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ABSTRACT

Effects of variations in mean pore diameter in four series of catalysts
have been determined for hydrodesulphurization, hydrodenitrogenation and conversion
reactions of Athabasca bitumen. Standard tests were made on a blank alumina support
and three cobalt/molybdenum/alumina catalyst series having the compositions 1.1:2.2,
4.4:8.8 and 3.0:15.0 m % CoO:MoO3, respectively. Catalysts were prepared by solu-
tion impregnation of ALOOH, followed by extrusion, dehydration and calcining at a
series of temperatures between 500°C and 1100°C. Several median pore diameter
ranges were tested for each catalyst.

Some physical properties of the prepared catalysts were measured. Median
pore diameter distributions, determined by Hg penetration, had values between 7.0
and 100.0 nm. Pore volumes varied between 0.25 and 0.65 ng"1. Surface areas,
determined by nitrogen BET (Brunauer, Emmett and Teller) were found to vary from 1
to 200 m’g” .

alysis by electron microprobe and prior to analysis for deposited coke content.

Used catalysts were de-oiled by benzene extraction prior to an-

A 25.4-mm diameter, 0.381 m long stainless-steel tubular reactor was filled
with a fixed bed of catalyst. Premixed bitumen and hydrogen were bottom-fed to the
reactor at a liquid hourly space velocity of 1.0. Standard operating conditions of
13.9 MPa, U440°C and 800 L of H2 per litre of feed were used in all cases. The
catalysts were all presulphided with bitumen immediately prior to the studied re-
actions.

Mounted and sectioned catalyst specimens were analyzed radially for dis-
tributions of Fe, Ni, V and S. The electron microprobe analyses indicated distinct
variations in the radial distributions of Fe, Ni, V and S across the catalysts.

Effects of pore size variations on hydrodesulphurization, hydrodenitrogen-
ation, pitch conversion and coke formation were determined. The results indicated
maxima for mass per cent sulphur removal for pores near 15 nm for two catalysts.
As well, the rates per unit area for S and N removal increased as mean pore
diameters increased to about 50 nm, after which the rates appeared to be constant.

*¥Former research scientist, (presently senior research chemist at Syncrude Canada
Limited, Research Department, Edmonton), *¥*Head, Catalysis Section, Synthetic Fuels
Research Laboratory, Energy Research Laboratories, Canada Centre for Mineral and
Energy Technology (CANMET), and ***Research scientist, Physical Metallurgy Research
Laboratories, CANMET, Energy, Mines and Resources Canada, Ottawa.
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LES EFFETS DE LA TAILLE DES PORES SUR LES CATALYSEURS

100,-Co0-A1,0 UTILISES DANS LE PROCEDE D'HYDROCRAQUAGE

3 3

par

A.H. Hardin*, M. Ternan*¥* et R.H. Packwood*#*#¥

RESUME

Les effets de variations du diamétre moyen des pores de quatre séries de catalyseurs
ont été déterminés pour les réactions d'hydrodésulfuration, d'hydrodénitrogénation et de con-
version du bitume d'Athabasca. Les essais normalisés ont été effectués sur un soutien d'alu-
mine & blanc et trois séries de catalyseurs de cobalt/molybdéne/alumine ayant des compositions
respectives de CoO:MoO3 de 1,1:2,2, 4,4:8,8 et 3,0:15,0 p. cent m. Les catalyseurs ont été
préparés en imprégnant le ALOOH de solution , suivi de l'extrusion, la déshydratation et la
calcination a4 une gamme de températures entre 500°C et 1100°C. Plusieurs gammes de diamétre
médian des pores ont été soumises 3 des essais pour chacun des catalyseurs.

Certaines propriétés physiques des catalyseurs ainsi préparés ont été mesurées. La
valeur de la distribution du diamétre moyen des pores, telle que déterminée par la pénétration
du Hg, pouvait varier entre 7,0 et 100,0 nm. Le volume des pores pouvait varier entre 0,25

et 0,65 ng—l. Les aires de surface, déterminées par la méthode BET (Brunauer, Emmett et

2 -1 PP s o
g ~. Les catalyseurs usés étaient soumis a

Teller) a l'azote, pouvaient varier de 1 a4 200 m
une extraction de l'huile par le benzéne avant d'&tre analysés & la microsonde électronique
et avant d'@tre analysés pour son contenu de coke.

Un réacteur tubulaire en acier inoxydable de 0,381l m de long et ayant un diamétre de
25,4 mm a été rempli de catalyseurs en lit fixe. Le réacteur était alimenté par le fond de
bitume et d'hydrogéne préalablement mélangé, & une vitesse spatiale liquide horaire de 1,0.
Des critéres de fonctionnement étaient établis d'avance a 13,9 MPa, L4U40°C et 800 L de Hz'par
litre d'alimentation dans tous les cas. Les catalyseurs avaient tous été pré-sulfurés a
1'aide de bitume 1l'instant avant les réactions étudiées.

Les échantillons de catalyseurs fixés et profilés ont été analysés radialement en
fonction des distributions de Fe, Ni, V et S. Les analyses 4 la microsonde électronique ont
indiqué des variations distinctes dans les distributions radiales de Fe, Ni, V et S sur les
catalyseurs.

Les effets des variations de la taille des pores sur l'hydrodésulfuration, l'hydrodé-
nitrogénation, la conversion du brai et la formation du coke ont été déterminés. Les résul-
tats ont indiqué un maxima pour l'enlévement du soufre en pourcentage mol. pour les pores prés
de 15 nm dans le cas de deux catalyseurs. De plus, le taux d'enlévement du S et du N par
unité d'aire augmente avec l'augmentation des diamétres moyens des.pores jusqu'd 50 nm, aprés

quoi le taux semble constant.

#Ancien chercheur scientifique, (présentement chimiste de recherche principal & Syncrude
Canada Limited, Département de recherche, Edmonton), #*%*Chef, Section de la catalyse, Labora-
toire de recherche sur les carburants synthétiques, Labdratoires de recherche énergétique,
Centre canadien de la technologie des minéraux et de l'énergie (CANMET), et *¥*¥%*Chercheur
scientifique, Laboratoires de recherche en métallurgie physique, CANMET, Energie, Mines et

Ressources Canada, Ottawa.
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INTRODUCTION

Utilization of bitumens and heavy oils
is severely 1limited in conventional refinery
technology by the nature of these feedstocks. A
typical bitumen separated from Agthabasca o0il sands
has a 55% +525°C fraction, 15 m % asphaltenes,
300 ug/g V, 90 ug/g Ni, 4.5m % S, 0.41 m % N, and
and an H:C ratio of 1.51. These properties are
like those of vacuum tower residuum, normally
considered a low value byproduct.

Current upgrading strategies, employed
by SUNCOR (1) and Syncrude (2), involve coking,
i.e., carbon withdrawal, to improve the H:C ratio
and the average molecular mass. However, coking
processes for a 16 400 m3/d plant produce large
volumes of waste coke, upwards of 910 t/d (1,2).
This represents over 4910 m3/d of lost potential
liquid production and a considerable 1loss of
annual revenue. The advantage of the coking
processes is that they have been demonstrated on
a commercial scale.

The alternative strategy of hydrogen ad-
dition (hydrocracking and hydrotreating or hydro-
genation and hydrogenolysis) has been pursued
actively by several organizations, i.e., Hydro-
carbon Research Incorporated with H-0il, Lummus-
Cities Services with L-C Fining, Universal 0il
Products and others. The first two utilize com-
mercially available hydrodesulphurization cata-
lysts. However, catalyst deactivation, consump-
tion, and replacement costs can become significant
factors in determining the economic viabilities of
these processes. Only two commercial plants are
in operation - H-0il in Kuwait (3) and L-C Fining
in Mexico (#).

From the point of view of hydrodesul-
(HDS), (HDM) ,

and hydrodenitrogenation (HDN) of bitumens and

phurization hydrodemetallization
heavy oils, the wuse of CoMoA1203 catalysts
has implications that are impressive. Using pub-
lished data on the average HDS catalyst production
and the amounts of sulphur produced by them, it
can be estimated that a single 16 400 m3/d plant
processing bitumen would have an annual consump-
tion of 3-4.5 Gg of catalyst. The Canadian re-

quirement of catalyst for 10 such plants by the

year 2000 would have a large impact on the world
Co and Mo supply.

Thus alternative refining strategies must
be developed or significant improvements must be
achieved in CoMoAl,0

273
fectiveness, and regenerability.

catalyst 1lifetime, ef-

Several groups have made significant
progress along these lines (5-10). Energy, Mines
and Resources Canada is 1looking at several as-
pects of the problems in a continuing program of
catalyst research and development.

The present work on mass transfer limit-
ations in the catalyst pore systems is one aspect
of that program.

Catalytic hydrogenation and hydrogenoly-
sis of Athabasca bitumen using conventional com-
mercial catalysts is difficult. The high concen-
trations of iron, vanadium and nickel, the high
+525°C fraction, and high asphaltene components
lead to rapid catalyst deactivation. The main
mechanisms are believed to be the formation of
"ogoke" on external and internal catalyst surfaces
and the precipitation of poisoning metals onto
the catalytically active surfaces. Coke formation
in the macropores and mesopores decreases pore
size and inhibits mass transfer beyond the point
where the maximum chemical reaction rate can
occur, i.e., by decreasing the flow of reactant
molecules to the reaction site and thus decreasing
the net concentration in the rate equation %%
term. The chemical reaction rate is thus 1less
than optimum.

Vanadium metal deposition in the pore
system, especially at pore mouths, has a similar
effect. More important, however, is its effeg&
in masking the catalytic sites and in modifying
the chemistry of the sites responsible for the
catalytic action. These resulting chemical
species, probably involving V, Co, Mo, and 0(S),
are believed to be less active chemically than
the original Co, Mo, 0(S) species; that is, the
reaction sites are poisoned (11).

Previous work in the authors' laboratory
has indicated that metals deposition occurs mainly
at or near the external catalyst skin (12). Some
increase in catalyst 1life and effectiveness might

be expected if the metals deposition and coke




formation could be minimized and spread as uni-
formly as possible over the whole of the catalyst
active surface area. The narrowness of mesopores
~7.5 nm in conventional catalysts inhibits the
diffusion of reactants. This is especially im-
portant for asphaltene micelles with diameters of
1 - 2 nm and very large molecules such as metal
complexing porphyrins and polycyclic aromatics
(13).

Evidence that the coking inhibitions oc-
cur mainly in the mesopores, and possibly in mic-
ropores, comes from the fact that the major los-
ses in pore volumes for used compared with unused
catalysts, occur in the mesopore range (14). At
the same time the macropore volumes are little
affected. Mass transfer limitations in the pore
system are thought to be major hindrances to
higher catalyst effectiveness in view of the
large asphaltene component of bitumens. High
average molecular masses of 6000 and relatively
high concentrations of geometrically large poly-
eyclic aromatic structures in bitumens suggest
that diffusion in the system of intergranular
cracks and intragranular pores 1limits the net
chemical activity, i.e., the catalyst effective-
ness. Studies by other workers using coal slur-
ries (15,16) and petroleum residua (17,18) have
indicated that there is merit in using catalysts
with mesopore sizes that promote enhanced mass
transfer. Prior evaluations of the bottom feed,
concurrent flow reaction system have shown that
the effects of mass transfer limitations external
to the catalyst are minimal.

