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Model compound hydrodemetallation (HDM) studies are used to examine the effect of accumulat- 
ing metal-sulfide deposits on catalyst deactivation in a clean reactant system. Experiments are 
carried out in a catalyst-slurry batch reactor, using a sulfided CoMo/A1203 catalyst and a low- 
promoter alumina carrier. The model compounds are nickel etioporphyrin (Ni-EP) and vanadyl 
etioporphyrin (VO-EP). Standard experimental conditions are 320°C, 4.8 MPa total pressure, and 
14 kPa hydrogen sulfide. Ni-EP HDM studies carried out with the sulfided CoMo/Al203 catalyst 
operating in the kinetic regime show that, contrary to expectations, the catalyst does not deactivate 
significantly as it accumulates nickel-sulfide deposits to levels as high as 100 wt% Ni. Ni-EP HDM 
studies carried out with a low-promoter alumina carrier show that the carrier has a low level of 
catalytic activity, and neither deactivates nor acquires catalytic activity as nickel-sulfide deposits 
accumulate to 25 wt% Ni. The relative activity for the two catalysts matches the relative promoter 
loadings. VO-EP HDM studies carried out under diffusion-limited conditions with the CoMo/ 
A1203 catalyst show that it deactivates steadily as vanadium-sulfide deposits accumulate. Both the 
reactivity and the apparent effective diffusivity of VO-EP on the sulfided catalyst are significantly 
lower than those of Ni-EP. © 1991 Academic Press, Inc. 

1. INTRODUCTION 

The upgrading of heavy residuum oils will 
continue to increase in importance as 
changes in crude oil availability cause a shift 
toward heavier crudes. For very heavy 
crudes, the bottom residuum fraction may 
contain significant quantities of metals, 
mainly nickel, vanadium, and iron, as well 
as sulfur and nitrogen heteroatoms. The 
metals pose a particular problem for refiners 
because metal contaminants accumulate on 
catalysts during hydrotreating causing per- 
manent catalyst deactivation. For this rea- 
son, hydroprocessing schemes often use 
hydrodemetallation (HDM) catalysts to re- 
move metals selectively and protect down- 
stream catalysts. 

Typically an S-shaped catalyst deactiva- 
tion profile is observed during hydrodemet- 

1 Present address: Chevron Research and Technol- 
ogy Company, Richmond, CA 94802. 

allation. An initial period of rapid deac- 
tivation is generally attributed to the estab- 
lishment of an equilibrium coke loading on 
the catalyst (1--4), but has also been attrib- 
uted to the buildup of a monolayer or sub- 
monolayer of metal deposits on the catalyst 
surface (5). An intermediate deactivation 
period, characterized by a slow and almost 
constant deactivation rate, is usually as- 
cribed to increasing diffusional resistance 
as metal-sulfide deposits accumulate in the 
pores, or to a decline in catalyst activity. 
The final, rapid deactivation that brings the 
catalyst to the end of its working life is at- 
tributed to pore plugging caused by the ac- 
cumulation of metal-sulfide deposits. 

The precise role of metal-sulfide deposits 
in determining catalyst activity and the ef- 
fective diffusivity of reactant molecules has 
not been well established. In modeling cata- 
lyst deactivation, it is commonly postulated 
that metal sulfides accumulate in a uniform 
manner at the microscopic scale, building 
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up layer by layer and effectively blocking 
access to the surface of the catalyst after the 
deposition of just one monolayer-equiva- 
lent. Catalytic activity is subsequently due 
to the intrinsic activity of the deposited 
metal sulfides. Evidence for this catalytic 
effect comes from studies that show that 
bare aluminas gradually acquire catalytic 
activity for removing metals from a residual 
feedstock when exposed to the feedstock 
under hydroprocessing conditions (2, 6). 
However, the model of locally uniform de- 
position has not been demonstrated directly 
by examination of the catalyst surface. 

The objective of this work was to investi- 
gate the effects of nickel- and vanadium- 
sulfide deposits on the activity of two cata- 
lysts, in a clean model-compound reactant 
system. Our model compounds were metal- 
loporphyrins, which have been used pre- 
viously in model-compound studies (7-13). 
Specifically, we addressed the following 
questions: 

• What is the mechanism of nickel etio- 
porphyrin (Ni-EP) and vanadyl etiopor- 
phyrin (VO-EP) hydrodemetallation over 
sulfided catalysts? 

