleation sites for silver ions, while [unctional groups on carben surface induced their reduc-
tion to the metallic form. The formation of silver particles on carbon was governed by homogeneous
and/or heterogeneous nucleation during the impregnation and subsequent activation processes. The best
catalytic performance wes obtained with a Ag/carbon black catalyst with a uniform size distribution of
silver nanoparticles {(about 12 nm), moderate BET surface area {with a mesoporous structure), and a lim-
ited amount of carbon-oxygen groups. The research indicates that carbon materials are polentially good

supports for silver catalysts for preferential oxidation of CQ in excess hvdrogen.
Key words: carbon support; catalytic property; defect: functional group

1. Introduction

Research on the catalytic oxidation of carbon
monoxide has surged due to the possible applications
in air cleaning, orbiting, closed-cvele COs lasers, and
other remote seusing techniques {1--3]. Recently, the
preferential oxidation (PROX) of CO in excess hy-
drogen has been studicd intensively for applications
in polymer electrolyte membrane fuel cells (PEM-
FCs}, aiming at reducing CO concentration down to
1.0x1073 %, and thus preventing the fuel cell elec-
trodes from being poisoned [4,5]. An important issue
in this regard is to integrate the catalyst directly into
fuel cells and to enhance its catalytic performance at
low operating temperature (ahout 333 K) [6]. Nohle
metals such as Pt, Pd, Ru and Au supported over car-
bon materials have been reported to be efficient cata-

lysts for PROX of CO or CO oxidation reaction {7-13)].
Recently, it was reported by us that silica-supported
silver catalysts are, however, active at temperature
as low as 333 K in the reaction mixture containing
1 vol% CO. 0.5 vol% Og. and 98.5 vol% Hs [14.15].
This finding indicates that relatively cheap silver cat-
alysts may be able to replace noble metal catalysts
for PROX of CO in excess hydrogen at low tempera-
tures. However, to integrate the catalyst directly into
fuel cells, the electron-conductive support is essential.
As carbon materials show good electron conductivity;
therefore, it can be used as supports for PROX of CO
in the present study.

In addition, compared with oxide supports, casr-
bon materials have considerable advantages, such as
(1) a high specific surface arca up to 3000 m?/g,
(2) high stability in acidic and basic media [16], (3)

= Corresponding author. Teli+86 411 §4686637; Fax:—86 411 84694447; E-mail: xhbeoQdicp.ac.cn (X.H, Bao)
Project wes supperted by the Chinese Ministry of Scicnce and Technology (2003CDB6 156806) end the Natural Science Foundation

of China (National Key Project: 302060386).
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easy modification of textural properties and func-
tional groups, and {4) easy recovery of supported mes-
als by burning off the catalyst. Moreover, the vari-
cties of available forms (e.g., graphite, carbon black
{CB), activated carbon (AC), activated carbon fibers
(ACF), carbon nanotubes (CNTs), and carbon mole-
cular sieves {CMS)) make carbon materials very at-
tractive as catalysts or supports for metal catalysts
(17,18].

As reported by Rodriguez-Reinoso [19-21], when
using carbon materials as a catalyst support, both the
physical and chemical properties of the carbon mate-
rials should be considered. The physical properties
{(surface area; micrg-, meso-, Or MACIOPOroOUS Struc-
tures) are of the choices we can make, and the surface

chemical properties {such as the types and the popula- -

tiotr of the heteroatom containing surface functional
groups) can, at certain levels. be controlled and/or
modified. both of which make carbon materials po-
tentially good catalyss supports for PROX of CO.

In this article, carbon materials were used as the
support for silver catalysts. The research study fo-
cused on the influences of the properties of carbon
materials {surface area, porosity, and surface func-
tional groups) on the formation and distribution of
silver species during the catalyst impregnation and
subsequent calcination processes and on the extent to
which this could manipulate the catalytic properties
in the PROX of CO in excess Ha.

2. Experimental
2.1. Catalyst preparation

Three different kinds of carbon materials were
used as supports for silver catalysts. Carbon
black (CB) was purchased from Acros, and coal-
based carbon material (Coal) and activated carbon
fibers (ACF) were obtained from Beijing Guanghua
Woods Flant (Beijing, China}. Al catalysts, con-
taining 12 wt% Ag, were prepared by the conven-
tional wet impregnation method using silver nitrate
{AgNOy, 99.9%, Shanghai Chemical Reagent Com-
pany, China). Samples were dried at 333 K in air
overnight and activated in the flow of He (30 ml/min}
at 773 K for 2 h before the catalytic cvaluation was
carried out.

2.2, Support and catalyst characterization

The textural properties of carbon supports were

determined by Ns adsorption-desorption isotherms at
77 K using an AS-1-MP adsorption instrument. Sam-
plesf were outgassed at 383 K overnight before the
medsurements were carried out '20].

The oxygen-containing functional groups on car-
bon| surface {belore and alter silver nitrate im-
pregnation) were characterized using temperature-
programmed desorption {TPD) in combination with
X-ray photoelectron spectroscopy {XPS). After the
imp'regna.tion, some of the silver species were already
anchored onto the supports, and the existence of ad-
ditignal silver nitrate on the carbon surface will affeet
the |[detection of O1s signal in XPS and alse the sig-
nald of carbon oxides in I'PD experiments (carboy

will' be oxidized during nitrate decomposition). Tak-
inthhis into consideration. additional silver nitrate
was removed by washing at room temperature before
XP$ and TPD measurements were made.

IXPS measurements were performed on an Amicus
XP$ spectrometer using nonmonochromatic Mg K,
radiation (1253.6 eV). The deconvolution of C 1s
peaks was conducted according to the previous study
'22.03).  The C1s binding energy (BE) of the
grafahit-ic carbon (284.6 eV) was used as reference.
The atomic ratios of total oxygen to total carbon
(O:fCs) were calculated from XPS spectra after cor-
rect‘,ing the peak arcas by sensitivity factors.

The TPD experiments were carried out in a
quartz U-type microreactor, connccied with an on-

ling; quadruple mass spectrometet (Balzers. QMS
200;. The samples (0.1 g) were first flushed with
He (30 ml/min) at rovin temperature for 2 1. Sub-

seqflently, the lemperature was increased to 1173 K
at d rate of 5 K/min and then kept at 1173 K for 40
min:. MS intensities for 2 {Ha), 4 (He), 15 (CH,), 18
{H,0), 28 {(CO), 32 (01). 44 (CQ2). and 46 (NQa)
werL measured as a function of temperature.

UV-Vis diffuse reflectance spectra (UV-Vis DRS)

were recorded on a JASCO V-550 UV-Vis spectropho-
tometer, in the wavelength range of 190-800 nm with
A sc:anning speed of 100 nm/min.
Scanning . electron  microscopy  (JSM-6360
JEQPL/EQ} and transmission electron microseopy
(JECL JEM-2000EX) were used lo observe the sur-
face microscopic structures and distributions of silver
particles.

2.3; Catalytic reaction

‘The selective oxidation of CQ was carried out in
a fllxed—bcd flow reactor. A gas mixture contain-
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ing 1% CO and 0.5% Os (volume ratio) in Hy was
fed at ihe flow rate of 30 ml/min. The composi-
tion of the effluent gas was monitored with an on-line
gas chromatograph (Agilent Technologies GC-6850N)
equipped with PN and TDX-01 columns. Besides the
feed gases, only two products, COs and HaO, were de-
tected. CO and O, conversions were caleulated from
the difference between their inler and outlet concen-
trations, while the oxvgen selectivity 1o COq (8) is
defined as follows:

5={0.5% ([COJin—|COlouc) /{{Oz]in —[Ozjout }} x 100%,

where [Oz)in snd [COjj, are inlet, and {Oz)ou: and
{CO)ow are outlet concentrations of (J; and CO. re-
spectively.

3. Results and discussion

3.1, Catalytic activity

Figure 1 shows Q2 and CO conversions {a and b,
respectively} and the oxygen selectivity to COz ()
over various carbon materials supported silver cata-
lysts. For all the catalysts investigated, the conversion
of O increased with temperature, eventually reaching
100%. The temperature for 100% Qs conversion over
Ag/CB catalysts is about 360 K, whereas on Ag/Coal
and Ag/ACF catalysts the full oxygen conversion was
obtained at 450-480 K. Similarly, conversion of CO in-
creased along with the increase of temperature, reach-
ing the maximum at 360-380 K and decreased gradu-
ally with the further increase of temperature. Appar-
entlty, Ag/CB catalyst showed the best activity, with
the full oxygen conversion and maximum CO conver-
sion (about 12%) at 362 K. On the contrary, for ACF
and Coal-supported catalysts, the best CO conversion
is 3%-5% (373 K). Upon furcher increase of reaction
temperature, the activity of these catalysts was en-
hanced but oxidation of hvdrogen was promoted as
well, thus lowering selectivity toward CQ».

As shown in Figure 1{c¢), the selectivity toward
CO; is to & certain extent similar to those of Ag/Si0n
catalysts reported previously (14,15]). The Ag/CB and
Ag/Cosl catalysts show the highest selectivity toward
CQy at low temperature, where the conversions of CO
and Oz are limited. However, with increase of tem-
perature, the selectivity toward CO; decreased over
all the catalysts investigated.
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Figure 1. O3 converslon {a), CO converslon {b), and
the oxygen selectivity to COQa (¢} over
carbon-supported silver catalyste after pre-
treatment in He {80 ml/min) at 773 K for
2h

Reaction conditions: 0.12 g catalyst, feed gas 1 vol% CO. 0.5

val% 02 and 98.5 vol% Ha: flow rate B0 ml/min

3.2. Physical properties of carbon supports:
porosity and surface area

Figure 2 shows the adsorption-desorpticn
isotherm (Ng, 77 K) of ACF and CB (that of Coal
is not shown), and corresponding textural properties
are listed in Table 1. For €B, type IV isotherm is
present, indicating its mesoporous structure. Coal
and ACF show the type I isotherm, thus micropores
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are dominant on those two materials. The corre-
sponding BET surface areas chauged significantly,
from relatively small change of 75.8 m?/g for CB, to
756.9 and 1247.0 m?/g for Coal and ACF, respec-
tively. The mean pore sizes are 6.5, (L4, and 0.5 nm,
respectively (Table 1).