Several methods have been suggested for
improving the short catalyst life and high opera-
ting cost expected for hydrogenation and hydro-
genolysis of bitumen. In this report results are
given from the investigation of the effects of
variation in catalyst macropore and mesopore sizes
on several measures of bitumen conversion.

A -series of catalysts was prepared with
N2 BET (nitrogen Brunauer, Emmett and Teller)

2 -1 2 -1
g

surface areas in the range 180 m to 2 m“g ,

total pore volumes in the range 0.60 to 0.46
-1 R .

mLg ~, and median macropore-mesopore diameters

(dp) from 7.5 nm to 3000 nm (Appendix A, Table

A-1). At the same time the ratio of macropore and

mesopore volumes varied. Each catalyst was re-
acted with bitumen under a given set of conditions
to determine pore size effects on sulphur removal
and reaction rate, nitrogen removal and reaction
rate, metal removal, catalyst coke levels, and
As well, the

effects on the aromatic carbon content, hydro-

catalyst metal profile (radial).

gento-carbon ratio, and pentane-insoluble compon-
ents of the liquid products were determined. The
results discussed in this paper are for four
Co0 :MoO

3
1.1:2.2; 4.4

series of nominal

loadings on A1203 of: 0.0:0,0;

8.8; and 3.0: 15.0 m %.

catalysts with

The pore size variations were obtained
by simply calcining the Co(N03)2 - (NHM)G M°702ﬁ :
HHZO:AlooH gels. It has been assumed that the
variations in solid phase of the A1203 (y +
n=+ A=+ a), in the chemical species present at
Co-Mo-A1-0

species formed, and in chemical, catalytic activ-

the surfaces, i.e., the specific
ities do not introduce large perturbations to the
pore size results. As well, the changes in mech-
anical and physical properties that occur and
will affect catalyst durability are neglected.

In spite of these shortcomings, there is
reason to believe that the method of preparation
is acceptable (9). The alternative of wet im-
pregnation into precalcined A1203 presents a
host of additional problems. For example, the
problem of large variations in the surface con-
centrations of catalytically active elements would
be acute. A comprehensive body of literature is
developing on the roles of catalyst preparation
and surface physical properties in determining
catalytic activity (19-25). The role of liquid

mass transfer has been less well defined.

EXPERIMENTAL PROCEDURE

The chemical and physical properties

typical of the bitumen used in these experiments
are given in Table 1.

The chemical preparation of the X m %

M003, Y m % CoO catalyst gels involved solution

impregnation of high purity SB alumina (boehmite,

A100H) with acidified solutions of ammonium para-

molybdate and cobalt nitrate. The resultant




Table 1 - Properties of Athabasca bitumen feedstock

Relative density (15°C) 1.009
Sulphur m % 4.48
Nitrogen m % 0.41
Vanadium mg/g 306
Nickel mng/g 91
Iron mgl/g 390
Pentane insoluble m % 15.0
Benzene insoluble m % 0.52

+525°C m % 54.4

Molar H:C ratio 1.51
Hydrogen m% 10.68
Carbon m % 83.89
Aromatic C(a) Atom % 25.45
Olefinic C(a) Atom % 0.1
Saturated C(a) Atom % T4.55

(a) Determined by quantitative 13¢ and H noe (35).

pastes were mulled until uniform, smooth and
physically stable so that suitable extrudates
could be made. The 3.17-mm diameter extrudates
were formed using a 5.72-mm Bonnot bench-scale
extruder. After partial dehydration in air at
383 K for 6.0 h in a preheated oven, the extru-
dates were sealed and stored until calcined.

Catalysts with varying pore sizes were
prepared from these partially dehydrated extru-
dates by calcination at different constant tem-
peratures. Samples were loaded in a thin layer
in shallow, vitrosil trays which were placed
directly into a pre-heated muffle furnace. After
calecining for 2 h at constant temperature, the
samples were cooled in air, sealed and stored.
One exception to this was the catalyst with a
median pore diameter of 1180 nm - it was calcined
for only 0.5 h at 1323 K.

The extruded catalysts thus prepared
were physically characterized. Specific surface
areas were determined by a standard BET H2
gravimetric method (26). Catalyst pore volumes
and pore diameters (dp) were measured by
mercury penetration using a Micromeritics Model
910 porosimeter operating at up to 348 MPa,
capable of measuring pores as small as 4 nm.
After being weighed in the porosimetry cell, but
before loading the cell into the high pressure
chamber, the catalysts were dehydrated at 393 K
for one hour. This helped considerably to reduce
the pump-down time of the catalyst and
porosimetry chamber.

Pore diameters were calculated in the

usual way using an assumed, constant contact angle
of 130 degrees, the applied hydrostatic pressure,
and a constant mercury surface fension of 0.474
N/m (26). The mercury used in the porosimeter
was initially a redistilled technical-grade pro-
duct. As the chemical composition of these cata-
lysts is relatively constant, differences in con-
tact angle are thought to be small. Variations
in the mercury surface tension as a function of
chemical contamination during a series of deter-
minations were not taken into account.

The bitumen conversion efficacies of each
catalyst were tested using a bottom fed, fixed-bed
reaction system which has been used in these lab-
oratories for some time. A constant volume of
127 mL of catalyst was charged into a 25.4-mm id
stainless steel, continuous flow reactor 0.381 m
long. In this study, the CoMo/A1203 catalysts
were presulphided by exposure to bitumen for 5 h,
including the periods for reactor heat-up. This
was followed directly by the 2-h conversion reac-
tion experiment at steady reactor conditions.
Presulphiding was effected at 13.9 MPa, 723 K,
LHSV = 1.2, and a hydrogen flow rate of 844 L/L
bitumen feed. The bitumen was pumped at 328 K by
precalibrated Ruska pumps to preheaters at the
reactor base. The reactor had an axial tempera-
ture profile of %5 K over the 1length of the
catalyst bed. The 2-h experiments described here
were conducted under the same reaction conditions
as for presulphiding except that the temperature
was lowered to 713 K.

To distinguish the net changes in the




catalytic reaction rates, as opposed to the over-
all thermal plus catalytic effects, a simulated
thermal base case was studied. Soft iron rod of
3.2 mm diameter was cut so that the resulting
lengths had a distribution approximating that of
the extrudates. As with catalyst extrudates, 127
mL of these steel "extrudates" was loaded into
the reactor. A normal presulphiding experimental
reaction sampling regime was followed. Analyses
from this run were assumed to be indicative of a
purely thermal run.

Liquid products from the reaction exper-
iments were withdrawn for analysis from a separate
sample receiver vessel (Appendix A, Table A-2).
Sulphur and vanadium contents were analyzed by
X-ray fluorescence using an Inax Instruments Ltd.
model 311 spectrometer. Carbon, nitrogen and hy-
drogen contents were measured by sample combustion
using a Perkin-Elmer model 240 analyzer. Nickel
and iron in the liquids were determined by wet
ashing and atomic absorption spectrophotometry.
The unconverted asphaltenes - in this case pentane
insolubles - were determined by a modification of
ASTM method 2042-76. Benzene insolubles, largely
mineral matter, were also determined in'this way.
The conversions of pitch were determined by either
an 8-point or 2-point modified Hempel distilla-
tion. The results are reported as m % +525°C
converted., The percentage of total carbon present
as aromatics, olefins, and saturated carbon was

1H nuclear

determined by quantitative 130 and
magnetic resonance (nmr) using methods recently
developed in these laboratories (27).

Used catalyst samples were analyzed for
residual carbon, hydrogen, nitrogen and metals in
catalyst coke after Soxhlet benzene extraction of
the used catalysts. The extractions were contin-
ued until the returning solvent was visuvally
clear. Solvent and residual liquids were removed
by heating in air at 393 K for 18 h.

ing carbon, nitrogen and hydrogen from "coke" on

The remain-

the dried catalyst were determined by combustion,
as before.

Radial distributions for iron, nickel,
vanadium, molybdenum and cobalt were determined
by electron microprobe analysis using a JEOL JXA-3
instrument equipped with a CPS high voltage power

supply and ORTEC electronics. The profile traces
The elec-

tron beam traversed the samples at 0.5 mm/min

for element pairs were made at 20 kV.
whereas the chart speed was 2 em/min. The X-ray
counts and digitized current, integrated over
10-s intervals, were printed out every 14 s. A
beam size of 25 um was employed as a compromise
appropriate to the detail sought and the resolu-
tion on the chart. Pure metals and iron pyrites
were used as reference materials.

To prepare samples for microprobe exami-
nation, short lengths were cut from central por-
tions of the extrudates. They were impregnated
with Araldite epoxy resin at 69.5 MPa, cured,
cross sectioned radially, and then polished in
conventional fashion. To improve sample electri-
cal conductivity, and to decrease surface charging
effects, UO-nm layers of carbon were evaporated
onto the polished surfaces. As the concentrations
of iron, nickel and vanadium on the catalyst are
relatively low, the statistical accuracy of the
data is limited.

Interference between the observed S Ka
and Mo La X~-ray lines in sulphided, used cat-
alysts was taken into account by comparing with
results from similar but oxidized unused cata-
lysts.

Several of the calcined catalysts were
analyzed for solid phase composition by powder
X-ray diffraction. Diffraction patterns were re-
corded using a 57.3-mm Debye Scherrer camera and
Co Ka radiation. The films were evaluated by com-
paring with ASTM standards.

RESULTS AND DISCUSSION

Determination of the effects of 1liquid
mass transfer limitations on net chemical reaction
rates is very complex. A pragmatic approach was
taken and certain simplifying assumptions were
made. The most important of these were:

1. changes in alumina support solid phase do not
affect the chemical reaction rate;
2. changes in chemical state of the molybdenum
~ catalyst and cobalt promoter do not affect the
chemical reaction rate.

Based on these assumptions this pore size varia-




tion study will be discussed in terms of initial
physical and chemical properties of the catalyst,
bitumen feed and chemical and physical properties
of the product, nuclear magnetic resonance, carbon
type analysis, chemical and physical properties
of the used catalysts, metals distribution in the
used catalysts, and, finally, net chemical reac-

tion rates for sulphur and nitrogen removal.

INITIAL CATALYST PROPERTIES

It is well known that alumina and its

hydroxides can exist in many solid modifications
(28,29).
series of eight powdered catalysts were measured.
The results for the 4.4 m % Co0:8.8 m § MoO, A1_O

377273
catalysts are shown in Table 2. These catalysts

X-ray diffraction (XRD) patterns of a

had been calcined for 2 h at fixed temperatures
of between 873 K and 1323 K. That range spans the
transition temperatures and Y- alumina
through A, Q, K %o a-A1203 (28,29).

The XRD data in Table 2 show the dominant

> 60% phase first followed by minor phases. Be-

from n-,

(corrundum)

low 800°C calecining the dominant phases are n-
and Y—A1203 with significant portions of unstrue-
tured amorphous alumina. The latter may be due
to the extremely small crystallite sizes for the

smaller portion of the sample. Alternatively, it

may arise from disorder induced by trapped cobalt
and molybdenum oxides, i.e., perhaps a solid sol-
ution of Co0 and MoO3 in an A1203 host .

Catalysts calecined in the range from
800°C to 850°C probably contain gradations in de-
creasing v, and increasing A, «, O, and K phases.
No ¥y A1203 was detected (< 5 m §) for the 850°C
samples.