• What are the relative reactivities and 
diffusivities of Ni-EP and VO-EP? 

• What are the relative activities and se- 
lectivities of a CoMo/A12Oa catalyst and a 
low-promoter alumina carrier? 

• How do the catalysts deactivate as 
nickel- and vanadium-sulfide deposits accu- 
mulate? 

2. EXPERIMENTAL AND MATHEMATICAL 
METHODS 

2.1. Materials 

The model compounds used in this inves- 
tigation were nickel and vanadyl etiopor- 
phyrin. Some experiments were run using 
the partially hydrogenated reaction interme- 
diate nickel etiochlorin (Ni-EPH2). The por- 
phyrins and the chlorin were purchased 
from Midcentury Chemicals (Posen, IL). 
Nickel and vanadyl etioporphyrin were se- 
lected as model compounds because they 

are representative of the porphyrinic spe- 
cies found in crude oils. The nonporphyrinic 
metal fraction is comprised of compounds 
with less-well-characterized structures and 
properties, a considerable pecentage of 
which are complexed to large-molecular- 
weight species that precipitate with the as- 
phaltene fraction (14). The nonporphyrinic 
fraction is thus less amenable to model com- 
pound studies. 

Squalane (2,6,10,15,19,23-hexamethylte- 
tracosane) was used as a carrier oil in all the 
studies reported here. It was supplied by 
Sigma Chemical Co. (St. Louis, MO). Squa- 
lane was selected as a solvent because it 
meets several important criteria: it is free of 
sulfur, nitrogen, and metal compounds; it is 
a liquid at room temperature; and it has a 
relatively high boiling point so the vapor 
pressure of the oil is negligible at reaction 
conditions. Squalane is an isoparaffin. Anal- 
ysis shows that it contains 1.75 wt% poly- 
naphthenes and 0.85 wt% aromatics. The 
important properties of squalane are sum- 
marized in Table 1. A limited number of 
experiments were conducted using Kaydol, 
a commercial mineral oil supplied by Ruger 
Chemical Co. (Irvington, NJ). Kaydol is a 
mixture of hydrocarbons consisting primar- 
ily of naphthenes, but containing 22.3 wt% 
paraffins and 4.1 wt% aromatics. 

The solubility of the porphyrins in squa- 
lane is relatively low at room temperature, 
about 20 ppm metal. However,  at reaction 
temperatures the solubilities are much 
higher. At a temperature of 320°C, the solu- 
bility limit was not reached at dissolved por- 
phyrin concentrations up to 300 ppm metal. 
In Kaydol the solubility of both Ni-EP and 
VO-EP is about 40 ppm metal at room tem- 
perature. 

The principal catalyst used in this study 
was American Cyanamid Aero HDS 16A, a 
CoMo/Al20 a catalyst supplied in the oxide 
form as ~-in. extrudates. The properties of 
this catalyst are summarized in Table 2. 
HDS 16A has a unimodal pore-size distribu- 
tion with a median pore diameter of 8.04 nm 
(80.4 A). It has been superceded in commer- 
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TABLE 1 

Squalane Properties 

Supplier: Sigma Chemical Co., St. Louis, MO 
Lot Number: 116F-0221 

Chemical formula: 2,6,10,15,19, 
23-hexamethyltetracosane 

Molecular weight: 422.8 
Properties: (courtesy of Mobil Research & Dev. 

Corp., Paulsboro N J) 
Sulfur < 1 ppm 
Nitrogen 1 ppm 
Nickel 0.25 ppm 
Vanadium <0,05 ppm 
Hydrogen 15.29 wt% 
Density at 25°C 0.806 g/cc 
P/N/A Distribution (wt%) 

Paraffins 97.40 
Mononaphthenes 0.00 
Polynaphthenes 1.75 
Aromatics 0.85 

Simulated distillation by GC 
IBP 414°C 
50% 431 °C 
90% 435°C 
95% 436°C 
FBP 443°C 

cial applications, but is retained for our 
model-compound investigation because its 
unimodal pore-size distribution makes the 
investigation of reaction and diffusion ef- 
fects more straightforward. Kinetic studies 
were carried out with crushed catalyst parti- 
cles, generally in the size range 75-88/zm 
(170-200 ASTM mesh). Analysis of the 
crushed catalyst (see Table 2) indicates that 
the milling and sieving operations did not 
significantly alter the physical properties of 
the catalyst. In all the experiments in this 
investigation the catalyst was presulfided 
before use. 