50{!- .- .-

Votuine (mifg)

1K}

[of:}

i 1 VY L
i 0.2 0.4 0.6 0.8 IRU
Relative pressure (p/p,)

Figure 2. N3 adsorption-deserption isotherm profiles
of ACF and CB supports (measured at
77 K)

Table 1. Textural properties of carbon supports
obtained by Nz adsorption

Carbon BET surface Mean pore Pore volume

suppart area (m?/g) size {nm) (ml/Eg)
GB 5.8 6.9 (.98
Coal 756.9 0.4 G.45
ACF 1247.0 0.5 0.75

By looking for a correlation between the catalytic
performance and the properties of carbon materials
{surface arca and mean pore size), it can be concluded
that carbon materials with mesoporous structure and
relatively low surface area (e.g., CB) are the most
suitable supports for silver catalysts in the selective
oxidation of CO.

3.3, Chemistry of the carbon surface

Although carbon is considercd to be an inert
mazerial in comparison with other oxide supports
(AloO3, 8i04, zeolites, etc.), its surface has a sig-
nificant proportion of active sites, constituted by un-
saturated valences at the edges and defects of the
graphitic layers. The higher the surface area, the
larger the populations of these active sites. At the
same time, the presence of heteroatoms {mainly oxy-
gen, hydrogen. and nitrogen atoms) also introduces
functional groups into the carbon materials, and con-
sequently the carbon surface is not as inert as ex-

pegied [19]. These defects play an important roie
in the preparation process of the catalysts. provid-
ingg nucleation sites for reduced metal species, while
the functional groups are able to act as the reduc-
ingi agents, i.e. the anchored ions can he reduced
by la wide range of the functional groups and/or by
adgorbed hydrogen present on the surface [21,24-26].
From this point of view, it is of great interest to study
the role of surface chemistry of carbon materials in the
catpl}ist preparation.

3.3.1. XPS resuits

i XPS measurements were carried out to investi-
ga.tte the changes of carbon-oxygen groups of carbon
materials during the silver nitrate impregnation. To
save space, only the XPS spectra of the C 1s region
of J}\CF support and the corresponding silver catalyst
ard shawn in Figure 3. Those of Coal and CB are not
shown here, but the numerical results are summarized
in Table 2.

I 1 : 1 N - N n . 3 .

294 292 260 288 386 284 282 380

[ Binding energy (eV)

Figure 3. XPS spectra of C 1s region of the ACF sup-
port (a) and the Ag/ACF catalyst {(b)
Belore measurements, the catelyst was washed o remove Lhe
adCiiLiona] silver nltrate

Ag presented in Figure 3, the XPS spectra show
that the C ls signal has an asymmetric tailing to-
ward higher BE wvalues, arising partly from the in-
trinsic asymmetry of the graphitic penk and partly
from carbon-oxygen functional groups [22]. Decon-

[
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volution of the C 1s signal yields six peaks rcpre-
senting different carbon species: (a) BE=284.6 eV:
C—C bonds (aromatics and/or aliphatic), {b)
BE=286.1 eV: C—0— (plenol, alcohol or ether),
(¢) BE=2874 e¢V: C=0 (carbonyl and guinone),
(d) BE=288.6 eV: C—0O~ (carboxyl or ester), (e)
BE=290.2 eV: adsorbed CO3, and {f) BE=291.3 eV:
surface plasmon peak {(r—m* transition peak) [22,23].
For the CB support and the corresponding Ag/CB
catalyst, changes in the C ls signal are very small
(not shown). For the other supports, the intensity of
high BE value peaks increased significantly after sil-
ver impregnation, indicating the increase of the con-
centration of carbon-oxygen groups, mainly C—OH
and C=0 groups (Figure 3).

Table 2. XPS numerieal results from C 1a region

Concentration® (%)

Entry 286.1%  287.4°  288.6° AC DG
C—QH ©=0 C—00H

CB 8.2 4.2 - 0.02
Ag/CBY 89 4.0 — T oo
Coul 21.0 4.3 2.3 133 018
Ag/Coald 254 7.5 3.6 0.30
ACF 18.9 4.8 2.6 17 012
Ag/ACFY 255 8.9 2.8 6.35

¢Concentration of different carbon-oxygen groups is ex-
pressed by atom%:

*Binding energy of carbon-oxygen bonds. eV

“A=2x AC-—QH+AC=04+AC—00H:; it represents relu-
tive amount of the electrons transferred during the reduc-
tion of silver ions;

dHefore the measurements, the catalysts were washed to
remove the additionel silver nitrate

In Table 2, the concentrations of different carbon-
oxygen groups and the atomic ratio of total oxygen
to total earbon {O./C;) are presented. Obviously, af-
ter the silver nitrate impregnation, the total concen-
tration of carbon-oxygen groups (C—OH, C=0, and
C—OOH} increased, s0 did the atomic ratio of 0;/C,.

The CB has very few carbon-oxygen groups, and
the O,/C, value is only 0.02, changing to just 0.04
even after the introduction of silver (Ag/CB). The
amount of carbon-oxygen groups remained almost un-

changed after the introduction of Ag, approximately

equaling to 12.4% of the total amount of detected
carbon. QOver the other carbon samples {Coal and
ACF), the amounts of carbon-oxygen groups arc much
higher, above 26%, and after the silver deposition they
increased significantly, The Oy /C, value, after the in-
troduction of Ag, was about two times for Coal and
almost three {imes for ACF as compared with that

of their parent supports. The increases of different
carbon-oxygen groups arc different, but generally the
contributions of C—OH and C=0 groups were the
most significant. Over the Coal, the increases of hoth
groups {C—OH and C=0) were 3%-4%, whereas over
the ACF, the C—OH content increased significantly
from 18.9% to 25.5%. The observed changes of the
carbon-oxygen groups (C-—-0H, C=0, and C—00H)
were due to the reduction-oxidation processes dur-
ing the introduction of silver ions. Silver ions were
reported to be responsible for the oxidation of C—
H, C—OH, and C=0 te form C -OH, C=0, and
COOH groups, respectively {21,24-26). Two mole
electrons were transferred in the oxidation of a mole
C—H to C—OH while one mole electron was needed
in the oxidation of a mole of other two groups, respec-
tively [24]. Thus, by using the changes of the relative
amouunt of groups {difference of the amounts of carbon
-oxygen groups beforc and after silver impregnation),
the amount of electrons transferred in the reduction of
Ag ions can be estimated {Table 2, the third column:
A=2x AC—OH+AC=04AC—QO0H). As seen, he-
tween CB and Ag/CB, the changes were barely nc-
ticeable, whereas over the other samples, the increases
of carbon-oxygen groups were significant, i.e. 17.6%
for the ACF, 13.3% increase for coal. It represents the
ability of carbon supports to reduce silver ions: CB
does not show the reducing capability, whereas the
other supports are much more active, This seemns to
he in opposite correlation with the catalytic activities.
The more the silver ions that were reduced during the
impregnation process, the lower the catalytic activity
for CO selective oxidation.

3.3.2. TPD results

The XPS analysis provides information about
surface composition, whereas the temperature-
programmed desorption (TPD) measurements, us-
ing inert gas (He, Ar, Ng), were one of the widely
used methods in the determination of carbon-oxygen
groups on carbon materials [27-30]. Different carbon-
oxygen groups decompose and release CO and/or
CO; at different temperatures {27-30]. Carboxylic
acid and lactol (also lactone] groups release COy at
about 540 K and 650-940 K, respectively, whereas
carboxylic anhydride groups decompose with simulta-
neous formation of CO and CQO5 at 700-840 K. Phenol
and carbonyl/quinine groups are more stable on the
carbon surface and decompose to CO at about 900
and 1080 K, respectively.
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Figure 4 shows the profiles of CO (Figure 4(a))
and CQz (Figure 4(b)) release from the carbon sup-
ports and corresponding catalysts during the TPD
measurements. For the CB support, no emission of
CO; or CO was detected {not shown), while after
the introduction of silver enly CO; release (Figure
4(b)) was ohserved. The CO; profile contained a peak
centered at about 620 K with a shoulder at 720 K.
both peaks originating from the decomposition of car-
boxylic anhydride and/or lactones groups. The lack
of CQ» peak at temperature below 540 K indicates
the absence of carboxylic groups over the CB cata-
lvst. which is in good agreement with the XPS results
{Table 2). The CO and CO; profiles of other carbon
materials (ACF and Coal) and corresponding cata-
iysts (Ag/ACF. Ag/Coal} differ significantly in terms
of the intensities and shapes of peak {CO and CO3).
Generally, after the impregnation, the intensities of
both CO4 and CO peaks increased, indicating the in-
creases of carbon-oxygen groups due to the surface
oxidation.

The CQ profiles of both supports and correspond-
ing catalysts show large peaks at the high temperature
{about 1080 K), which contain complex information
about decamposition of carboxylic anhydride, phenol,
and/or carbonyl/quinine groups (Figure 4(a}). A CO
peak centered at 450 K was observed for Ag/Coal and
Ag/ACF catalysts. It mainly corresponds to the frag-
ments of COy. After the introduction of silver, the
intensity of main CO peaks (at around 1080 K) in-
creased for all catalysts, and their positions slighily
shifted to lower temperature. Over the Coal support,
two CO peaks at about 950 K and 1130 K, which can
be assigned to phenol and carbonylic/etheric groups,
respectively, can be distinguished. Over the Ag/Coal
catalyst, the intensities of all the groups increased
(compared with Coal); however, the incresse of peak
corresponding to phenol groups is more obvious {Fig-
ure 4{a)). For ACF, a small CO peak was detected
at 620 K, corresponding to the decomposition of car-
boxylic anhydride group. At the same temperature, a
CO; peak was also observed (Figure 4(b)). The CO
profiles of the ACF and Ag/ACF show two peaks over
1000 K, probably from phenolic/carbonylic/etheric

groups. For ACF, the intensity of low-temperature.

peak is lower than that of high-temperature peak,
whereas in the case of Ag/ACF catalyst, the intensity
of low-temperature peak is higher. This indicates that
the amount of phenol groups increased significantly
after the impregnation of silver species, which is also
evident by XPS measurements (see Table 2},
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Figure 4. TPD curves of the CO (a) and CO2z (b) re-
1 lease from carbon supports and correspond-
ing catalysts
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(The samples (0.1 g) were first flushed with He (30 ml/iin)
at foom temnperature for 2 h. Subscquently, the temperature
incleased sl a heating rate of 5 K/min $ill 1173 K and thex
wad maintained at the swne teinperature for 40 min. All the
catalysts were washed to remove additiona!l silver nitrate before
TPD experiment was carried aunt.)