From calecining at 850°C to 900°C there
were increasing transitions to OL—A1203 and decrea-
sing minor O, Kk phases. Samples calcined above
900°C
the o form.

These data,

can be interpreted to show that the 4.4:8.8 Co:Mo

showed that the A1203 was present only in

in conjunction with Fig. 1,

A1203 catalysts can be classified into three

catalyst-support groups:

1. those with median pore diameters, dp from
6.5 to 30 nm having gradations of n, amor-

phous, and yY-Al
2. those with dp

gradations of A, a, O, k and
3. those with dp than

203

from 35 nm to 550 nm having
amor phous A1203;
greater 550 nm having

mainly OL-A1203 with minor amounts of 0—A1203
present.

It is very clear from the above data and Tables 2

Table 2 - Solid phases of the fresh catalyst

Catalyst Calcined Area Median A1203 phases Comments

MB No. temp. (ng-1) pore

(°C) diameter
(nm dp)
362 600 185 6.5 Eta, amorph Major followed in
order by minor
- components.

398 700 162 7.8 Eta, amorph Similar to MB 362
365 800 57 28.8 Y

403 850 18 88.0 A, o, amorph Other also possible.
400(1) 850 ] 490 o, 8,

h1o0(2) 850 2 530 o, kK, 0 K, 6 about equal

363 900 1 600 a, 6 similar to MB 400(1).
364 1050 1 5500 a COZOH possible.

(1) and (2) indicate the first and second batches of catalyst
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and 4, that there are many physical changes in the
alumina support as a result of pore size vari-
ation, i.e., increased calcining temperature.
These solid transitions and phases vary in 0-41-0
angles, Al1-0 distances, coordination numbers, site
symmetries, and packing arrangements. The crystal
systems vary from amorphous through defect spinels
n, Y, monoclinic ©, orthorhombic k, to the hex-
agonal layered structure of corrundum o. The
biggest effect of these changes might be the var-
iation in>poéition of Co and Mo in the host (co-
ordination) from defect spinel n, ¥ to close~
packed corrundum o. The defect spinels have
21 1/3 Al atoms per unit cell randomly distributed
amongst 16 octahedral and 8 tetrahedral cation
sites. Thus Coz+, and potentially Mo3+, could
be accommodated in the residual 2 2/3 sites of the
support, as is discussed frequently in the liter-
ature (30). Close-packed structures do not permit
this in principle.

On the other hand, most commercial cata~-
lysts are prepared by wet impregnation of the
crystallized +y- or n-A1203. The catalyst wused
here was prepared by impregnation of wet, AlOOH,
followed by dehydration. The AlOOH was trans-
formed to A1203 with entrapped cobalt and molyb-

24 3+

denum. We believe these trapped Co and Mo

. cations may act in manners similar to cations at

defects in spinels even for the A, O, k, and, per-
haps, a-A1203 forms.

High temperature calcinations affect the
cobalt and molybdenum species as well as the alu-
mina support. This was evident from the appear-
ance of detectable amounts of 00203 in sample
MB 364 (Table 2). As well, the catalysts contain-
ing Co and Mo undergo significant compositional
and colour changes as a function of calecination
temperature (Tables 3 and 4).

There are several possible cobalt and
molybdenum oxides which could give rise to the
The most important
The oxide MoO3

is possible at all levels, but it is white or

observed colour gradations.

of these are listed in Table 5.

slightly yellow. Aside from CoAlzou, complex
mixed oxides are not included, although they are
potential candidates. Possible oxidation states
of cobalt are +2, +3 and +4 while molybdenums
could be present in the +3, +4, +5 and +b states.
For catalysts annealed -above 900°C the 00203
and Co3OLl oxides (Co+3, Co+2’+3) can be eliminated
due to instability.

Conventional XRD powder results were un-
able to clearly define which of these oxides were
present; more refined techniques may be able to.
As well, X-ray photoelectron spectroscopy may be
able to differentiate the various cobalt and
molybdenum oxidation states. The latter studies
are now being completed for the full range of
calcination temperatures.

Calcination took place in 75 mm x 150 mm
x 12 mm vitrosil trays. Normally, 4 trays of
catalyst were placed in air in the 6.75-L capacity
muffle furnace at one time.‘ There was no provis-
ion for air circulation and thus evaporative los-
ses of MoO3 would be minimized as will be dis-
cussed later.

In one or two cases, catalysts of dif-
ferent chemical composition were calcined to-
gether. This may have resulted in some cross
contamination.

A more severe effect appears to have been
caused by miscalibrated thermocouples in the fur-
nace. Catalysts MB 357 to MB 398 were calcined

in the original furnace. The heaters were re-




Table 3 - Colour and composition of fresh catalysts

Catalyst T, Area d vp_l n%  m% Colour
MB No. (°C ) (m"g (nm) (mLg *) Co0 Mo0,

357 600 166 7.8 0.605 0.06 0.16 white
358 900 96 12 0.570 0.07 0.45 white
361 1050% 58 16 0,485 0.09 0.99 white
419 1100 23 29 0.360 0.00 0.03 white
359 1050 18 55 0.378 0.08 1.33 white
415 600 188 7.2 0.580 1.18 2.41 light blue
h16% 600 188 7.2 0.595
367 600 176 7.5 0.585 1.09 2.33 light blue
379% 700 157 8.5 0.600 1.09 2,53 light blue
381 800 118 10.0 0.395 1.07 2.20 light blue
382 850 99 12.5 0.500 1.05 2.17 light blue
417 950 78 15.5 0.550 1.14 2.28 light blue
418% 950 80 15.3 0.550
384 875 79 16.0 0.465 1.06 2,19 light blue
h20 1030 4o 28.0 0.530 1.14 2.22 light blue
380 950 45 28.5 0.532 1.14 2,31 light blue
368 900 38 37.5 0.548 1.07 4,49 light blue-~grey
383 1000 32 500 0.465 1.06 2.23 light blue
371 1050 8 1180 0.530 1.09 1.98 light grey
369 1050 2 3000 0.550 1.09 0.49 light grey

m % - mass per cent (SI)

dp - median pore diameter

VP - pore volume

TC - calcining temperature

0.5 h only; others for 2 h,

placed and a different thermal behaviour was ob-
served. This is reflected in the properties for
MB 399 - MB 426 in Tables 3 and 4, i.e., differ-
ences in dp and colour for temperatures which
appeared to be equivalent.

The porosity distribution of the samples
varied considerably amongst macropores of > 1000
nm, large mesopores of 50-1000 nm and small meso-
pores of < 50 nm (Fig. 2). As well, the varia-
tion of the median pore diameters increased mark-
edly above 500 nm (Fig. 2). Below that the ap-
in 4. was *10%, (Fig. 2,

proximate variation

A and B).

The median pore diameters quoted in

Tables 2-U4 were taken to be equal to the value of

dp corresponding to half of the volume

above 0.15 ng'1.

pore
The latter is the volume of
macropores, i.e., those pores filled up to 1000
nm.

The strong effects of catalyst and pro-
moter concentrations on pore size for equal cal-
cining temperatures are seen in Fig. 1. The low-

ering of TC for equal dp follows closely the
relative concentrations of

100 nm,

cobalt, i.e., for dp =
° 0/0 > 1.1 > 3.0> 4.4bm % CoO added.

That is, a decrease in the calcining temperatures




Tablé 4 - Colour and-composition of fresh catalysts

5

Catalyst - TC' Area db V' m% -ﬁ:% | Colour

MBNo.  (°0) (g™ (m)  (mig™) - Co0 MoO3 -
362 600 185 6.5 0.505  H.44 859  dark blue
398 700 162 7.8 0.500  4.47  8.76  dark blue
402 735 91 iy 0515 4.55  8.75 dark blue
399 775 70 21 0.502  4.39  8.77  dark blue
365 80 57 29 0.400 450  8.40  dark blue
401 825 28 38 0.M48 453 8.07  blue
403 850(4) 18 88  0.395° 456 8.35  mauve-grey
500(1) " 850 y 490 0.405 4.64  7.72  grey-mauve -
500(2) 850 2 530  0.430  14.55 7.58  grey-mauve
363 900 <1 600 0.430 ‘4,58  7.58 grey
364 1050 C ¢ 5600  0.315 B.59 .71 fied grey-black
366 1050(3) <1 5500  0.325 §.66  7.14  med grey-black
426 600 199 5.4 0.380 3.13  15.05 blue o
372 600 190 6.6  0.328 2.85  14.82 bltie
3767 660 90 14 0.355 2.9 1460  blue
w27 700 61 19 0.405 '2.98  15.20  blue
¥e2 775 s4 20 045 3.10 15.12  blue-grey
w23 790 1y 23 0.2 311 15.12 groy blue
37 700 47 25  0.300  3.02 14.78  blue grey
wos a5 - 4o - 29 -0.305° - 2.97 - 14.85 - blué grey
375 750 2y 38 0.262 3.00 14.30 grey-blue
Ho4(3) 800 3 400  0.225 - L e
373 900 <1 3700 0.235 2.81 6.22 _med grey-blue -,

(1) and (2) indicate the first and second batches of catalyst; .. -
(3) 0.5 h; (4) 1 h; others 2 h. :

was required to producé a pgiven pore diameter -

with inereasing Co0 content in the catalyst.

‘Different dehydrated mixtures of cobalt

nitrate, ammonium paramolybdate and boehmite cal-

‘cined at ‘the same TC produced different values

of dp. Variable pH during mulling and variable

retained moisture appear to affect the development

of dp, even though all samples were dehydrated

for 6 h at 100°C.

From the distribution of points in Fig. 1
it can be 'seen that dp's of between - 100 and 500

nm were difficult to make.

These would normally

appéar to form in the temperature ranges in which

0L—A1203 is formirg. for each concentration 'of Co0
and M003; ’

Specific surface area changes induced by
caleining are shown in Fig. 3 and.u.l In contrast
to pore size variations, the effects of  metal
oxide concentrations on surface area is apparently
minimal. The . ""bare" 'A1203 support as- well as
the catalyst  loaded aluminas -followed the same
pattern. That is especially ‘true  for the smallest
and largest db's.‘-Caution must be. used in com-
paring surface area changes ‘and pore size’ changes.
Nitrogen BET areas are' often primarily associated

with small pores, e.g., of less than 4 nm. How-




Table 5 -~ Colours of pure components as a function of temperature

Nominal m %

Co0 M003(a) Catalyst colours/Possible species (b)
°C 600 700 800 900 1000
0.0 0.0 white A1203
light blue light blue-grey
1.1 2.2 i) CoA120u i) CoA120u iv) 00304(0)
ii) M0205 ii) Co0 v) M0203
iii) 00203(0) vi) MoO2
violet grey
to
dark blue grey-violet grey-black
i) CoAl,0, i) Co0 i) Co0 iv) M0203
n.u 8.8 ii) M0205 ii) 00304 ii) 00304 v) MoO2
iii) 00203 iii) 00203
iv) M0203
v) MoO2
vi) M0205
blue~grey
to
blue grey-blue medium grey-blue
3.0 15.0 i) CoA120u i) CoA120u iv) M0203 i) Co0 iv) M0203
ii) M020u ii) 00204 v) MoO2 ii) 00304(0) v) MoO2
iii) 00203 vi) M0205 iii) 00304(0)
(a) assumed chemical species for gravimetric determinations
(b) viewed at room temperature, hydrated
(¢) pure compounded which decomposed above 900°C marked

ever mercury penetration porosimetry results pro-
duce data on pores greater than 4 nm.

It is recognized that the low areas have

very large errors due to the method used. The
McBain balance was calibrated for high area solids
and is insensitive to low area material. Thus,

areas of less than 3-4 mag-1

50-100%, or more.

The pore sigzes occurring in the region

have errors of

of greatest surface area decrease are from 12 to

19 nm. They span the range from 750 to 1000°C.

Those are the temperatures at which many of the
lower phases of A1203 -Y, 4, 0, k - transform to
a-A1203.

Total pore volume decreased by u40% for
the "bare" catalyst support (Fig. 5). However,
the loaded catalyst pore volume decreased less
The 1.1:2.2 CoO:

catalyst decreased by only about 10%

rapidly as a function of dp.
0
Mo 3 A1203
(Fig. 4).
On a reactor-full basis the charge mass

of catalyst will increase as the pore size in-
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creases, This 1s due to the general increase in
increases (Fig. 6 and

For catalysts 0.0:0.0 and 1.1:2.2 m % CoO:

extrudate density as dp
7.

M003,
975°C.
increase in density.

the density increases by only 10% up to

Above that temperature there is a 25%
This again corresponds to
the transition of lower aluminas - n, v, 4, 0, K =

to corrundum o.

The behaviour of the densitles of the

4.4:8.8 Co:Mo Aléo3 catalysts follows that des-

10

cribed above. However, the turnover to rapid
density increase occurs at a lower temperature,
i.e., 800°C.

of sintering noted above for surface areas and

This is consistent with the seeding
pore diameters. The presence of cationiec impuri-
ties 1s well known to trigger sintering and re-
erystallization (28).

with

For 3.0:15.0

catalysts loaded
Co0:Mo0 not correlate well

3 the densities do

with calcination temperature (Fig. 7). The scat-

. ter in points and the appearance of many densities

for similar calecination temperatures may indicate
very large differences in degree of separation of

the molybdenum oxide and aluminum oxide phases.
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Bulk chemical analyses of the calcined catalysts
were made by atomic absorption spectrophotometry.
The elements Co, Mo, and Al were determined and
oxygen was taken by difference. It was assumed
that in all cases the chemical species were CoO,
MoO3 and A1203. The
and 9 for Co0 and MoO3 respectively.

results are shown in Fig. 8

There is no loss of cobalt as a function

of TC.

11

In direct contrast, there are signifi-

cant losses of molybdenum, especially above the
calcination temperature above which the aluminas
transform to OL-A1203 (Fig. 9). Notice as well
that the (0.0:0.0m %

CoO:M003) in fact act as getters for molybdenum

supposed bare aluminas
bdenum subliming from the furnace walls. The
ceramic liner of the furnace almost certainly acts
as a sink for molybdenum oxides sublimed from
other catalysts in prior treatments.

The rapid drop shown in Fig. 9 for the

concentration of MoO3 in 3.0:15.0 catalysts,
i.e., above dp = 30 nm, may not be correct.
However, there are no data points between 40 nm

and 3700 nm.
The results shown in Fig. 8 and 9 reflect
total bulk chemical composition changes. From a

catalytic point of view, however, the important
factors must be the surface concentrations of co-
balt oxide promotor and molybdenum oxide catalyst.

Sublimation of some molybdenum oxide un-
doubtedly occurred at higher calcining tempera-
tures (31). However, sublimation at pore surfaces
may have provided sufficient potential for molyb-
denum oxide in the bulk to diffuse to the pore
surfaces. This replenishment would help to com=-
pensate for surface depletion caused by vapouriz-
ation. As calcining temperature increases, the
surface concentration of molybdenum oxide should
decrease with increasing pore diameter.

An alternative preparative method would
have been to precalcine the support and add the
molybdenum and cobalt by solution impregnation.
This method would have ensured the same bulk an-
alysis of molybdenum and cobalt for every cata-
lyst. However, the decrease in surface area would
cause the surface concentration of molybdenum and
cobalt to increase greatly with increasing pore
diameter. Therefore solution impregnation is
considered inappropriate.

As a surface analysis of the pore walls
neither of the

could be

could not readily be obtained,
above catalyst preparation techniques
shown to be superior in terms of uniformity of
surface concentration. However, the catalyst
preparation and calcining method used in this

study is 1likely to cause decreasing surface moly-




bdenum concentration with increasing pore diam-
eter. The following discussion shows that the
method used was more appropriate for this study.
Bitumen conversions are clearly going to
be affected by all the above factors to some de-
gree.

The effects of sintering, pore volume de-

creases and density increases are demonstrated in

6.0
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Fig. 8 - Mass per cent Co0 on catalyst versus

median pore diameter, nm
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.about 5 mm to 20 mm for any given catalyst.

the number of grams of catalyst loaded into the

constant reactor volume (Fig. 10 and 11). As ex-

increases in the dp

from n, v, 4, 0, K

pected, there are sharp

ranges where the transitions

—A1203 to a—A1203 begin. However, the sharpest
reactor density increases do not correspond to
the sharpest increases 1in extrudate densities
(Fig. 6 and 7).

The extrudates varied in length from
Fur-
ther, the number density of extrudates having any
given 1length in the range 5-20 mm varied from
catalyst to catalyst. Consequently the reactor
bulk densities varied due to inhomogeneous pack-
Some of the
scatter in the points in Fig. 10 and 11 is due to

this. Most of the runs for MB U400 onwards did

ing of extrudates in the reactor.

not have this inhomogeneity. Extrudates having’a
narrow length distribution range of 8-12 mm were
selected.
Finally, the reactor loading curve for
catalysts with 4.4:8.8 m % CoO:MoO3 is probably
artificially skewed. It is expected that either
the points near 500 nm are too low or those near

5000 nm are too high, or both.

CONVERTED BITUMEN PROPERTIES

(a) Relative Densities
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Fig. 9 - Mass per cent MoO3 on catalyst versus

median pore diameter, nm

Relative densities of the liquid product
were measured after equilibration of the samples
at ambient conditions for various periods. In
general,
then the

samples were collected for 1-2 weeks;

gravities were measured in batches.
Consequently the degrees of aging, degassing, and
settling were not uniform.

The relative densities, normalized to
288 K and measured to 3 significant figures with
hydrometers, are shown in Fig. 12 and 13. The
relative density of the feed was 1.009. In com-
parison, the simulated thermal hydrocracking run,
153.2 mL of soft
shape of "extrudates", gave a product with a rel-
density of 0.960. This

1.000 to 0.960 is assumed caused by hydrocracking.

which used steel having the

ative

reduction from

As well it is assumed that relative density reduc-

tions past 0.960 represent some catalytic effect.
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The
catalyst at dp = 7.4 nm is 0.963, very close to
(Fig. 12). As

the bare alumina support contributes

relative density of the 0.0:0.0m %

the thermal hydrocracking value
expected,
relatively 1little to hydrogenation and hydrogen-
olysis (HDS, HDN, HDM),
thermal effect.

i.e., over and above the

Those are the two reaction class-

13

es contributing most to liquid product density re-
ductions.

The relatively rapid decrease in rela-
the other 0.0:0.0 CoMoAl,0

273
catalysts follows closely the increase in concen-

tive density for
tration of molybdenum oxide accumulated during
calcination (Fig. 9 and Table 3). The relative
densities approach those obtained for the 1.1:2.2
m % CoMoA1203 In fact, the last three

0.0:0.0 CoMo catalysts have concentrations equiv-

catalysts.

alent to 50% or more of the 2.2 m % molybdenum
oxides added in the second series (Fig. 9). As
well, the accumulated MoO3 is most probably at,
or near, the pore surfaces.

The drop in density obtained with 0.0:0.0
CoMo catalysts as dp increases is probably mostly
due to the hydrogenation and hydrogenolysis caused
by high sSurface ‘concentrations of molybdenum (Fig.
12).

However, increased activity due to in-
creased mass transfer cannot be ruled out even in
this case.

Increased mass transfer through increas-
ingly large mean pore diameters did not lead to
an apparent decrease in relative density for the
1.1:2.2 m § (Fig. 12). The

of a minimum relative density as dp

catalysts absence
increased
may be simply due to the scatter of the experi-
mental data at values of dp less than 50 nm.

In contrast, the other two series of
4.4:8,8 and 3.0:15.0m % CoMoA1203,
= 25 nm * 10 (Fig.

The increase beyond 35 nm can be attributed

catalysts,
do show definite minima near 4
13).
to rapid losses in surface areas.

Concentrations of added catalyst moly-
bdenum oxide led to regular decreases in relative
density of the product as the concentrations in-
creased. The increases follow the concentrations
of molybdenum oxides rather than cobalt oxides.

The effects of increasing median pore
diameters on hydrogenation of the bitumen can be
seen in Fig. 14. These must be compared with the
feed value of 1.51 and the thermal value of 1.48.
Three of the series of catalysts show disinct

maxima near dp = 15 £ 5 nm.
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The maximum in hydrogenation activity for
the 0,0:0.0 series is probably an artifact of the
inadvertent addition of MoO3 and decreasing sur-
face area.

It is believed the maxima for the H:C
produced by 4.4:8.8 and 3.0:15.0 m % CoMo
catalysts reflect

ratios
A1203
reaction rate and real decreases in mass transfer

limitations.

real increases 1in net

The increase in the hydrogen to carbon
atomic ratio as the pore diameter increases from
7 to 20 nm may be caused by increasing rates of
feed and product mass transfer. The decrease in
hydrogen to carbon atomic ratio .as the pore diam-
eter increases from 20 to 1000 hm may be related
to the catalyst surface area. It was shown in
Fig. 3 that the cétalyst surface area decreased
with increasing pore diameter. Thus the decrease
in H:C ratio from 20 to 1000 nm may be caused by

the deecreased number of reaction sites.

(e) Conversion of Pitch and Asphaltenes
Asphaltenes constitute 15 m % of the
bitumen feed and about 30 m % of the +525°C

piteh fraction. The asphaltenes are believed to
be among the largest in geometric size and molec-
ular mass, at least for those molecular types

forming a significant portion of the feed. When
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precipitated from solution by changes in the

ratios of saturates to aromaties to polar . com-
pounds - the asphaltenes are believed to form mi-
cellular clusters of approximately 1-2 nm.

to
S,
as
of

1-2 nm would also be expected to have strong mass

Species of those sizes are expected
contain relatively high amounts of the total
(Table 6) as well
high molecular mass compounds (32).

N, O and metal heteroatoms,

Moieties

transfer limitations in typical commercial cata-
lysts. The latter normally have mean pore diam-
eters in the 5.0-7.0 nm range.

It is apparent then, that conversions of
asphaltenes should provide a good measure of vari-
ations in mass transfer as dp increases.

Results for three series of catalysts are
15.0 m ¥ asphal-
insolubles - in the feed bitumen.

shown in Fig. 15. There was
tenes -~ pentane
The simulated thermal hydrocracking case gave 32.3
m % asphaltene removal.

the bare A1203
7.2 nm was largely inactive, i.e., the conversion

As before, support at dp =

was almost totally thermal. Introduction of small
amounts of molybdenunm, howéver, doubled the ac-
tivity to 62%, 1.1:2.2m %
CoMoAlZO

near the value for

3 catalysts.