)

| The CO and COs profiles were integrated to ob-
taiit more information about the changes between sup-
potts and corresponding catalysts (Table 3). In brief.
the increase of CO and CO4 release was duc to the
for‘mation of C—0OH, C=0, and COOH groups dur-
ing the silver impregnation. It was the reduction of
Ag ions that resuited in the oxidation of carben to
forim these groups. Then, it can be estimated that the
relative amount of silver ions reduced during the im-
prégnation, as can be seen from the (ACO+2xACO)
column in Table 3. (However, the formation of C=0,
whlich results from the oxidation of C—OH, will not
lead to the increase of CO emission. Thus, the amount
of §itver ions reduced is underestimated.) The amount
of iikg ions reduced by carbon supporis follows the ar-
der: CB«Coal<ACF. This observation is in Bgree-
me‘:nt with XP35 results.
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Table 3. Numerical results of TPD profiles of CO
and CO; release from supports and catalysts

E Peak area (x 107%)  ACQ» Ae
ntry
COo; co (x 10=8) (x 1078

CB 0.25 0.43 230 12.28
Ag/CBP  7.55 242 a :

Coal 3.24 9.47 8.2 249
Ag/Coalt  11.53 26.57 - ’

ACF 3.06 17,53

13.75 70.00

Ag/ACF®  18.81 45.65

" A=(AC0:+2xACQ}: 2 mole electrons transfer during
s mole C-H oxidation t» formm C—OH.

bBefore the measuremants, the catalysts were washed to
remove the additional silver nitrate

3.3.3. UV-Vis DRS results

The UV-Vis diffuse reflectance spectra of as-
prepared silver catalysts are shown in Figure 5. Three
overlapped bands centered at about 230, 270, and 340
nm can be distinguished in all the three samples. Ac-
cording to literature [31], the band at 220-230 nm
can he attributed to isolated Ag ions. The ahsorption
bands at around 270 and 330 nm correspond to the
absorption of Ag] and Ags clusters. respectively, as
reported by Henglein et al. {32]. In addition, as sug-
gested by Sato et al. [33]. the bands in the range of
238-272 and 275-326 nm correspond to the adsorp-
tion of Agd* and Ag. clusters, respectively. In other
words, the absorption bands detected over the cata-
lysts described in this study at about 270 and 330 nm
can be attributed to small silver cationic clusters and
silver clusters, respectively [34]. The UV.Vis DRS
measurements indicate that isolated Ag™, small silver
clusters {Agl* and Ag,.) are present in all the cata-
lysts. No surface plasmon adsorption band [35.36] was
observed, indicating absence of silver metal nanopar-
ticles in the samples after impregnation.

The Ag/CB catalyst spectrum shows relatively
the highest adsorption band at 230 nm, with two
shoulders at 270 and 340 nm, representing relatively
the highest amount of isolated Ag ions, a small
amount of silver clusters and silver cationic clusters,
The Ag/ACF catalyst spectrum presents three well-
resolved peaks centered at the same wavelength but
intensity variation indicates lower concentration of
Agt and relatively much more reduced silver clus-
ters. The observation of relatively large amount of
" Agions on Ag/CB catalyst is in good agreement with
the XPS and TPD results. As CB has less defects or
functional groups on its surface. very small amount

of Ag jons can be reduced during silver nitrate im-
pregnation and subsequent drying at 333 K. Conse-
quently, most of silver species will remain as Ag jons
on the surface of CB. In the case of Ag/Coal, similar
to Ag/ACF catalyst, substantial amount of Ag ions
has been reduced, leading to the [ormation of silver
clusters,
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Figure 6. UV-Vis diffuse reflectance spectra of as-

prepared carbon-supported silver catalysts
(12 wt% Ag)

(1) Ag/CB, (2} Ag/Conl, (3) Ag/ACF
3.4. Discussicon
3.4.1. Catalytic properties

In comparison with the catalysts investigated
in the present case, the CB-supported silver cata-
lyst showed the highest activity, with the full oxy-
gen conversion and maximum CO conversion (about
12%) at 362 K. Later experiments indicate that even
4 wt% Ag was supported over CB after pretreatment
with Hy at 773 K for 2 h before reaction; CO con-
version can be further increased to about 20%, the
specific reaction results of which are presented in
Figure 6. On the other hand, over ACF and Coal-
supported catalysts. the CO conversion was only 3%-
5% at 373 K, whereas higher reaction temperatures
{at the same time, higher oxygen conversions) pro-
inoted the oxidation of Hs, thus resulting in a lower
selectivity to COg.

Ag/CB catalyst after activation in Hy at 773 K
for 2 h exhibited much higher CO conversion at 353 K
than the previously reported Ag/C or Ag-Co/C cat-
elysts for PROX of CO in excess Hy [37} and CO
oxidation in air [38] below 373 K. At the same time,
Ag/CB catalyst afier activation in Hy exhibited com-
parable CO conversion (353 K) to those of Ag-Co and
Ag-Mn composite oxides catalysts at higher reaction
temperature {383 K) [39].
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—e— 0, conversion
~e— CO canversion
—a— Selectivity

Catalylie activily (%)

i 1 PRSI L —t 1 ol
293 313 REX! 353 73 393 413 433
Temperature (K)
Figuro 6. Catalytic activity of 4 wt% Ag/CB catalyst
after activation in H; at TT3 K for 2 h
Reaction conditions: 0.12 g of catalyst; feed gas 1 vol% CO.
0.5 vol% Oz, and 98.5 vol% Ha; flow rate 50 ml/min

For silver catalysts that were reported previously,
usually AgoO was considered to be the active phase
for the oxidation of CO [39,40]. Tt is known that
Agz0, if consumed during the reaction with CO, is
difficult to regenerate. Only the addition of a sec-
ond active compound (Co or Mn) or employing the
reactive support can increase the stability of the sil-
ver catalyst by the oxygen spillover from the second
compound or by the reactive support to silver species
139,40]. However, in the present case, the Ag/CB cat-
alyst shows good CO oxidation activity, which can
be attributed tc the role of metallic silver phase {in
contrast to the AgsO phase ever considered). Obvi.
ously, the carbon-supported Ag or Ag-Co catalysts
that were reported previously have much lower CO
oxidation activity when compared with that reported
in this study, which may originate from different car-
bon supports and/or chemical states of silver [37,38].

In summary, CB can also be used as a suitable
support for Ag catalyst for PROX of CO in excess
Ha, and Ag/CB catalyst after activation under Hj re-
sulted in abave 20% CO conversion at 353 K, Qptimiz-
ing activation methods, modifying textural structure
and/or functional groups of carbon rmaterials, adding
a second metal, or increasing the O, concentration in
the feed may further increase CO conversion. and this
is still under investigation.

3.4.2. Relationship between properties of car-
bon supports and silver particle size

By combining XPS data with TPD results, both
of which show the changes of the carbon-oxygen

groups after silver deposition, the image of reduction
of Ag ions by carbon supports can be analyzed. The
resplts showed that the amount of Ag ions reduced
foli}awing the order of the reducing ability of the sup-

ports, CB&Coal<ACF,
i Relative amounts of silver ions and reduced sil-

ver. species of the as-prepared catalysts can be di-
rec{;ly obtained from UV-Vis DRS measurements.
Aftfer impregnation and subsequent drying (at 333
K) ‘}processes, the Ag/CB catalyst has relacively the
largest amount of Ag ions and small amount of re-
duded silver species. At the same time, the Ag/ACF
cat(;slyst has relatively the lowest amount of Ag ions,
with large amount of metallic silver clusters. The dis-
tribution of silver species on Ag/Coal catalyst is in.
terinediate between these two catalysts.

IAs meniioned above, the surface of carbon has a
portion of active sites and, moreover, the population
of these active sites will increase along with the in-
cresse in surface area and porosity. As reported by
Zubimendi et al. [41], the clectroless deposition of
Pt [on highly oriented pyrolitic graphite {(HOPG) in-
volved nucleation of Pt particles and their 3D growth
at surface defects, particulnrly at steps and edges of
Lhef substrate, as observed by Scanning Tunneling Mi-
croscopy (STM). Zoval et al. reported the same phe-
notnena (24},

}For the carbon supports that are studied in the
present case, when silver is introduced on carbon
suriE aces, there are different paths for the growth of
metallic silver particles, On the one hand, if there
are sufficient reducing groups (in this case, surface
ﬁm{ctional groups) and nucleation sites (defects; the
ampunt of which is governed by the surface area and
texture of carbon support} on the carbon support, re-
duétion of Ag jons and the nucleation will occur dur-
ingathe impregnation and drying processes, leading to
thg formation of silver clusters {composed of scveral
silver atoms). In the subsequent activation process,
the silver clusters will serve as the nucleation center
for|3D growth of silver particles {the metallic silver
is derived from silver nitrate decomposition). This
pracess can be defined as the heterogeneous nucle-
atidbn. Normally, it will lead to the formation of large
me}al particles. On the other hand, Ag ions that wers
not reduced during the impregnation and subsequent
dr}:ing processes remained as ions. Subsequently, they
uncflergo 4 homogeneous nucleation in the activation
pr&cess, which leads to the appearance of narrowly
dis{ributed considerably small silver particles. Over
thei Ag/ACF catalyst, large amounts of metallic sil-

f
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ver clusters were formed during impregnaiion. After
activation, a bimodal siiver particle size distribution
was found, as shown in Figure 7 (a) and (b).
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Figure 7. SEM images of 12 wt% Ag/ACF (a and b)
and TEM image of 12 wt% Ag/CB (c)
Catalysts after activation in He at TT3 K for 2 It

The bigger particles are around 200 nm, whereas
the smaller ones are about 25 nm, which are the con-
tribution of heterogeneous end homogenecus nucle-
ation, reapectively. On the contrary, in the case of
Ag/CB catalyst, as there are very limited amount of
recdlucing groups, most of the silver species remain as
Ag ions after impregnation, which mainly underwent
the homogeneous nucleation during activation. Thus,
nearly uniformly distributed small silver nanoparti-
cles (about 12 nm) were obtained {Figure 7(c)). For
Ag/Coal catalyst, after impregnation, the situation is
generally intermediate between these two, but similar

to Ag/ACF catalyst; it has the bimodal silver particle
size disiribution.

Among the three catalysts that were investigated,
Ag/CB catalyst demonstrated the best catalytic prop-
erties In the selective oxidation of CO in excess hydro-
gen. Coupling various characterization technicues, it
is concluded that the mesoporous structure, together
with moderate surface area, and a limited amount of
surface functional groups are pivotal for the formation
of narrowly distributed small silver particles (around
12 nm), thus conforring superior catalytic properties
in the selective oxidation of CO.