The other two catalyst series shown in

Fig. 15, 1.1:2.2 and 3.0:15.0 m % metals, show
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= 20 £ 10 nm.

the bulk chemical composi-

distincet maxima at dp Over this

range of dp values,
tions remained relatively constant. It is con-
cluded therefore, that mass transfer limitations
do inhibit the net chemical reaction rate for as-
phaltene conversions.

The maximum in asphaltene conversion as
a function of median pore diameter is probably
caused by changes in mass transfer limitations
and changes in catalyst surface area. The in-
crease in pore size from 7 to 20 nm would allow
more rapid mass transfer and might explain the
increased asphaltene conversion. The decrease in
surface area as the pore diameter increases from
20 to 1000 nm may have caused the decreased as-
phaltene conversion.

The conversion of asphaltene shown in
Fig. 15 is likely related to the changes in hy-

drogen content of the 1liquid product shown in

15

Fig. 14, The asphaltenes may be converted to oils

and perhaps resin type compounds, both of which

generally have higher hydrogen contents and
smaller proportions of aromatic structures than
asphaltenes. In that case, the higher hydrogen
content obtained with the small pore catalysts is
consistent with the higher asphaltene conversions.
Once again, however, the smaller surface areas
present in the large pore catalysts were probably
responsible for the lesser extents of reaction.
Concerning pitch conversion at +525°C,
there is no consistent trend in the pore size
series

results amongst the four

(Fig. 16 and 17). The 0.0:0.0 m % metals cat-

of catalysts

Table 6 - Heteroatom concentrations in asphaltenes
and total feedstock

m % in m% in m % of compo-
feed asphal- nent in
tene asphaltenes
N 0.35 0.6 25
S 4.5 7.0 23
Ni 90 ug/g 260 ug/g 43
\') 300 ug/g 720 ug/g 36
Asphal-
tenes* 15.0 100 100
¥pentane insoluble portion
90
/}_\‘
7R
/ \ %Co %Mo
o
2.2
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Fig. 15 - Mass per cent asphaltenes removed from

the liquid versus median pore diameter, nm
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alyst rapidly reached 50% conversion, near the
values for 1.1:2.2 m % catalysts.

However, the shape of this curve differs
from previous bare alumina results (Fig. 12 and
13). This might indicate some real, i.e., non-
chemical mass transfer pore size effect.

If that is true, it is an interesting
result since it indicates there is a chemical re-
action in the pores of the bare catalyst support.
One normally assumes the support is inactive.
However, the electron acceptor centres at Lewis
acid sites on the alumina surface may enhance py-
rolysis or cracking reactions.

Of the remaining catalyst series only
the 3.0:15.0 m % series showéd a clear maximum,
e.g., at dp = 17 £ 5 nm (Fig. 16). Again the bulk
chemical compositions were constant from dp =
6.0 nm to dp = 40 nm.

tributed to removal of some mass transfer limita-

This maximum can be at-
tions in this catalyst series.
The larger. scatter in the data points in

Fig. 15 results from errors in distillation.

(d) Aromatics, Olefins and Paraffins

Hydrogenation of 'aromatics and olefins
in the bitumen feed is one of the major hydrogen-

consuming reactions. Quantitative analysis of
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Fig. 17 - Mass per cent +525°C pitech converted

versus median pore diameter, nm

product samples for aromatics, olefins and paraf-

The authors have

quantitative 13C-1H nmr

fins has long been problematic.
recently developed a
method for analyzing these molecular types (27).
One distinet advantage of the method is that it
distinguishes the three types of molecular carbon
on an atom-by-atom basis.

The feed and product samples were anal-
yzed after dissolution in CClu. Small amounts
of mineral matter remained undissolved. The re-
sults for all four catalyst series were plotted
in Fig. 18 and 19 for the aromatic carbons. Re-~
sults for paraffinic carbon growth are shown in
Fig. 20 and 21.

Analysis of the simulated thermal hydro-
cracking case gave an aromatic carbon content of
29,7 atomic per cent.

For the 0.0:0.0m % CoMoA1203 catalysts
the aromatics content dropped by Y4 atomic per
cent (Fig. 18).

Alumina is known to be a good isomeriza-
tion catalyst. The minor amounts of MoO3 accu-
mulated during calcining might promote hydrogena-
tion reactions. However, the reduction in aroma-
tic atoms may also have been caused by hydrogen
transfer reactions during isomerization on the

alumina.
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The occurrence of paraffins in the pro-
ducts followed the aromatic trends in a fully
(Fig. 20 and 21).
should be compared -with the thermal value of 69.6

complementary manner These
atomic per cent paraffinic carbon atoms.

It is interesting to note that under the
reactor conditions used there is remarkably little
reduction in the aromatics at 24%, i.e., there is
little hydrogenation or ring breaking. That is
true irrespective of the amounts of promoter and
catalyst present.

The 13C-1H nmr analysis for olefins is
less satisfactory as the transitions associated
with them overlap with those of the aromatics for
13 The feed analysis indicated that
The

C analyses.
very little olefinic carbon was present.

thermal case yielded 0.7 atomic per cent olefinic

carbon. In contrast, the four series of pore
size catalysts gave 1liquid products containing
traces of olefinic carbon, or none at all.
s0l Agfm Finally, it is pointed out that these nmr
e analyses overcome the problem of labelling high
28l molecular mass compounds as aromatics, olefins,
or saturates. For example, a molecule having a
t§2e— long paraffin chain attached to an aromatic ring
® structure, would exhibit properties of both types,
§ pal especially in HPLC type analyses. The nmr re-
< sults, however, count atoms in their local envi-
. ronments.
20 | \ (e) Sulphur and Nitrogen Conversions

100 1000
dp MEDIAN PORE DIAMETER,nm

Fig. 19 - Per cent of aromatic carbon atoms in

the liquid product versus median pore diameter, nm

0f the remaining three catalyst series,
only the 1.1:2.2 m % of CoMoA1203 catalysts demon-
= 27 %
The other two show apparently

strated an optimum pore size,
16.

increasing aromatics

e.g., dp
15 nm in Fig.
steadily content with no
optimum mean pore diameter (Fig. 19). It is pos-
sible there is a minimum for the 3.0:15.0 m %
CoMoA1203 that
likely in view of the scatter in the data points.

catalysts; however, seems un-

Two of the most important reactions oc-

curring during the catalytic hydrocracking of
Athabasca bitumen are sulphur and nitrogen hydro-
genolysis. The kinetics and mechanisms of these
reactions have been studied in detail for pure
MoSa, and CoMoA1203 cat-
alysts (33-35).

to residuum HDS, HDM and tar removal were reviewed

cobalt-promoted MoSa,
Some general problems relating

by Riediger and the conclusions are important
considerations for bitumen processing (33). The
effects of diffusional limitations in pore systems
(5-11),
especially for coal liquid hydrotreating (15).
Beuther et al. (10), Kurito (36),
(37) and others (35) have shown that the HDS re-

action appears to be second order up to about 80%

have been studied to a certain degree

Mosby
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Eq 1
where k = rate constant and

sulphur in product, m %
~ sulphur in feed, m %

This equation assumes uniformity of catalyst pro-
perties. A more detailed discussion of the reac-
tion rate is given below along with specific re-
action rate calculations for four different

models. Applying Eq 1 to the data in Fig. 22 and
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Fig. 20 - Per cent of paraffinic carbon atoms in

the liquid product versus median pore diameter, nm
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Fig. 21 - Per cent of paraffinic carbon atoms in

the liquid product versus median pore diameter, nm

conversion. However, at higher conversions, the
feed/product must be broken into four fractions.
Each fraction has a first order reaction rate in
that case. It is difficult to conceive of a rea-
listic HDS reaction having a bifold sulphur con-
centration dependence. Rather, the overall pseudo
second order rate is believed to be the sum of a
large number of increasingly larger first order
reaction rates (10). The overall rate can be ex-

pressed as (10):

23 it is seen that the rate constant changes as a
funetion of dp, even when the surface areas are
taken into account (Fig. 3). The implications of
this are also discussed below.

As the catalysts vary greatly in area,
pore volume and diameters, of more interest is
the empirical realtionship given by Beuther and
Sehmid (10):

u

m % HDS

where K = constant for severity

K+ 0.05% A+ 13.2 V + 0.06 d Eq 2

A = area, m2g_1
1

volume pores, mLg

mean pore diameter, nm

For these experiments it was found there
was only one catalyst which gave a clearly de-
fined optimum pore diameter (Fig. 22 and 23). The
4.4:8.8 m % catalyst shows a maximum in m %
sulphur removed at dp = 14 + 5 nm. For the
1.1:2.2 m % CoMoA1203 catalysts there may be a
maximum. For the 3.0:15.0 catalysts there is, at
best, a plateau, more probably a negative
correlation between m % S removed and dp.

In all further cases the rise in conver-
sion, i.e., m % S removed, as dp increased
for the 0.0:0.0 catalysts 1is attributed to gath-
ered M003. Conversions for these bare cata-
lysts will not be discussed further.

Using Eq 2 one can estimate the severity
constant, K, for the series of 4.4:8.8 CoMoA1203
catalysts. As this equation was developed for
more normal commercial catalysts with relatively
small variations, it might be expected not to
apply well here.
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Over the range of dp values where the

chemical catalytic moieties on the catalyst are
expected to remain more or less constant, i.e.,
up to about 40 nm, the experimental data show a
maximum in net conversion. The values from Eq 2
c¢learly do not. It would be necessasry to multi-
ply the right hand side of Eq 2 by a constant
times a hyperbolic function in dp to prediect the
observed behaviour.

The

much more difficult to remove than sulphur.

is
The

nitrogen in Athabasca bitumen

nitrogen levels in the feed are relatively low at
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Fig. 24 - Mass per cent nitrogen removed from the

liquid product versus median pore diameter, nm
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o.M m % simulated

removed only 12.2 m %.

and thermal hydrotreating
It should be noted that
the analytical method used for these measure-

ments - microcoulometry - was operating at the

lower 1limits of its practical range. Hence the
errors in the data are relatively large (Fig. 2%
and 25).

For the two series of low metals CoMo

A1203 catalysts, e.g., 0.0:0.0 and 1.1:2.2, the
nitrogen conversions are virtually independent of
median pore size dp. In contrast, the two

series of high metals catalysts show distinet
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Fig. 25 - Mass per cent nitrogen removed from the

1iquid product versus median pore diameter, nm
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maxima in nitrogen conversion. Between 70 and 80 been reviewed (10,32,35,38,39). Next to be dis-
m % nitrogen being removed when the pore sizes cussed will be metals deposition on the catalyst.
were in the range of 12 % 2nm and 11 £ 2 nm The conversion of metals from the liquid feeds is
for 4.4:8.8 and 3.0:15.0 catalysts respectively, shown in Fig. 26 and 27 for vanadium, Fig. 28 and

29 for nickel, and Fig. 30 and 31 for iron.

(f) Vanadium, Nickel and Iron Conversions

Vanadium is believed to be bound approx-

The very important roles of metals from imately 30% in porphyrins with most of the re-
the feed liquids in catalyst deactivation have mainder in the form of cations in salts comple~
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Fig. 30 - Mass per cent iron removed from the

liquid product versus median pore diameter, nm

mentary to carbonium ions (U40-U41). The reaction
of demetallization with Lagomedio crude was found
to follow second order kineties for conversions
below 83 m % (35). For higher conversions, the
reaction was found to be first order. The hydro-
devanadization (HDV) reaction, in particular, was
found to be first order above 83% conversions.
The apparent second order behaviour at lower con-
versions was eXplained on the basis of many para-
llel HDM reactions with widely different reaction
rates, i.e., one for each molecule or molecule
type.

The three catalyst series in this work
with Co-Mo promoter-catalyst loadings all show
22 %
Two of the catalysts gave only

maxima in HDV conversions at dp = 10 nm
(Fig. 26 and 27).
weak maxima, those with lowest total metals

The

i.e.,
added (1.1:2.2 and 4.4:8.8 m % CoMoOB).
maximum vanadium conversions with the former were
about 90%, whereas the latter gave up to 95 m %
vanadium removal. These compare with 24.8 m %
V removal for thermal hydroprocessing.

The fact that vanadium is indeed easier
to remove from the organic complement is clearly
demonstrated by the variations in the V:Ni ratio.
In the feed the value is 3.4:1. Thermal hydro-
processing yields a product with the total en-
trained V and Ni decreased, but with ratio con-

stant at 3.4:1. In the catalytically hydropro-
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Fig. 31 - Mass per cent iron removed from the

liquid product versus median pore diameter, nm

cessed products, the V:Ni ratio varies from a low
of 1.5:1 for small dp to 2.8:1 for very large
d . that the

p
lowers the activation energy for the HDV reaction

One could conclude catalyst
proportionally more than for the hydrodenickel-
ization (HDNi) reaction. This may in part be due
to the differences in oxidation state for the

V(+4) and Ni(+2) as well as their complexed geo-

metries. Vanadium may interact more strongly with
the CoMo Al203 catalyst through its vacant
orbitals than does nickel. As well, vanadium is

known to protrude from the mean plane of porphy-
rin, and is thus less sterically hindered, whereas
nickel lies fully in the plane (32,34,35).

Nickel conversions are shown in Fig. 28
and 29 as m % Ni removed. The maxima of about
92 m % removed are to be compared with thermal
values of 25.6 m % removed.

The maxima in conversions occur at dp =
15+ 5 nm for the 4.4:8.8 and 3.0:15.0 catal-
ysts (Fig. 28).
the

with larger error.

For the 1.1:2.2 catalyst series,
value 1s somewhat larger, dp =25 % 10 nm,

For three series of pore size catalysts,
the vanadium removal levels are 5-7 m % higher
than the nickel removal levels, for 0.0:
0.0, 1.1:2.2, and 3.0:15.0 m % catalysts. This

reflects the lowered ease of removal of nickel

i.e.,

from petroleum residua in general (32,34,35).



The higher V conversions, compared with
nickel, may imply there is not a random distribu-
tion of V and Ni between porphyrins and carbonium
ion salts. As the carbonium ions are quite reac-
tive and will give up their cations easily, one
might deduce there is more V than Ni in the car-
bonium ion salts. Converéély, the porphyrins
could have a higher proportion of Ni, as they are
relatively unreactive (34).

Iron in the bitumen feed is believed to
be present mainly in entrained mineral matter.
This may be due either to partig}es of Fe203
from the storage drums or particles of colloidal
clay and sand unrehoved by the separation process.

Conversions for Fe removal are shown in
(Fig., 30 and 31). The thermal conversion Llevel
was found to be 32.1 m %.

of one experiment, all four catalyst series showed

With the exception

lower Fe conversions than the simulated thermal
test,
As well,

a function of dp’

all four series show maxima as

but they fall in two widely
(Fig. 30 and 31). The 0.0:0.0
and 3.0:15.0 catalysts show apparent maxima near
18 + 10 nm. The 1.1:2.2 and 4.4:8.8 m % cata-

lysts gave maximum conversions nearer 55 * 30 nm.

separated ranges

One can conclude there is a real pore
size effect, and that it does not only correlate
with increased trapping of mineral matter parti-
cles in the pores. There is an apparent chemical

effect as well.

(g) Catalyst Deposited Metals

The effect of increasing pore size on the

penetration of metals deposited on the catalyst

from the feed was investigated for the 1.1:2.2
The radial profiles for two used
1180 nm) from that

The results given
Ni
and V species, all as a function of radial posi-

m % series.
d
( p

series are shown in Fig. 32.

catalysts = 8.5 nm and

show relative microprobe intensities for Fe,

tion in the extrudate. That is to say, as a
function of r/R, where r is the radial position
of the microprobe and R is the extrudate radius.
The catalysts had been de-oiled by benzene soxhlet
extraction prior to microprobe analysis.

The results for irom and nickel were

22

somewhat tenuous as the general degree of iron
and nickel poisoning (deposition) after only 8 h
total reaction time was very low. The average
bulk concentrations of Fe and Ni were too small
for accurate, rapid microprobe survey scans, i.e.,
the signal:noise ratios are only about 2:1 or 3:1.
The vanadium results were somewhat better, appar-
ently because of the
(34,35).

" The iron deposits close to the catalyst

higher deposition rates

outer skin, i.e., at r/R = 1.0.
be the

This appeared to
case independent of pore size (Fig. 32C).
Such a result is consistent with the iron being
bound in relatively large particles of colloidal
clay or other minerals (silicates).

The electron microprobe results for van-

adium are more reliable because of the larger
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concentration of deposited vanadium (Fig. 324).
The profiles for two catalysts, one with small
pores at d_ = 8.5 nm and the other with large
1180 nm, in Fig. 32A.
There was a drop in the intensity near the skin

As well,

pores at dp = are shown

as the pores opened. the integrated
intensities

from r/R = 1 to r/R = 0 remained relatively cons-
tant.

A plot of the position of the peak maxi-
mum (r/R for maximum relative peak height) versus
mean pore size is given in Fig. 33. This clearly
shows the increased penetration of vanadium into
the extrudate as the mean pore size increased.
However, even at 1180 nm, the maximum is only 22%
into the extrudates.

The concentrations of cobalt, molybdenum
and sulphur across the extrudates were relatively
This
was true of both new and de-oiled, used catalysts

constant, excluding grain boundary effects.

for cobalt and molybdenum.

(h)

Catalyst Coke Compositions

Used catalysts were de-oiled by benzene

soxhlet extraction and thermal solvent evaporation
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Fig. 34 - Atomic hydrogen to carbon ratio of coke

in used catalyst versus median pore diameter, nm

in air. The used, de-oiled catalysts were ana-
lyzed for C, N and H.

The H:C ratios for the coke remaining on
the catalysts are shown in Fig. 34 as a function
of increasing median pore diameters. It is inter-
esting to note that the H:C ratios change in a
manner apparently unrelated to catalyst and pro-
moter loadings. This may be due to coke satura-
tion due to the relatively 1long reaction times
Qader et al.
have shown that the rate of coke formation drops

120 min

with respect to coke formation.

drastically after for hydroprocessing
similar to the
3 catalyst (13).

An alternative explanation may be given.

heavy c¢ycle o0il in a system

authors!' but using a NiWSZSi02A120
Large reactive molecules, with net reaction rate
limited by mass transfer inhibitions, can pro-
gressively contribute more to the coke layers as
If

the molecules in this inhibited fraction have low

dp increases and the inhibitions decrease.

H:C ratios, then the observed decrease in H:C
ratio of catalyst coke could be explained.

In general terms, Fig. 3% can be divided
< 20 nm, 20-100 nm and 100-

In the first, the H:C ratio corresponds

three
5000 nm.

to coke having a mixture of CH and CH2 groups,

into regions:

mostly aromatic or conjugated, chain unsaturates

with some added saturates. Region two corres-




;ponds; on a@eraée“fo avrelati#ely'éiﬁbiéléﬁomatic
system and region.three would appear to be éﬁgys-
ftem of condensed éromatic.rings. Suchfa %ysteﬁ‘
:has been suggested  before, ‘and a goodianaIXSis of
;coke on catalysts used for procé§§£ng ﬁeduceg
crudes was given by Katsobashvili .and NechaeV
(un). Loz
However, it is 'important to distfnguisﬁ
between coke péééursors and coke constiﬁuents;
Beuther has shown that for Kuwait residu&m the
jcoke formation is decreased _pyﬂ_pemoyiné‘lthe
asphaltenes (10). He proposed that coke is formed
from large, highly reactive molecules which under-
go uncontrolled cracking. On a comparative basis,
6-member - aromatic -ring ‘structures:‘arerelatively
stable:: ' Conjugated.. ¢hains. “and -carbonium"~ions
react more easily.

Although catalyst coke resembles asphal-
tenes in some ways, it is not correct to assume
one transforms - to the -other: - The end®product of
unknown reactants yields -‘an"'‘‘asphaltene=like
structures ~ T Tt oL Jah et

The catalyst' carbon .contentahd-‘catalyst
nitrogen content are shownin Fig:."35¢dnd *36' res-
pectively. Each' quantity- is expressed on a‘unit

surface- area’ basis.: With ‘the equipment!-used in
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Fig. 35 - Amount ‘of. carbon on.-the -used.:catalyst;
mg/mzf»versus ‘median pore diameterj.nm. Crossées,
circles, squares and triangles represent catalyst
containing 0.0:0.0, .2.,2:1.1,. 8.8:4.,4,-and +15.0:

3.0 m % Mo0O,:Co0' respectively.: Shta e
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this’ study it. was+not-possible to. accurately :de-~
términe’ Tow values:.of:.isurface-areas in ‘cdtalysts.
Those catalysts:.having iveryurlowsurface' areas -
that :

were

.i8": catalysts: whose .median’ pore diameters
greater =thahfﬂ100Anmn‘(TableyAu1)'-fhave not
beén:représented .In Fig:i35 and:36. o

The data for catalyst carbon .content in
Fig::35'aré somewhat.scattered. "The straight line
through the data has a correlation coefficient of
0:.78. = The figure :indicates.:thdt as.:thé catalyst
pores: become- larger ; more “coke :'is -deposited per
unit:'surface area.-. . Physically this.:.means: that
the larger-:porés provide ~access: for.:larger mole-
cules: .The :proportion iof :condénsed aromatic :rings
probably increases:with moleclilar size.: This will
decrease their hydrogen content: and :should .in-
creasé: the .possibility::iof - coke: formation during
cracking:- oo @i, ds ot i LU
sl ~!Fop . pore~'sizes ;:3maller.. than::8 nm:there
isia’-decrease inw carbon :content with':inereasing
concentration of molybdenum:-andr cobalt'son the
catalyst. This result is consistent with earlier
findings obtained ‘using :a'cgas: " oil ~feedstock,
rather: than’ the  bitumen: feedstock used in this
study:~'(45). .~ However ;» in' .géneral .there: does .not

appear to be any relationship between the chemical
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Fig. 36 -~ Amount of nitrogen on the used catalyst,
mg/m?,uversus mediah- " pore: diameter, 'nm; -Crosses,
cireles,: squares. and- trianglesirepresent. 0.0:0,0,
2.2:1:.1, 8.8:4.;4, and 15.0:3.0 m% ”M003:Coo
respectively. )




composition of the catalyst and its carbon
content.