4. Conclusions

Various carbon-supported silver catalysts were
prepared by the conventional wet impregnation
method, aud their catalytic properties for PROX of
CO in cxeess hydrogen were studied. Employing a
variety of techniques, i.¢. N3 adsorption, XPS, TPD,
TV-Vis DRS, SEM and TEM, the effects of the poros-
ity, surface area, and surface chemistry of the carbon
supports on the preparation of the catalysts and the
catalytic properties have becn studied. It was con-
cluded that:

1. The defects on the carbon surface serve as nu-
cleation sites of metallic silver particles, whereas the
surface functional groups contribute to the reduction
of Ag jons in the impregnation and subsequent drying
Processes.

2. During the catalyst activation process, addi-
tional silver species decompose to metallic silver, un-
dergoing homogeneous and/or heterogeneous nucle-
ation. The latter resulted in a bimodal distribution
of silver particle size.

3. Carbon materials have a mesoporous structure
with moderate surfacc arca and a limited amount of
surface functional groups that are suitable supports
for Ag catalysts, which result in uniform size of silver
particle, thus conferring better catalytic properties for
the Ag/CB catalyst.

4, Carbon materials-supported silver catalysts
are potentially good catalysts for PROX of CO in
excess Hy in fuel cells. To satisfy the requirements
of the PEMFCs applications, further research to im-
prove the CO conversion and selectivity to CG» is
ongoing, including the addition of second active com-
ponenf and optimizing oxvgen concentration in the
feed.
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Abstract

Carbon-supported catalysts in the form of powder, briquertes and monolitos have been prepared. Powder and briquette samples have been
obtained using a Spanish low-rank coal as raw material for carbon support through a pyrolysis process whereas manoliths were prepared by coating
cordicrite monaliths with a blend of two polymers. Vanadium was chesen as active element and impregnated by equilibriam adsorption from | 1o
8 wt% on the surface of as-prepared supports. All samples were tested in the seleetive catalytic reduction of NO with NHa as reducing agent at jow
temperature (150 “C), demonstrating a considerable efficiency which was enhanced mainly by oxidation teatments and an increase of vanadium
loading up to vanadium agglomerates formation. The namre of carben precursor determines the porosity development and surface chemistry of
supports, what results in a different dispersion and fixation of active phase. An enhancement of NO efficiency is achieved by increasing
microporosity and the amount of surface oxygen groups in pyrolysed coal whereas in pelymer blend. mesoporosity and just a certain amount of
surface oxygen groups should be promoted. An excess in vanadium loading decreases NO reduction efficiency because of a pare blockage and the

formation of vanadium agglomeration whal makes (o expose a lower vanadium surface to the reaciants.

12007 Elsevier BV, All rights reserved.

Revwords: Carbon based cualysts, Vunadiam loading: SCR-NH;

1. Introduction

The removal of nirogen oxides [rom outgases is one of the
most challenging problems of 21st century, Uniil now, the most
efficient method of NO, removal from stationary sources used
on industrial scale 1s selective catalytic reduction (SCR) with
ammonia. The most trequently used caralyst is VaOs/WOy/
TiO. prepared in the form of a monolith {1]. The catalyst
performance is, however, far from an ideal one since: a higher
activity at either low (<250 "C) or high (=400 "C} temperature
range. broader temperature window, higher resistance 1o warer
and SO, and last, but not least, reducing production and
operational costs are required. These properties are highly
dependent on the supporl materiab and consequemly a Jarge
number of materials have been tested. Among them coal is one
of the most promising due o its abundance o potentially lower

* Corresponding author, Tel: +3d 976 733977; fax: +34 976 733318.
Eomnil address; mlazaro@carben.ich.csic.es (M), Lizao),

0920-58A1/5 — see front matter T 2007 Elsevier B.V, All nghis reserved.
doi: 10, 1016/).cattod 20071 1.007

cost, possibility of oblaining samples with proper geometry,
good mechanical resistance [2]. Apart from these character-
istics, ane of the main advantages is the possibility to tailor their
properties, bath texiural and chemical {acidity. redox proper-
ties. e¢fc.) by means of the preparation procedure that consists of
several steps, such as: pyrolysis, activation, acidic pre-
treatment and impregnation [3].

According to the carbon precursor election. there are many
tvpes of materials which can be used as carbon based supports.
but nowadays the most important ones are those coming tfrom
coals and polymeric blends. Each precursor presents a series of
advantages and drawbacks. On one hand. coals are known to he
easily available and depending on their rank they could be a
really low-cost raw material. Low-rank coals have a high
amount of ashes what can be considered as an additional
advantage since previous investigations indicated that could
have a catalytic effect on NO reduction |4-7). Catalviic effect
for the NO reduction of coal-supported catalvst is mainly
artributed to alkaline and alkaline earth metals [8—12] and some
first-series transirion metals (Fe, Cu, Cr. Co, Ni) [13-17].
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However, other authors argue thal the incorporation of an
additional acrive phase on the coal surface is required to
enhance their NO removal activity [18,19].

Polymer blends are usually considered a good option
because they do not involve using mineral maner and
consequently can get a higher selectivity towards nitrogen,
smce no side-reactions are catalyzed. Polymer characteristic
promotes the application of carbon blends as catalyst washcoats
when they are supported on structures such as monoliths since
the development of meso and microporosity ensures a good
contact between reactants and the acuve phase [20].

As commented before, each .preparation step has an -

influence on carbon support. Pyrolysis provides a possibility
of tailoring porous structure, through the opening of constric-
tions in the char porosity and the development of new
interconnecting pores [21]. Activation results depending on the
activation agent, temperature and residence time, in the
formation of either micro or mesoporosity. Moreover, activa-
tion causes a change on the chemistry surface of carbon
materials. All literature studies unanimously show that the
catalylic aclivity of activated carbons for NO conversion
increases with the oxygen concentration on the carbon surface
[4-9). However. there are still several unanswered questions
concerning the elfect of anchoring active phase and if the
presence of determined oxygen groups could influence the
formation of the aggregates on the surface.

Active phase impregnation may be introduced as the last
step of the preparation. The influence of the nature of
precursors, loading and impregnation method was also
studied [4-5,15]. Marban et al. [15] found that NO reduction
increases with higher active phase loading up to a maximum
where dispersion of this component slarts to drop off.
Vanadium is without any doubt the most common uctive
element for SCR reactions [22]. When it is used supported on
carbon based catalysts they can enhances NO reduction at
low temperatures being this fact considered as one of the
most outstanding properties of vanadium loaded carbon-
supported catalysts.

In this work. the results of catalytic tests for carbon samples
in the form of pewder. briquettes and monoliths are presented.
Samples were prepared with two different carbon precursors
modified by means of various activation and oxidation
procedures and containing different amounts of active phase
precursors. These catalysts have been characterized by means
of a series of physical<hemical methods like N adsorption,
TPD. SEM and AFM technigues showing that the preparation
steps as well as active phase precursors have a great influence
on their whole performance.

2. Experimental
2.1, Catalyst preparation

Three kinds of carbon based catalysts under different forms
and compositions have been prepuared. Firstly, powder catalysts

with a particle sizc between 0.2 and (.5 mam was obtained from
a low-rank coal from SAMCA coal mining company in Teruel

(Spain). This coal was pyrolysed in N; at 800 °C, activated with
70% steam in N and finally oxidized with HNO; as described
in detail elsewhere {19}, Sccondly, briquette carbon support
was obtained from the above mentioned pyrolysed coal and
commercial pitch. Briefly. the preparation process consists in
c{)al pyrolysis, blending with the ground commercial tar pitch,
bnquettmg process by pressure performed in a device specially
de51gned to this purpose, curing in an electric furnace with air.
pyrolysis of briquettes under N, activation either with 20% of
ujater vapour in Ny or CO, at different temperatures and
oksdauon with HNO; (IN). The activation as well as the

y:olyms. were conducted in a fixed-bed reactor as described in
more detail elsewhere {23). Finally, carbon coated cordierite
111cmolith supports were prepared. In this case cordierite
njanoliths were coated with a carbon layer by means of the
dipcoating method as described in details elsewhere [20].
B'rieﬁy it consists in dipping the cordierite monolith (400 cpsi,
liem diameter and 5 cm length) into a liquid polymer that is
subsequently cross-linked and carbonized. To coat the
monoliths two carbon precursors were used polyethylene-
ﬂ]ycol {PEG) 6000 mol wt {Sigma~Aldrich) and Furan resin
{Huttenes-Albertus), After cdipcoating, the sample was cured,
carbonized in Ar, activated with CO; and treated with 2N and
4N HNOj at room lemperature to created superficial oxygen
groups [25].

In all cases. after carbon suppert preparation, catalysts
were loaded with 1, 3. 5, 6 or 8% (w/w) V by equilibrium
adsorption using commercial vanadium compounds provided
by Aldrich (either V205 or NH,VO,;) as active phase
precursor. A solution/suspension of each of these compounds
in} deionized water was stirred and the sample was introduced
inside for 3 h. In the case of NH,VO; solution in distilled
water wus improved by adding around 10 mg of oxalic acid.
After stirring samples were rinsed and dried overnight. Just
irj order to clarify the used abbreviation, it is worth including
ifi this section a short description of all of them. Samples
structured as powder were named as follows: SCA7S0/PV/
10+/AD/E where SCA accounts for the carbon support
ptepared from the low-rank coal. as siated before. 750 is the
iemperature of activation used, when AC appears instead of
SCA this indicates that in that case the catalyst was prepared
ufing a commercial activated carbon as support, PV is
commerceial vanadium model. PCA is ashes of a petroleum
coke. . 3 or 5% is the vanadium loading. AD is adsorprion
equilibrium and finally E means that the excess of dispersant
was removed by means of evaporation. In the case of
bnquelles samples, they were named as follows: Br/AC/750/

Lh/H 20 + PCA where Br means briquette. AC is activated

carbon and P pyrolized. 750 is the activation temperature in
C 2N is the activation time and H.O or CO, are the
agtivation agent, PCA is the active phase precursor used that
always provides a leading of 3 wt%. Finally monolith
samples were named as 1% V,05/AC where 1% is the
loading and V05 the active phase precursor used. 30PEG or
SPPEG mean the quantity of PEG used. respectivelv, and
ACN for carbon aclivated and subsequenily oxidized with
HNO; (2N).