The catalyst nitrogen content shown in
Fig. 36 also increases with increasing pore sigze.
As the carbonacecus deposits alsc contain nit-
one would expect the nitrogen content to

There

rogen,
increase with increasing carbon content.
does seem to be a relationship between the catal-
yst nitrogen content and the amount of molybdenum
and cobalt compounds in the catalyst. The three
lines in Fig. 36 have correlation coefficients of
0.92, 0.96 and 0.86 for 15:3, 8.8:4.4, and 2.2:1.1
m % MoO3 It is 1likely that

nitrogen atoms in the hydrocarbon molecules are

:Co0 on the catalyst.

strongly absorbed by molybdenum atoms in the
catalyst. Figure 36 supports this in that the
catalysts with the greatest molybdenum content
are the ones having the highest deposited nitro-
gen. The data points for the catalysts not con-
taining any molybdenum or cobalt do not fit this

pattern.

THE INFLUENCE OF DIFFUSION ON REACTION RATES

(a) Combined Effect of Pore Size

and Surface Area on Diffusion

One reason for developing catalysts with
larger pores is to permit rapid diffusion of the
large molecules and asphaltene micelles in bitu-
Such pore size effects have been studied
(46,47,48). The
rate of reaction in catalysts having conventional
limited by the rate at which the

men.

previously in this laboratory

pore sizes ic
bitumen can diffuse to the reactive site. There-
fore, increasing the catalyst pore size would be
expected to increase the reaction rate.

This expectation is only partially veri-

fied by the conversion data in this report. For

example, Fig. 15 indicates an increase in reac-
tion as the pore size is increased up to about
15 nm. However, virtually all the conversion

data show a decrease in reaction as the pore size
increases beyond 50 nm.

There is a simple explanation for de-
creasing conversion with increasing pore size.
As the pore size increases, the catalyst surface

area decreases. This phenomenon is shown in
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Fig. 3.
the number of reactive sites also decreases. In

As the catalyst surface area decreases,

an attempt to isolate the surface area effect
from the pore size effect, reaction rates have

been calculated on a unit surface area basis.

(b) Basis of Calculation

The units chosen for the reaction rate
are similar to those of a turnover number. The
exact units used are number of heterocatoms ~ S or
N - removed per unit time in ks per unit of sur-
face area in nm2. Desulphurization and denitro-
genation proceed by thermal and catalytic mechan-
isms simultaneously. The amount of reaction
occurring thermally was subtracted from the total
reaction measured experimentally before calculat-
ing the catalytic reaction rate. The thermal
reaction was measured by filling the reactor with
stainless steel cylinders having the same dimen-
sions as the catalyst particles. The results from
the experiment are reported in Table A~2 along
with results from experiments in which catalysts
were used.

Reaction rates were calculated for the
three sets of catalysts containing 2.2:1.1,
8.8:4.4, and 15.0:3.0m ¢ MoO3

The set of catalysts which were intended to con-

:Co0 respectively.

tain only alumina, were contaminated in the

caleining stage. The amounts of MoO3 and Co0
which they accumulated, complicated the interpre-
of the (Table A-1).

Therefore they were excluded from the set of

tation reaction results
calculations currently being discussed.

The total catalyst surface area in the
reactor, shown in Fig. 37, was calculated from
the catalyst surface area in m2/g and the amount
of catalyst loaded into the reactor. The data in
Appendix A indicate that both of these quantities
vary considerably. In spite of these variations
the solid 1line in Fig. 37 represents all three
families of catalysts for pore sizes less than
100 nm and has a correlation coefficient of -0.97.
Unfortunately the equipment available was not
capable of obtaining accurate results on solids
of very low surface areas. This inaccuracy is
responsible for the data scatter in catalysts

with pore diameters greater than 100 nm, as shown




in Fig. 37. Appendix A, Table A-1 shows some sur-
face areas reported as "less than values". These
The dotted

line is an extrapolation into the region of inac-

results were not included in Fig. 37.

curate surface area determination.

In calculating the reaction rates for
catalytic desulphurization, shown in Fig. 38, and
for catalytic denitrogenation, shown in Fig. 39,
the measured values for total surface area were
used for catalysts having pore diameters less
than 100 nm. For catalysts having pore diameters
greater than 100 nm,
taken from the dotted line in Fig. 37.

catalysts having very 1low surface areas,

surface area values were
For the
the
total reaction barely exceeded the thermal reac-
tion.

alytiec sulphur or nitrogen removal was not at

Therefore those results for which the cat-

least 5% of the corresponding thermal value, were
excluded from Fig. 38 and 39.

almost the same value are subtracted, the errors

When two numbers of
in the result become large. By excluding these
data points which potentially have large errors,
data scatter in Fig. 38 and 39 was reduced.

(¢) Sulphur Removal

The data on sulphur removal in Fig. 38
can be placed in tWwo groups. For pore diameters
less than 50 nm, all the data for all catalyst
series are grouped around the same so0lid 1line.
For example, the molybdenum content of the cata-
15 m %. This

variation did not affect the reaction results.

lyst series varied from 2.2 to

It indicates that reaction rate was controlled by
the rate of diffusion rather than by the concen~
the support.
Furthermore, Fig. 38 indicates that the diffusion

rate controls the reaction rate for all catalysts

tration of catalytic species on

having pore diameters less than 50 nm.

The second group of data is for those
catalysts having pore diameters larger than 50 nm.
The dotted lines in Fig. 38 have been drawn with
no change in reaction rate with increasing pore
diameter. This means that the rate of diffusion
does not control the reaction rate. For the very
large pore catalysts the overall reaction rate is
probably controlled by the intrinsic rate on the

surface. Figure 38 shows that the catalytic de-
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Fig, 37 ~ Total surface area in ma,

versus median pore diameter, nm.

reactor,
Circles, squares
8.,8: u.4,

and triangles represent 2.2:1.1, and

15.0:3.0m % MoO3:Coo respectively.

sulphurization rate reaches a maximum of 6 S atoms
the catalysts
gand 1.1 m % CoO.
rate for the catalyst series containing 8.8 m %
MoO3
removed data points in
Fig. 38 15
m% MoO3 and 3 m % Co0, none had pores sufficient-
If suf-

ficiently large pore catalysts containing 15 m %

" removed  (ks)~'(am)™® for

talning 2.2 m % MoO

con-

The maximum

and 4.4 m % Co0 was drawn as 16.6 S atoms
(k)" (am)=2.  of the
representing

catalysts containing

ly large not to have diffusion effects.

MoO3 and 3 m % Co0 had been represented in Fig.
38, it is expected that the maximum reaction rate
for these catalysts would have been greater than
Thus, the
greater the concentration of catalytic material

for either of the other two series.

MoO3 and Co0 on the catalyst the greater the
reaction rate when diffusion effects were absent.
However, as mentioned previously when diffusion
effects were present, similar reaction rates were
obtained for all catalysts regardless of the con-
centration of catalytic ingredients.

(d)

Nitrogen Removal

The data for nitrogen removal shown in

Fig. 39 follow the same trends as that for sulphur
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area per unit time, atom S ks nm , versus

median pore diameter, nm. Circles, squares and

triangles represent catalysts containing 2.2:1.1,

8.8:4.4 and 15.0:3.0 m % M003:Coo respec-
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Fig. 39 - Atoms nitrogen removed per unit surface

s s -1 =2
area per unit time, atoms N ks 7 nm —, versus

median pore diameter, nm. Circles, squares and
triangles represent catalysts containing 2.2:1.1,

8.8:4.,4 and 15.0:3.0m % Mc03:Coo respectively.

removal shown in Fig. 38. However, the nitrogen

data are much more scattered. There has often
been difficulty in obtaining accurate and repro-
ducible nitrogen analysis on samples produced in
the CANMET laboratory.

related to

The difficulty may be

non-homogeneous samples or to the
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equipment used for nitrogen analysis.

In spite of the scatter, the nitrogen
data in Fig. 39 suggest that the catalytic react-
ion rate is: controlled by diffusion for catalyst
pore sizes below 50 nm. Dotted lines have been
drawn to represent diffusion-free reaction rates.
the exact location is less certain for

The dotted lines in-

However,
nitrogen than for sulphur.
dicate that diffusion-free reaction rates of 5
and 12 N atoms removed per ks per (nm)2 were
attained by the catalyst series containing 2.2:1.1
and 8.8:4.4m % M003/Coo respectively.

(e) Diffusion Coefficients and Effectiveness

Factors

Effective diffusion coefficients can be
calculated from the data in Fig. 38 and 39. The
following theoretical development indicates how
diffusion coefficients and effectiveness factors
can be calculated.

The the

which

effectiveness factor, n, is

diffusion controlled rate of reaction, rp

is measured, divided by the diffusion-free react-

ion rate, r For large values of the Thiele

DF*
modules, ¢, n can be written as:
1
= - E
n=3 q 3
y ks
where ¢ =L D Eq 4
dp Derr

L and dp are the pore length and pore diameter,
ks is the intrinsic reaction rate constant per
e 18 the
For the pur-

unit surface area of catalyst, and De
effective diffusion coefficient.
poses of this discussion the effective diffusion
coefficient will be assumed to be a function of
the pore diameter. Thus:

m

Deff = (dp) G Eq 5

where m is a constant and G is a function which
is independent of the pore diameter.

Equations 3, 4 and 5 can be combined to

obtain

Eq 6



where Eq 7

Equation 6 can be expressed in terms of logar-
ithms as

Eq 8

Inry = (m+1)/2 1n dp + 1In (CrDF)

Equation 8 shows that the slope of the line relat-
equal to (m + 1)/2.
Figures 38 and 39 produced slopes of 0.82 and 0.65

ing 1n ry and 1n dp will be

and m values of 0.63 and 0.3 respectively.

This analysis definitely shows that the
diffusion coefficients are a function of the pore
diameter. Desulphurization and denitrogenation

may have different diffusion coefficients for

several reasons. One may be that the nitrogen

heteroatoms are contained in different types of

molecular species than sulphur heteroatoms.

Figures 38 and 39 can also be used to calculate

effectiveness factors. The horizontal dotted
lines represent the diffusion-free reaction
rates. For desulphurization, effectiveness

factors for the 2.2:1.1 catalysts vary from 0.22
to 1 and for the 8.8:4.4 catalysts from 0.08 to
1. For
vary from 0.22 to 1 for the 2.2:1.1 catalysts and
from 0.16 to 1 for the 8.8:4.4 catalysts. The

range of effectiveness factors found here spans

denitrogenation, effectiveness factors

the range of values reported in the literature by
Shah and Paraskos (49).

CONCLUSIONS
This work has demonstrated that the
conversion of bitumen is limited by the rate of
mass transfer in small pore catalysts. Increasing
the catalyst pore size was found to increase the

catalyst effectiveness factor significantly.
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The low effectiveness factors of approx-
imately 0.2, when hydrocracking bitumen with con-
ventional catalysts indicate the need for better
catalysts. The development of catalysts having
both larger pore diameters and high surface areas
is obviously essential.

Another potential problem is related to
the greater amount of coke deposited per unit of
surface area on the large pore catalysts, as
described in the previous section on catalyst
coke composition. The effect of increased coke
deposition will have to be investigated by long-
term catalyst life testing. As the hydrogen to
carbon ratio in the coke decreases with increasing
pore size, the possibility of the coke being hy-
drogenafed and leaving the catalyst surface dim-
inishes. Both the greater quantity of coke and
the lower hydrogen to carbon ratio suggest that
large pore catalysts might have shorter useful
lifetimes.