M.J. Ldzaro et al /Conalysis Today 137 (2008) 215-221 217

2.2. Caralyst characterization

Carbon support and catalysts were physically and chemi-
cally characterized by means of two different methods and
techniques: Adsorprion of N at 77K and temperature
programmed desorption (TPD). Specific surface area was
calculated from the N» adsorption isotherms applying BET
equation in an ASAP-2000 apparatus, On the other hand, TPD
tests were performed heating 600 mg of sample at a constant
rate {10 C/min) from 150 10 1050 C in a flow of 30 m] He/
min. Samples were collected v gas samples bags and CO and
COy were measured in a chromatograph equipped with a
thermoconductivity detector.

Twao techniques (SEM and AFM) have been used for the
optical characterization of the active phase. SEM pictures were
obtained in a SEM EDX Hitachi §-3400 N using backscattered
electrons detection. The AFM apparatus was operated in a
dynamic mode, where the cantilever is oscillated at its
eigenfrequency (72 kHz). Topographic image and height data
were collected simultaneously.

23 Achivity fests

The NO reduction efficiency of the catalysts was determined
at 150 °C by passing a gas mixture containing 1000 ppmv of
NO. 1500 ppmv of NH; and 3.5% (v/v} of O, in Ar through a
fixed bed containing 0.4 g of sample in the case of powder and
briquette samples or just a single monolith for cordierite
support. The low rate of powder and briquette catalysts was
22 ml/min while monoliths permit a flow rate of 100 ml/min,
The composition of the gas exiting the reactor was continuously
measured in a quadropole mass spectrometer (Balzers 422)
connected on-line. The conversion of NO was caleulated as
follows:

Y NOQ reduction = ~—

M 100 (1

Cro

where C_i\.(J is the initial coneentration of NO and Cyq corre-
sponds to its concentration once steady stale is reached.

3. Results and discussion

34 Influence of supperr natire and thermal preparation
steps on the NO reduction efficiency

Carbon support characterisiics have shown 10 be a key factor
in the NO reduction efficiency of the catalysts prepared. At the
sight of the resulls presented in Tables 1a and 1b. both mineral
and polymer blend carbon catalysts show efficiencies in the NO
reduction in the range of 28 and 88%. The large dillerence
between these values could be due 1o ¢ither the nature of the
supports as well as the conditions used in the preparation steps
that can modify the chemistry and porosity of catalysts and
consequently their NO reduction efficiency.

Regarding o the aclivation step. all supports achieved a
porosity development by an increase in temperature and

residence times of activation. Especially in coal supports
{powder and briguette samples) the activation process results in
an increase of porosity due to the opening of constrictions in the
char porosity and the development of pew inferconnecting
pores |21]. The activation step was carried out under several
conditions, steam or CQO. activation agent and several
temperatures showing thal the use of CO» as activation agent
provides a larger microporosity. This fact agrees with other
authors {26-28]. In those works. authors studied the different
eflect of the activating agent (CO, or steam? in the development
of porosity of a char oblained from the pyrolysis ol ar organic
curbon. After the studies, they concluded that the CO5 produces
an opening. followed later by widening of narrow micro-
porosity whereas steam widens the microporosity from the
early stages of the activation process and cousequently
microporosity is favoured by CO, activation while mese and
macroporasity are both favoured by steam activation.

Generally speaking, coal supports have mainly a micro-
porous structure whereas monoliths are mainly mesoporous.
Monoliths prepared with a polvmer blend were activated under
CO, atrdifferent temperatures. In these cases, activation process
causes an increase in the microporous structure although (he
microporous volume adsorption did not reach the mesopority.
being considered on the whole such as mesoporous materials.
Porous structure of samples seems to have a great influence on
the NO reduction activity reached. In the case of coal catalysts
an increase in the porous structure causes an increase in the NO
reduction activity although it does not seem to be a
mathematical relationship between them but a threshold around
100 m*/g that should be overcome 1o avoid pore blockage. On
the other hand. polymer blend based calalysis show a higher
dependence to the structural development. A well-developed
mesoporosity is  essential to favour a high amount of
oxyeenated surface groups that can be responsible for
dispersion and fixation of active phase whereas narrow
microparosity developed bv CO» activation does not seem to
play @ significant role in the improvement of the calalyst
prepared {271,

On the other hand. activation procedures and especially
oxidation ones have a great effect on the surface chemistry.
Surface chemistry plays an important role on the WO reduction.
Oxidized coal supports have an average increase of 25% in the
surface oxygen groups cvolved such as CO or CO4 in the TPD
runs in comparison te non-oxidized samples. This enhancement
is expected to be a consequence of HNO; treatment where new
oxygen groups are created (Table 1b). The activity increases
notably when subjecting the briquette to the HNQ; oxidizing
treatment prior to its impregnation. This fact could be
indicating that the snrface oxygen functionalities created upon
HNO4 treatment can probably favour hoth the fixaton ol the
active phase and the adsorption of some reaclant. likely NH;.
during the reaction. thus resulting in an inereased catalytic
activity, However, and although it is not shown. oxidation
process of coal supports causes an important decrease in
porosity what is likely due to a demineralization and
redistribution of the mineral matter in coal. That matter could
be displaced ta the outer ar inner walls of microporous what
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Table 1a

Reduction of NO at 150 °C. textural and surface chemistry parametets of catalysts prepared withour oxidation step

Sample NO red (%) Sazr (/g Vigdiero (e11¥g} Visess (cm1g) CO (em’/g) €0y fem e

Powder samples
SCABRUPV/IITG/IADIE 33 g 0.04 0410 3] 13
SCABLIVA/ABIADIE 2. 6 0.04 24011 38 1
SCASNO/PCAII%/AD/E 28 8 0.05 HENT 43 Li
SCATIOPVII%ATT: 56 385 U.Zl(’i .24 hd 19
SCATSUVASIBIADIE 46 377 0'3|3 .18 51 17
SCATOPCA/I%/AD/E 46 344 0.23 0.20 53 17

Briquette samples
Bi/AC/600/2 WH-0 + PCA 34 3 0.10 - 25 49
Br/AC/750/2 WH,O + PCA 52 278 o 152 - 9 3z
Br/AC/750/2 h/HAO + Va0 47 285 0.21 - 9 32
BW/AC/750/2 b/CQ- + PCA 42 106 0.05 - 16 49
Br/AC/S00/1 WCO, + PCA 50 152 0.08 - 3 a1
BrfAC/E00/2 W/COH + V404 54 197 ﬂ.{]IS - 13 41

Monolith samples \
30PEG-AC - 406 a.1B 0.64 - -
SOPEG-AC - 473 0.1 196 - -
SOPEG-ACN 72 - - - - - .
AC 10 R36 0.22 1.57 35 04

blocks or reduces their capacity [29]. Despite this fact, it could Support nature and thermal treatments also influence in the

be observed that the loss of textural properties due to
demineralization does not affect in the catalytic activity or at
least, it i3 not as important as the influgnce of the surface
oxygen groups formed by the oxidation process.

In the case of monalith catalysts two oxidation process
where carried out by using 2N and 4N HNQ,. respectively.
Comparing both samples, it is observed that increasing the
severity of INO; treatment entails some decrease of micro—
mesopore surface area. while the variation of pore volume has
litrle significance. It could be explained by the collapse of pore
walls and the ensuing widening of the pores [30]. As a
consequence of this decrease in surface area, the more severe

atalysts stubility. Carbon supports are known to suffer from
asification when temperature rises. In order to determine the
aximum lemperature at which carbon supports were stable
"GA runs were performed. According to the results shown in
wore detail in [35.36] coal supports reach a maximum
emperature around 350 °C while polymer blend supports
ermit a higher temperature around 400 °C. In both cases. the
mpregnation with vanadium results in a slightly decrease of
tability that mainly depends on the active phase precursor and
xidation treatment. Time-on-stream conversion was also
examined in [35] showing that catalysts resist more than
24 h without any sign of desactivation.

o T L B okl - Wi o ST S [ NN ¢ (o SO o

oxidized sample seems to adsorb a lower amount of vanadium
and therefore reaches a lower catalytic activity.

Finally, carbon based catalysts, both coal and polymer
lend-supported catalysis have been tested in a large range of

|

Table 1h
Reduction of NO ar 150 °C, 1exwral and surface chemistry parameters of catalysts prepared with oxidation step
Sample NOted (%) Sper (0YE) Voo (€mMYg) Vi (em¥g)  CO femYg)  CO» (em¥/e)
Podwer samples
SCATSVPVII%IADIE | HNO; 65% w/w, Troom) 86 290 0.12 .23 41.6 51.7
SCATSWPVABIAD/E {HNQ; N, Troom} 87 300 0.15 0.22 41.6 L7
SCATSPCASIP%ADIE (HNOa 65% (w/w), Troom) 88 267 0.13 0.19 213 24.8
SCATSWPCAIARATVE (HNOR IN, Troom) 72 275 0.12 0.22 213 4.8
Briquette samples
Br/ACHN2 WH,0 + PCA (HNO,, IN, Troom) 28 1 - - 4 44
Br/AC/TS0/2 WH,0 + PCA (HNO; IN, Troom) 42 189 0.08 - 27 27
Br/AC/750/2 h/H,0 + V:Q5 (HNO; 1N. Troom?} 48 181 0.06 - 27 n
Br/AC/750/2 WCO5 + PCA (HNO; [N, Truom) 71 70 0.03 - 31 31
Br/AC/B00/1 WCO4 + PCA {(HNO; IN. Troom) &7 183 0.07 - 31 31
Br/AC/800/Z WCO, + V06 (HNO; [N, Troom) 79 113 Q.05 - 28 31
Manoliths samples
Vo05/AC + HNO; 2N 43 825 0.18 0.78 65.0 49.0
V,0s/AC + HNO, AN 40 775 0.20 1.48 60.5 29.1
V204/AC + conc HNO, 37 3683 n.18 .27 66 51
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Tahle 2

Influence of vanadium Ioading nn acniviry and wextural properies

Sample NO redd SgeT jL— Vieso

(%) (m:.fg] {em’ra) (cm'l."g]

Powder samples
SCATSNOTRPCAorPY 28 - - -
SCATSO/PVI R/ ADIE 52 347 0.1% (125
SCATSOPVIAGIADIE 55 R4 0.26 .22
SCATSOPVIST/ADIE 42 il 0.15 n22
SCATMYPCA/L%/ADIE 45 373 0.18 0.26
SCATIMPCASRAR/ADIE 44 344 0.23 0.20
SCATSNVPCASSR/ADIE 50 32 N3 0.22

Monolith samples
0% V.0s/AC + HNO, (2N) 12 617 18 0,78
36 VA0/AC + HNO, (2N 43 620 023 .61
A% VLOdAC + HNOL (2N) S6 624 23 .63
8% VOJAC + HNQ. (IN) 68 &7 (3,20 0,70
R VaOJ/AC + HNG: (2N) - 67 529 016 0.6]

temperature (75-350 "C) and their activity has been compared
to other commercial catalysis activitv found in the lierature
{36.37]. As shown in these sudies. carbon based catalysts
present a higher activity at Jower lemperatures than commercial
catalyst what can avoid the nced of gas rcheating in an
industrial facility.