An advantageous feature of large pore
catalysts is the increased dispersion of metals
which foul the catalyst. Figure 32 shows that
with small pore catalysts vanadium is deposited
predominantly at the exterior surface of the ex-
truded catalyst particle. As the pore diameter
increases, vanadium tends to be dispersed more
the

decreases catalyst life,

evenly throughout the catalyst. Because

deposition of metals
spreading the metals throughout the catalyst is
In with
because of mass transfer limitations,

is the

desirable. catalysts small diameter
the
region most
It is also the
region most likely to be fouled by metals. By

increasing the pore diameter, mass transfer limi-

pores,
exterior of the extrudate

likely to catalyze a reaction.

tations are  decreased and the metals are spread
more evenly throughout the catalyst. This means
that fewer metal atoms are deposited per unit area

and the catalyst life will be extended.
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Table A-1 - Catalyst measurements

Catalyst Calecin'g Calcin'g Surface Median Catalyst Fresh catalyst Used catalyst
MB No. temp. time area pore diam in MoO3 Co0  Al50 Carbon Hydrogen Nitroger
(°C) (h) (n2/g) (nm) reactor (m %) (m%) (m% (m %) (m%) (m %)
Alumina catalyst - without other components
357 600 2 166 7.8 71.68 0.135 0.05 87.57 12.99 1.30 0.32
358 900 2 96 12.0 80.12 0.406 0.06 91.13 8.4y 0.92 0.15
361 1050 0.5 58 16.0 86.01 0.947 0.09 94.53 5.98 0.65 0.17
49 1100 2 23 29.0 105.05 0.030 - 96.17 3.87 0.31 0.09
359 1050 2 18 55.0 89.32 1.292 0.08 96.46 1.47 0.13 0.03
2.2 m % Mo03:1.1 m % Co0 on alumina
415 600 2 188 7.2 64.01 2.104 1.03 83.89 10.69 1.20 0.31
416 600 2 188 7.2 64,01 1.97 1.06 88.27 11.88 1.31 0.32
367 600 176 7.5 74.78 2.09 0.98 86.55 10.50 1.28 0.27
379 700 157 8.5 73.45 2.30 0.99 87.44 9.95 1.13 0.27
381 800 118 10.0 79.68 2.04 0.99 89.92 7.79 0.87 0.20
382 850 99 12.5 76.03 2.06 0.99 91.49 7.82 0.84 0.19
418 950 2 80 15.3 64 .01 2.06 1.09 91.69 7.72 0.83 0.19
417 950 2 78 15.5 64,01 2.16 1.08 91.37 7.62 0.69 0.20
384 875 79 16.0 78.97 2.07 1.00 91.30 7.18 0.75 0.18
420 1030 2 40 28.0 84,20 2.12 1.09 92.18 5.50 0.46 0.15
380 950 45 28.5 85.35 2.25 1.1 93.96 5.14 0.48 0.14
368 900 38 37.5 92.54 4.31 1.03 90.7 5.04 0.48 0.15
383 1000 32 50.0 86.20 2.16 1.03 93.60 3.59 0.31 0.09
371 1050 8 1180.0 88.66 1.95 1.07 95.42 0.44 0.03 -
369 1050 <2 3000.0 85.96 1.28 0.1 97.19 0.31 0.02 -
8.8 m¢% M003:4.u m % Co0 on alumina
362 600 2 185 6.5 81.65 7.78 4.02 78.71 - - -
398 700 2 162 7.8 80.96 7.93 H4.07 78.99 10.38 0.59 0.34
9.11 1.15 0.33
402 735 2 94 1.0 83.80 8.10 4. .20 80.13 12.87 0.71 0.31
8.97 0.93 0.32
399 775 2 70 21.2 87.40 8.31 4.1y 82.19 10.18 1.09 0.33
6.89 0.70 0.25
365 800 2 57 28.8 89.58 8.16 4.37 84.53 6.09 0.71 0.28
401 825 2 28 38.0 97.44 7.87 4.1 85.08 8.67 0.80 0.26
5.36 0.49 0.19
403 350 1 18 88.0 96.34 8.10 .42 84.34 8.92 0.79 0.27
3.29 0.26 0.11
400 850 2 y 490.0 91.93 7.65 4.60 86.69 6.19 0.56 0.13
0.96 0.06 0.02
4oo0(2) 850 2 2 530.0 87.65 7.57 y.54 87.63 6.89 0.61 0.20
1.74 0.12 0.09
363 900 2 <1 600.0 95.28 7.54 4.55 87.31 0.72 0.07 0.2
364 1050 2 <1 5500.0 112.26 4.70 4.59 90.67 4.25 0.38 0.09
0.40 0.03 0.01
365 1050 0.5 <1 5500.0 109.27 6.94 4.55 86.21 3.87 0.34 0.08
0.52 0.03 0.01
15 m % Mo03:3 m % Co0 on alumina
426 600 2 199 5.4 83.22 13.48 2.80 73.19 10.24 1.17 0.43
372 600 2 190 6.6 88.09 13.61 2.61 75.52 7.23 1.02 0.35
376 660 2 90 1.0 102.05 13.58 2.73 76.57 9.04 0.82 0.31
27 700 2 61 19.0 84.7 14.33  2.81 77.07 6.60 0.66 0.26
y22 775 2 54 20.5 87.09 13.99 2.86 75.57 6.53 0.62 0.24
423 790 2 uy 23.0 95,14 14,146 2.98 78.05 6.79 0.57 0.22
374 700 2 yt 25.0 95.30 14,06 2.87 78.09 6.50 0.52 0.23
405 725 2 4o 29.0 104.38 14,03 2.80 77.52 4,89 0.44 0.16
375 750 2 24 38.0 116.38 13.72 2.87 79.26 3.36 0.29 0.13
Loy 800 3 400.0
373 900 2 <1 3700.0 132.78 6.03 2.76 89.50 0.29 0.03 -
429 850 2 <1 10,000.0
431 950 2 <1 10,000.0
430 900 2 <1 11,400.0

(2) indicates second batch of catalyst
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Table A-2 - Properties of the liquid product

Cat Run Yield Relative S Mi Cc H Benzene Pentane +525°C Va Ni Fe
MB number density insol. insol. Pitch
No. LPH (m %) (m %) (m %) (m %) (m %) (m %) (m %) (m %) m%) @23 (m%¥
Steel extrudates
1168 93.98 0.960 3.51% 0.38 84,33 10.50 1.68 10.80 230 72 282
Alumina catalyst - Without other components
357 1070 95.47 0.960 3.53 0.34 85.26 10.66 0.77 9.39 32.65 118 56 67
358 1074 94,98 0.945 2.37 0.30 85. 04 11.06 0.40 6.35 29.45 72 37 325
361 1098  94.80 0.931 2.02 0.32 85.49 11.34 0.34 5.79 27.65 68 24 287
19 1160 90.14 0.933 2.80 0.34 85.20 11.01 0.8Y4 6.4Y 20.48 92 41 321
359 1080 97,51 0.942 2,02 0.33 85.24 - 11.04 0.41 6.07 30.52 54 25 324
2.2 m % Mo03:1.1 m % Co0 on alumina
495 1138  91.70 0.913 1.06 0.31 86.82 1.7 0.17 3.79 19.32 36 20 352
416 1142 92,67 0.913 0.82 0.31 87.06 11.77 0.22 2.86 21.05 19 13 299
367 1064  91.28 0,926  1.34 0.27 85.88 - 11.41 0.70 5.4 25.86 50 24 31
22.90
379 1086 93.42 0.912 0.92 0.26 86.50 11.62 0.68 4.56 16.99 49 20 407
381 1092  91.61 0.917 0.97 0.26 86.63 11.61 0.49 4.1 17.84 40 20 372
382 1090 93.66 0.920 0.92 0.27 86.46 11.52 0.53 3.99 17.64 40 19 389
418 1144 94,89  0.921 0.96 0.33 87.03 11.73 0.27 3.62 25.45 25 16 34y
b7 1140 91.22  0.907 0.96 0.31 86.96 11.74 0.46 3.48 14,40 28 12 317
384 1096 93.73 0.929 1.25 0.30 86.14 11.49 0.49 4.68 24.16 46 23 383
25.16
420 1162 91.97 0.905 1.25 0.36 86.10 11.70 0.16 3.28 15.62 21 12 332
380 1088 93.35 0.920 1.18 0.30 86.23 11.46 0.40 4,25 22.69 4o 20 304
368 1072 93.88 0.922 0.97 0.28 87.40 11.62 0.4y 3.88 21.82 30 18 312
383 1094  93.43  0.927 1.40 0.31 86.16 11.45 0.34 4.43 21.34 40 21 296
371 1084 95,76 0.960 3.17 0.37 86.50 11.62 0.37 8.12 26.39 115 43 349
369 1082 90.22 0,968 3.68 0.39 84,30 10.59 0.49 9.42 22.27 158 62 396
8.8 m % MoO3:4.4 m % CoO on alumina
362 1066  94.24  0.914 0.92 0.21 86.56 11.80 0.75 4.67 24 .81 39 19 8
398 1115 103.16  0.911 0.69 0.23 82,99 11.35 0.73 3.48 10.65 49 18 ho7
4o2 1130  85.92 0.877 <0.20 0.09 87.85 12.09 0.49 1.38 0.06 15 9 387
399 1124 91.98 0.905 0.43 0.13 87.07 11.64 - 1.79 10.76 24 12 358
365 1100 94.69  0.911 0.85 0.19 86.72 11.72 0.46 3.40 13.36 32 15 304
401 1128 91.91 0.912 0.83 0.27 87.22 11.66 0.54 3.69 10.47 36 17 312
403 1132 95.20 0.910 0.84 0.31 87.09 11.46 0.82 3.77 7.05 46 - 24 528
400 1126 93.57 0.941 2.59 0.33 85.99 11.00 0.74 7.50 15.32 101 4y 345
400(2) 1134 85.66 0.924 2,25 0.37 86.24 11.01 1.12 6.11 8.31 82 38 295
363 1076  93.68 0.953 3.28 0.34 85.61 11.35 0.39 8.1u7 23.32 121 46 33
2
364 1118 95,02 0.955 3.38 0.37 85,24 10. 69 1.08 8.58 21.35 147 45 160
365 1122 93.62 0.952  3.13 0.37 85.20 10.66 0.97 8.56 17.84 147 48 279
15 m % Mo03:3 m % Co0 on alumina
426 1970  97.52 0.908 0.86 0.16 86.17 11.81 50 20 436
372 1068 94.25 0,910 0.73 0.18 85.05 11.53 0.47 4.67 23.08 52 22 362
376 1156  88.88  0.891 0.96 0.13 87.00 12.12 0.32 2.1 11.85 15 8 288
427 1172 96.55  0.911 1.06 0.22 86.63 11.98 34 16 4y2
422 1164 92,22 0,903 0.98 0.26 87.02 11.91 0.49 3.94 11.73 18 12 243
423 1166 89.11 0.903 0.81 0.14 87.04 11.89 0.41 2.57 17.69 16 10 147
374 1154 92.09 0.902 0.84 0.26 87.14 11.97 0.39 2.51 16,47 19 1 380
405 1158  91.65 0.901 1.13 0.17 86.52 11.91 0.54 3.14 15.67 19 11 303
375 1048  94.07 0,916 1.22 0.30 86.54 11.69 0.44 4.19 21.65 38 18 384
373 1078 105.91 0,965 3.68 0.35 83.72 10. 36 0.47 9.86 34,82 188 66 406

(2) indicates second batch of catalyst
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