3.2. Influence of vanadinm loading on the NO reduction
efficiency

As described previously, all samples were loaded with
vanadium by means of equilibrium adsorption method. 1t is
known that in the preparation of supported catalysis by
impregnation. the sorption of metal ions in solution is influenced

by the physical-chemical properties of the support. pH of
impregnation. and nature of the solvent. When the pH of
impregnation solution is higher than the point zero charge (PZC).
the surface of the support will become negatively charged. and
the adsorption of cations is favoured |31]. The main goal of the
oxidation with HNO, is to obtain a more hydrophilic surface with
a relatively large number of surface oxvgen groups. hence
decreasing the PZC. However, if carbon based supports have
been prepared under the same preparation procedure. both the
nature of precursor and the loading of vanadium have a great
influence on the calalylic behaviour of the samples.

An increase of vanadium loading leads in all cases 1o an
enhancement of the activity until a certain exiend where a drop
off in catalytic activity starts. As shown in Table 2 an increase in
loading leads to an important increase in the catalytic activity.
When polvmer blend are tested the activity increases up loa 6%
of vanadium whereas coal based catalysts show a higher
actuvity but only up to a 5% in vanadiem. This fact could he
auributed 1o a possible pore blockage together with agglom-
eration leading to poor dispersion of the active phase, when an
excess of vanadium precursor is used. According to literature
the amoun of active phase thal can find place on the catalvsis
surface depend on the structural and surface chemisiry of
supports [15). Comparing both supports, coal based catakysts
present a lower surface area what can restrict the dispersion of
active phase on the catalyst surface inducing the formation of
vanadium aggregates and consequently a decrease in the
catalytic activity. This fact was characterized by means of N,
adsorption and SEM pictures show in Table 2 and Fig. |
respectively. At the sight of results, from a 5% of vanadium
loading on there is a decrease in the total velume adsorbed an
especially in those related te the micropore and mesopore

Fig. 1. SEM picwre of the vanadium agplomeration on powder samples.
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Fig. 2. AFM picture of vanadium agglomeration on monolith samples. Samples with Sf]o vanadium. Left AFM top view, right protile along the line in the top vicw {27].

volume what can point out a pore blockage due to the higher
amount of active phase incorporated. Moreover, SEM pictures
of 5% vanadium loaded catalyst show cvidence of agglomera-
Llion of metals (left lower corner) that cannot be observed on the
| and 3% of vanadium pictures.

Polymer blend carbon catalysts equally show a vanadium
loading limit from which the catalyiic activity no longer
increases. However, this limit seems to be slightly higher. The
characterization of vanadium dispersion was carried out by
means of two microscopy techniques such as SEM and AFM.
AFM pictures are shown in Fig. 2. The different contrast
between the features and the support in the phase-shift image
cnables us to state that the features in the picture have a
different chemical composition than the carbon support; ic.
theses crystallites can be unambiguously ascribed to vanadium
compound. According to Fig. 2 (at the left there is a top view
image and at the right there is the profile in nanometers along
the line drawn in the top view) the higher the vanadium loading
the higher the agglomeration of the active phase on the surface
and consequently the worse the dispersion of vanadium causing
a decrease in the NO reduction efficiency. Moreover. it should
be taken into account that with this technique there is
impossible to characterize vanadia aggregates smaller than
4 nm since they cannot be discerned from the roughness of the
support [24].

From the catalytic experiments a relationship between the
morphology of vanadium compound and the catalytic behaviour

gmes The catalytic activity is increasing up to the monolayer
coverage but drops in samples where crystalliles are formed
secause of the umount of inactive vanadium und the reduction of
vanudium  surface which is exposed 1o the gas phase
Furthermore, the decrease in BET surface area of these samples
s’uggests that some vanadium can be buried in the micropores.

From all the above, the dispersion of vanadium is crucial for
limth the efficiency and the selectivity of the catalysts. This is
¢onsistent with most of the results in the literature for the SCR
éf NO at higher temperatures in which vanadium is supported
6n metal oxide [32-34]. All these authors emphasize the
necessity of well-dispersed vanadium overlayers, regardless the
r;eaction mcchanism that they suggest.

éit. Conclusions

1

| In this work. carbon based catalyst in powder, briguetle and
tl‘.onolith samples have shown o be considerably active for the
NO reduction with the addition of ammonia at low temperature
150 *C). The nature of carbon support as well as the
preparation procedure influence greatly on the calalvlic
E{ctivity. On onc hand, powder and briquetie caialysts have
heen prepared from a low-rank coal. These catalysts have
4emonst1‘alcd that the porous structure, as determined from Na
ddsorption isotherms at 77 K, plays an important role in high
datalytic activities. It could be said that the 1o1al volume

increases with the severity of the activation and reduces with
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oxidation (reatment, thus a proper development of the porous
strructure is fundamental in order to avoid pore blockage. but the
presence of surface oxygen functionalities is even more
important since it provides an adequate distribution and fixation
of the active phase. The presence of these groups may
contribute also to the adsorption of the reaciants during the NO
reduction reaction,

On the other hand, polymer blend based catalysts show o
higher dependence o the suuctural development. A well-
developed mesoporosity 1s essential to favour a high amount of
oxvoenaled  surface groups that can be responsible  for
dispersion and fixation of active phase whereas narrow
microporosity developed by CO; activation does not seem to
play a significant role in the improvement of the catalyst
activity. In this way. an increase in the severity of HNO;
treatment entails some decrease of micro—mesopore surface
area allowing a lower amount of vanadium adsorbed on the
surface and consequently a lower catalytic activity.

An increase of vanadium loading leads in all cases to an
enhancement of activity, until a certain extend where vanadium
agglomeration starts und activity drops off. This fact could be
attributed o either a possible pore blockage or the formation of
crvstallites on the surface. decreasing the total active vanadium
as well as the global vanadium area exposed.
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Abstract

This paper svstematically investigates the roles of latice oxygen in V.0« and activated coke over coke-supported VaQs catalysts in 504
removal process at 200 C. The results show that one SO malecule reacts with one O awom in a surface Va0s maolecule 1o farm an intermediale 1a
VOS0,-like structure), which then reacts with guseous Qs to forns sultur species (50, or H,50, in the presence of H-0) and V20.. The SO/H-50,
migrales over the coke surface and stores in the pores in the vicinity of V.0s sites. Mineral matiers. oxygen and nitrogen species in the activated
coke are unfavorable 1o migration of SOH.SQ4. The pores effective for storage of SO/H.80, are those less than 1 nm in size.

& 2008 Elsevier BV, All rights reserved.

KRevwords: V05 Pore size diswibution; Lauice oxvgen: S0, removal

1. Introduction

S0y and NO in flue gas are major air pollulants and must be
removed before emission. Among various emission control
technologies [1-3]. activated coke (ACH and activated carbon
fiber (ACF) were found to have good SO» removal activitics at
temperatures below 100 "C |3-8|. However, flue guses ure
usually maintained at temperatures around 150 °C or higher for
self-ventilation. This makes the use of AC/ACF-based
technologies difficult because flue gases must be coaled down
tor SO, removal and then be heated up for ventilation.

Our recent work [9.10] found that supporting V.0s onto an
AC (Va04/AC) results in high activities in 80, removal as well
as in selective eatalviic reduction (SCR) of NOy by NH; at
temperatures around 200 -C. This V.0s/AC-based technology
not only allows flue gas self-ventilation, but also solves NO
pollution simultaneously, Studies regarding SCR reaction over

¥ Corresponding anthor ar: State Key Laboraiory of Coal Conversion. Insti-
rute of Coal Chemistry, PO, Box 163, Taivuan, Shanxi QHI001. PR China,
Tel.: +86 351 4053091: fax: +86 351 4053091,
E-mail address: iy1@pubiic.y.sx.cn (Z. Liuk

0926-33735 — see front marmer T2 2008 Elsevier B.V. All rights reserved.
doi: 10,1016/.0pcatb.2008.01.004

V,0s/AC have been reported in our earlier works [11.12]: $0»
removal over V.0</AC is studied in detail in this paper.

The SO removal process aver porous carbon materials was
found involving a number of steps: adsorption of SOa.
oxidation of §Oa to SO,. reaction of SO; with H.O 1o form
HaS0,. and storage of H.850, in pores [4.13,14]. Surface
oxygen groups were found to be important for absorption and
oxidation of SO; [13,15]. and surface area and pore volume
were important for absorption of SO and storage of H.50,
{4,16.17]. Since storage of H,80, or SO5 in the pores decreases
SQ, removal activity. the SO.-captured catalyst/sorbent has o
be regeneraied at a certain conversion level by water washing or
reductive decomposition to recover its activity.

SO- removal over Vi05/AC consists of two steps: remaoval
and regeneration. The mechanism proposed for SO» removal
wus (9]

{1} adsorption of 8O» on V-0y sites or on AC sites adjacent 1o
Va0; sites;

{2} activation of SO- by V,0: 10 form a VOSO;-like
intermediate.

(3) reaction of the VOSO,-like intermediate with O to form
SO and V,04:
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(4) migration of SO; over the surface, reaction of 50, with H,0O
to form H,80,. and storage of HaS0; in the pores of AC.

Apparently, SO. removal mechanism of V.0s/AC is
different from that of AC/ACF in catalytic oxidation of SO-.
In the absence of V»0;. oxygen functional groups on AC/ACF
are responsible for SO. oxidation, which is effective at
temperarures below 100 “C. However, in the presence ot V,0s,
V:0s; is responsible for SO, oxidation. especially at
temperatures around 200 °C, In addition to the role of V,0Os,
the higher SO removal activilies of V,0s/AC should also be
related to the properties of AC since poor SO, removal activity
was found for V405 supported on other materials. In this regard,
it is interesting to quantify the effects of V,0; and AC on SO,
removal at around 200 °C. This information is of importance
for validating catalytic mechanism of V,0s/AC,

2. Experimental
2.1, Preparation of catalvsts

A coal-derived coke (a commercial product of Xinhua
Chemical Company, Taiyuan, China) is used as the raw
material. The coke is activated in steam ut 850 °C for 40, 60, 80,
120 and 160 min to vield a variety of ACs with different surface
textures. These ACs are named AC40, AC60, AC80, AC120
and ACI60 according to the activation time. To eliminate
possible influence of minerals (ash). all the AC samples are
subjected to acid wash at 60 "C for 12 h using an agueous
solution containing 2 mol/l HCl and 2 mol/l HF. The de-
mineralized AC samples (with ash contents <0.6%) are marked
with a prefix DM-. To inroduce oxygen functional groups (o
AC's surface, DM-ACB0 is weated with an aquecus HNO,
solution (2 mol/ly at 60 °C for 12 h and then washed with
distilted water to neutral and dried at 110 °C for 5h. The
resulting sample is named NDM-ACS80.

The V,0s/AC catalysis are prepared by pore volume
impregnation of the AC supports with an agueous solution
containing ammonium metavanadate and oxalic acid. The
- catalysts are then dried at 50 °C for 5 hand at 110 °C overnight
and subsequently calcined in N; at 500°C for 5h and then

!
|
|

© Tabie 1

BET surface area and pore volume of the catalysts

Catalyst BET surface Toial pore Pore volume
area lrnl.fg] volume (cmalg) (<1 nm} lcm"!g}
V2HDM-ACAH0) 306 0.13 0.09
V2ADM-ACE0) 405 0.19 0.12
V2BM-ACED) 621 0.26 0.16
V2DM-AC] 20 Tou 0.27 (.15
VUDM-ACI60) 406 0.26 m12
V2ACS(H 609 0.28 017
V2ANDM-ACS0)) 631 0.28 0.16

performed in the fix bed reactor. The feed contains 500 ppm

. 8Os, 4.5% O (when used), 2.5% H,O and balance N,. All the

exposed in air ar 250 °C for 5h. The catalysts are named -

according to their components. V2/(DM-ACS0) refers to DM-
ACS0 supported with 2 wt.% V.0s, for example.

2.2, Activity measutrement

A fixed bed reactor 15 used for SO, removal experiment. The
feed contains 1600 ppm SO,, 500 ppm NO. 4.5% 0, 2.5%
H,0. balance N; and 500 ppm NH;. It should be pointed out
that 500 ppm NO is introduced intw the feed 1o simulate flue gas
and 500 ppm NHz is to reduce NO, Qur previous work [9] found
that NO and NH- in the feed do not influence SO, removal over
V20s/AC. Therefore, SO~ removal behavior is investigated in
the presence of NO and NH;.

To identify the difterent roles of O, and the latiice oxygen of
V:0s in 8O, removal, O,-response experiments were

experiments are made at 200 "C with 3 g catalysts and a toral
flow of 400 ml/min, corresponding to a space velocity of
3000 /kg h. S0,, NO and O, concentrations of the feed and the
effluent are measured on line by a flue gas analyzer (Drager,
Germany).

2.3. Characterizations of physical and chemical properties

BET surface area and pore volume of the V,0s/AC samples
are determined by N; adsorption ar 77 K using a swrface
analyzer (ASAP2000. Micromeritics). Pore size distribution is
calculated based on Density Functional Theory (DFT). BET
surface area and pore volume of the catalysts are shown in
Table 1.

X-ray diffraction (XRD) pattern of the V.Os/AC samples are
obtained on a Rigaku computer-controlled D/max 2500X using
Cu Ko as the radiation source. The applied current and voliage
are 30 mA and 40 kV, respectively.

C. H, O, N and § contents in ACs arec measured on an
element analyzer (Vario EL, Genmany). It should be pointed out
that O content in ACs is the amount of surface oxygen and the
amount of lattice oxygen can be estimated according to V.Os
loading (5 lattice oxygen in 1 V;05 molecule). Results show
that the former is higher than 2.3 wt.% and the latter is no more
than 0.9 wt.%.

Mineral matler characterization was carried out according to
GB/T 1574-1995 method designated for analysis ol ash
composition of coals.

3. Results and discussion
3.1, The role of lariice axygen in V.Os in SOy removal

Fig. 1 shows SO, removal behuvior of IDM-ACS( supported
with different amounts of V,05. SO» removal activity of the
support DM-ACS80 is very low, but the activity increases greatly
wilh an increase in V05 loading. This indicales the importance
of V205 in SO, removal. although the amount of lattice oxygen
in VoOs. no more than 0.9 wt.% (V2/(DM-ACS0)). is much
lower than that of surfuce oxygen, 2.75 wt.%.

In our previous work [9]. it was found that an adsorption
peak of YVOSQ, was observable on the used V.0s/AC through
Fourier transformed infrared spectroscopy (FTIR) and dis-
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Fig. 1 80 conversions of DM-ACEO-supported V.04 calalysts, Reaction
conditions: 1600 ppm $Oa; 500 ppm NOQ: 500 ppm NHa 4.3% Oy 2.5%
H.(: 200 °C,

appeared after exposition to an O-+ H:O environment at
200 *C. These suggest that V505 chemically absorbs SO; to
form a VQSO0,-like intermediate firstly, and then the
intermediate reacts with Qs to form SO5 [9]. To differentiate
the effect of these two steps on 80, removal activity, Oa-
response experiments are carried out in this work, where O, is
removed from the feed at a time on strewn of S min and then
resumed at a SO» conversion of 60%. The removal of O, aims to
terminate reactions between the VOSO.-like intermecdiate and
Q.. and 10 evaluate the amount of intermediate formed. The
results in Fig. 2 show that $O, conversion of DM-AC&() drops
guickly before the O, interruption while SO, conversions of all
the V;Os-loaded DM-ACBO catalysts maintain at 100% for
some time after the O- interruption (this fime is defined as
breakthrough time). Additionally, @ higher V0« loading results
in a longer breakthrough time and a slower decrease in SO,
conversion after the SO, breakthrough. When O, is resumed to
the feed, SO conversions of all V,Os-loaded samples rise to
[00% at the same rate. regardless of the differences in V305
loading or the amounts of VOSQO,-like intermediate formed.
These data indicate that the reaction between the VOSO,-like
intermediate and gaseous Oa (s very fast and does not limit the
overall SO; removal process under the conditions used. In other
words. the formation rate of VOSOg-like intermediate is the
limiting step, which is influenced by V,0Os loading.

It is reasonable to belicve that lattice oxygen in V.05 is
responsible for the formation of VOSQ,-like intermediate. The
amount of lattice oxygen involved in the intermediate
formation ar each V.05 loading can be estimated from the
amount of $O, adsorbed during the OQ,-interruption. which is
determined by extrapolation of the decreasing SO; conversion
after the breakthrough to the horizontal axis (the dash lines in
Fig. 2) and integration of the area under the SO, conversion
curve, Since the amount of residual Os in Lhe system after the
Oa-interruption is small (at a space velocity of 83000 1/kg h) and
the support DM-ACS0 absorbs little SO- after the Oa-
interruption.  the amount of SO, determined from the
integration (in mole. termed $504) corresponds to the amount
of luttice oxygen used for the formation of VOS50.-like

/Ozremwal

1005 ‘?—v |
£ oseq \! -‘\ ﬁ “\.\,\\ 7
.5 } \ ! s /
60 ¥, =
3 \\ 02addnllon
S ap — -
' —a-- DM-ACED
0 —— V0.5(DM-ACB0)

20+ —n— VI{OM-ACRQ)

: —p— VBIDM-ACED)
0 ,

] 20 40 60 30
Time {min)
Fig. 2. Oz-response experiments during SO, removal over DM-ACR0-sup-

ported V.05 catalysis. Reaction conditions: 500 ppm SO.: 2.5% Ha0: 4.5% O,
twhen used); 200 °C.

intermediate. This type of lattice oxygen is termed “effective
lattice oxygen™ (ELO in short) to distinguish them from all the
oxygen in V,0s. If ape SO, molecule combines one ELO atom
in the intermediate formation. the amount of ELO equals 850,
{in molc). Fig. 3 shows the amount of ELO determined for the
three V,0s-loaded catalysts (solid squares). If one V.04
moelecule provides one ELO atom. a straight line can also be
obtained (the dash line in Fig. 3). Apparently. the amount of
ELO increases with an increase in V105 loading. In addition.
the amount of ELO at a low V505 loading of 2.8 3 10 * mol/g
0.5 wt.%) is very close to the dash line while those at higher
V.05 loadings are far from the dash line. These may indicate
thal the highest usage of O atom in a V,05 molecule is about
one, but the O usability decreases with increasing V.0s
loading. This is understandable because a lower V.05 louding
may resull in Aner dispersion of V.05 on AC while o higher
V.05 loading usually results in more agglomerated VaOs
panicles and relatively less surface V.05 To show the
difference in particle size of V305 XRD analyses were
performed. However. there are no diffraction peaks of V,Os for
all the samples and no valuable information can be obtained.

40

39 .-

Amount of ELO (X 10°° molfg)

0 T T T T
o] 10 20 30 40

V., loading {x 1D"Smollg)

Fig. 3. Amount of effective Lutice vaygen (ELOY va, Va0g louding over DM-
ACERO.
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The information obtained so far indicates that one surface
V,0s molecule provides one ELO atom. which adsorbs and
oxidizes onec SO. molecule to form onc VOSO,-like
intermediate. In this process, the valence of V changes from
V3 to V**_ which is consistent with the XPS analysis reported
by Ma et al. for the same type of catalyse [10).

3.2, Usability of ACs" pores and its relation with V.05

Since the role of V205 on SO; removal is to provide lattice O
to oxidize §O5 to a VOSO,-like intermediate, the differences in
V,0s loading affect only the rate of SO, oxidation. However,
the data in Fig. 1 show that the rate of SO, oxidation is high
enough for all the V20s-loaded catalysts because their initial
S0, conversions are all 100%. This suggests that the different
SO, removal behavior of the Va0s-loaded catalysts results from
other factors. According to the proposed SO, removal
mechanism reported by Ma ot al. [10], the SO:/H,80, storage
capacity of AC is a possible factor.

It is logical to believe that not all the pores in the AC is
usable for storage of §0:/H,80,, and only the pores in the
vicinity of V,0s sites are able to accept and store SOx/H.S0y
migrated from V,0Os sites. A lower V,05 loading yields fewer
and smaller V,0s sites and thus tewer pores for storage of 804/
H-S80, and therefore a lower SO, removal activity. A higher

V20 loading yields more and possibly larger V.05 sites, and

thus more pores to be accessible for storage of SO:/H.80,. Itis
worth to note that at higher V,05 loadings, some of the pores in
the vicinity of one V.05 site may be close 1o other V205 sites.
This hypothesis is shown in Fig. 4.

To estimate the pore usability of AC in $O, removal process,
the volumes of H,S0, stored, termed “effective pore volume™ or
EPV in short, are calculated by subtracting the amounts of 0,
combined with ELO from corresponding SO- capacities. The SO,
capacities, termed ASQ,, are determined from Fig, 1 as the areas
between SO; conversion curves of V;Os-loaded catalysts and that
of the support {DM-ACED). Fig. § shows that EPV increases with
an increase in V04 loading but the values are small, even much
srnaller than the volume of pores with diameters less than | nm.
This phenomenon agrees with the hypothesis in Fig. 4.

The discussions presented so far show that the role of V505 in \
V204/AC in SO, removal is to provide lattice O for SO, ;
oxidation, and to serve as a center for distibution of SO5/H.S0, |
1o the AC’s pores in its vicinity. To show these roles more clearly,
the catalyst-mass-based parameters ELO, EPV and ASO;
presented above are divided by the loading of V05 (in mole)

AL mutece weiba don Vath loachng AC swlmoe wih 2 high Vit Ioading

..{(”‘;‘\' Y RN 44 ew .......
AN N AN ey e (5
O OO [

‘ n P77, Arnn ik e e
K\.,«-’f Inable Lot H:80, storage

« ® Yith ales Poees on AL swliie

Fig. 4. Hypothelic mapping of V2Q/AC catalyst surface. |
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Fig. 3. Effective pore volume (EPV) of the catalysts va. V;0s loading.

in the catalysts, and the results are shown in Fig. 6. The values of
ELO/V20s, EPV/V,05 and ASO,/V,05 all decrease with an
increase in V,0s loading, but the decreases in EPV/V,05 and
ASQO./V,05 are relalively faster than that in ELO/V,0s. This
indicates that V,Ojs sites preferentially locate at certain pans of
AC surface, resulting in less increase in EPV in comparison to an
increase in ELO when V,0; loading is increased. This is also
demonstrated by the ratios of EPV/ELC, which arc 1330, 990 and
530 em’/mol for VO.5/(DM-AC80), V2ADM-ACS0} and V§/
{DM-AC80), respectively. All these information indicate that the
decrease in SOy conversion in the later stage of 805 removal as
shownin Fig. 1isinfluenced mainly by the EPV, whichis affected
by the distribution of V,0s on the AC surface,

3.3, Effecrs of ACs’ physical and chemical properties on
EPV

Itis important to note that EPV is still a superficial parameter
of AC. It may depend not only on volume of pores available for
H,80, storage but also on surface properiies which possibly
influences migration of SO+/H,80, from V.Os sites (o nearby
pores,

3.3.1. Effects of ACs' physical properties on EPV
Fig. 7 shows SO, removal behavior of various V,0s/AC
catalysts with 2 wi.% V.05 but different AC supports, As

1500
® . 80,70,
16 |
{1200
e E
$ o IN N 1 &
g5 o \ w0 O
w1 7 3
YW EFV/V,0) \ §
4 4 o
o d300 W
—
\ 8% s  ELONG, b2 ,
- T T T
o 2 4 6 8

V,04 loading(%)

Fig. 6. Mole rutio of ELO/V 2045, AS0/ V105 und EPV/V205 vi. V04 loading
on DM-ACB0,




the micro-pores as reported in the literature [4,18]. Fig. 9b
corrclates EPV with volume of pores smaller than 1 nm for all
the catalysts with 2 wi.% V,04. Tt is clear that the data of the
catalysts with DM-AC as supports form a straight line,
indicating a strong relation between EPV and pores smalier than
I nm,

The significant deviations for V2/ACRO (not subjected to the
de-mineralization treatment) and V2A{NDM-ACBE0) {subjected
to a HNO, treatment after the de-mineralization treatment)
from the straight line indicate that chemical properties also
affect the value of EPV.

3.2, ACs” chemical properries and its relation with EPV
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v0 4 —o— V2H{DM-AC40)
—C— V2/{DM-ACE0)
—a— Y2HDM-ACEO0)
- —&— V2I{DM-AC120)
T 954
s ) \ \ —o— V2/{DM-AG160)
g NN \
g 80 A V@ LY
5 \ \\ N
2 85 - 1 Wy
8 \ \ 4 \\ \
\ \ \
3
80 L 0@ %
75 T T T T L — "7
0 26 40 80 80 100 120 140
Time(min)

Fig. 7. 8Os conversions of the catalvsts with 2 wi.9 VaOy but different ACs,
Reaction conditions: 1600 ppm 50, 500 ppm NGt 500 ppm NHy: 4.5% Oy
2.5G H.O: 200 C.

stated in the experimental section. these AC supports were
made from the same coke but subjecied 1o steam activation at
850 C for different periods of time. which ensures that the
differences of ACs are mainly in pore texture. The resulls in
Fig. 7 apparently indicate that the SOa removal capacity
increases with an increase 10 steam activation time from 40 to
80 min. but then decreuses with a further increuse in steam
aclivation time 1o 160 min. To see whether the amount of ELO
changes with the steam activation time. Oa.-response
experiments are performed on V2ADM-AC60), V2/(DM-
ACBM and V2/(DM-ACI20) and the results are shown in
Fig. 8. As expected, the three catalysts show the same
behavior, indicating the same amount of ELO. This indicates
that the stcam activation time of AC has little effect on
distribution of V205 und the different SO, behaviors in Fig. 7
can be attributed mainly to the difference in EPV,

Fig. 9u shows the relations of EPV determined from Fig. 7
and phvsical properties of the catalysts with activation time.
Among the four curves. the changes in EPY seem correlating
well only with the changes in volume of pores smaller than
I nim. This is understandable because H,50, is mainly stored in

100 Dt

s :
0, removal \\o / i
o

g ! | |

7104 —o— vayom.acs) \
—trem Y2HDM-ACED)
—o— V2/{DM-AC120)

2

S0, conversion (%)

.- O,addition
co \ /.

L T T
s} 10 20 30
Time{min)

Fig. 8. Os-response expenments during 5O, removal over V2/(DM-AC60),
V2ADM-ACSE0) and V2ADM-ACI2M. Reaction conditions: 500 ppm SO.:

2.5% H.0: 4.5% Os (when used). 200 °C.

Fig. 10a shows SO conversion behaviors of VI/ACS0. V2/
(DM-ACE0Y and V2/(NDM-ACE0) as well as that of the
supports. The supports themselves (filled symbols) show littke
SO, removal capacity. but they do make significunt
differences in SO removal behavior when 2 wt.% V,Qq is
loaded onto them (open symbols). Compared to V2/ACE0. the
de-mineralized support increases the SO, removal capacity
{see V2/(DM-ACEM) but a further HNO- treatment decreases
the SO. removal capacity {see V2/(NDM-AC8ON. To see
whether the differences in AC suppoits affeet ELO, Oo-
response experiments are performed on these ViOs-loaded
catalysts. The results in Fig. 10b shows similar amounts of
ELO for the three catalysts, which indicates again that the
ditferences in SO> removal behaviors of the catalysts result
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Fig. 10. Effect of AC treatments on SO, removal. (3) SO. conversions al

200 °C; reaction conditions: 1600 ppm SO;; 500 ppm NO; 500 ppm NHy; 4.5%
0O2; 2.5% H,0 and (b} Oa-response experiment; reaction conditions: 500 ppm
80a; 2.5% Hy0. 4.5% O, {when used); 200 °C. i

i
from the differences in EPV of the AC supports. Sincel
these AC supports show similar physical properties (see
Table 1), their differences should mainly be atiributed to
differences in chemical properties. Table 2 shows that the de-
mineralization of AC80 results in a significant reduction in
ash conient, from 8.2% to 0.25%, but not in the contents of
other elements (see AC80 and DM-ACS80). Treaiment of DM- !
ACBO0 with HNO; results in significant increases in O and N |
contents, from 2.75% to 5.85% and from 0.79% to 1.50%, ;
respectively, but little changes in contents of other compo- [

|

Tablc 2

Elemental and ash analyscs of the different activated cokes (wt.%)"

Sample C H ov N S Ash
DM-AC40 94,87 071 2.64 0.64 0.56 .58
DM-AC60 9558 061 231 060 057 033 [
Pv-AC80 9499 0.68 295 0.79 0.54 (r.25 |
DM-ACI20 94.34 0.79 XN 0.86 (.54 (1.
DM-ACIEC 9526 052 254 068 06 039 ]
ACS0O R7.36 0.59 2.56 .74 0133 8201
NDM-ACS0 41.20 (.69 5.85 1.50 0.54 [ e}

* Moisture-free basis.
P By difference.

nents. These data suggest that the minerals, O-containing and
N-containing functional groups in AC prevent migration of
505/H250,. This finding indicalcs that oxygen functional
groups play different roles in SO» removal at differemt
temperatures.

4. Conclusions

Compared to activated cokes (AC) V.0</AC are niore
active for SO, removal from flue gases at temperatures around
200 C. The role of V205 is to provide laltice oxygen to absorb
and oxidize SO, into a VOSO4-like intermediate. The
intermediate then reacts with gaseous O, to form SO and
V205, The amount of lattice oxygen in V.05 used for the
intermediate formation (this type of lattice oxygen is termed
ELO) is dependent on the V505 loading and independent of the
properties of AC support under the conditions used. The
maximum amount of ELO is one atom per V,0s molecule at
low V.05 loadings.

The role of AC is 0 store the S02/H;80, from V.0s sites.
Only the pores in the vicinity of V,05 sites are available for
storage of SO+/H,S50,. The volume of these pores. termed EPV.
ts influenced by the physical properties of AC support, which is
proportional to bul significantly smaller than the volume of
pores smaller than | nm. The EPV is also influenced by the
chemical properties of AC support. Minerals, O-containing and
N-containing functional groups in AC may inhibit migration of
SO4/H,50..
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