Additional investigations were made us- 
ing a low-promoter alumina carrier, Ameri- 
can Cyanamid HDS3 substrate, which had 
been taken from the manufacturing process 
before metals impregnation. It is a porous 
(unimodal) gamma-alumina carrier with low 
levels of molybdenum, cobalt, nickel, and 

phosphorous promoters. This is the closest 
available material to Cyanamid HDS16A 
substrate, which is no longer manufactured. 
The properties of HDS3 substrate are sum- 
marized in Table 2. It was calcined at 480°C 
and presulfided before use. 

2.2. Apparatus 

Two catalyst-slurry batch reactors were 
used for the hydrodemetallation studies. 
Most experiments were carried out in a l- 
liter stirred autoclave, described previously 
by Hung and Wei (7). Subsequent modifica- 
tions include the addition of an improved 
temperature control system, a catalyst sul- 
tiding system, and a l-liter feed preheater. 
Details of these modifications are given by 
Smith (15). A reactor system based around 
a 2-liter stirred autoclave was used in the 
low-promoter alumina carrier experiments. 
This reactor is described fully by Limbach 
(16). The most important difference is that 
it did not have a feed preheater. 

2.3. Experimental 

The hydrodemetallation experimental se- 
ries described in this paper are summarized 
in Table 3. Model-compound hydrodesul- 
furization and hydrogenation experiments 
using dibenzothiophene and naphthalene 
were carried out as additional experiments 
during some of these series. These experi- 
ments are described by Rautiainen and Wei 
(17). Typically, multiple batch experiments 
were carried out on each charge of catalyst, 
to allow the monitoring of activity as metal- 
sulfide deposits accumulated on the cat- 
alyst. 

For each experimental series, catalyst 
pretreatment consisted of drying overnight 
at 110°C, slurrying in oil in the autoclave 
reactor, and sulfiding in situ. Sulfiding was 
carried out according to a standard proce- 
dure recommended by American Cy- 
anamid. The catalyst was heated to 175°C 
under a flow of helium (99.995% purity, 
Matheson Gas Products). Sulfiding was 
achieved with a mixture of 10 mol% H2S/H 2 
(Matheson Gas Products) flowing at a rate of 
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TABLE 2 

Catalyst Properties 

CoMo/AI203 Catalyst 

AERO HDS16A a 
Lot Number: MTG-S-0573 

Low-promoter alumina 
carrier 

HDS3 Substrate a,b 
(calcined at 480°C) 

Chemical properties c 

Mo 8.1 wt% (dry basis) 0.24 wt% (dry basis) 
Co 4.5 wt% 0.68 wt% 
P 3.00 wt% 0.18 wt% 
Ni 0.09 wt% 0.32 wt% 
Si 0.15 wt% 0.25 wt% 
Na 0.02 wt% NA 
Fe 0.04 wt% NA 
"y-A1203 Base Base 

Physical properties a 

Crushed catalyst (170-200 mesh, 75-88/zm) 
Pore volume 0.44 ml/g 
Surface area 177 m2/g 
Med. pore diameter 

Vol, N2 des. 85.3 ,~ (Unocal) 
Area, Hg 97 ]~ (Unocal) 

Extrudates 
Average diameter 0.152 cm (A in.) 
Average length 0.432 cm 
Pore volume 0.43 ml/g 
Surface area 176 mE/g 
Particle density 1.49 g/ml 
Median pore diameter: 

Vol 80.4 ,~, (Cyanamid) 
Vol, N2 des. 86.9 ,~ (Unocal) 
Area, Hg 96 ,~ (Unocal) 

0.65 ml/g (Unocal) 
258 m2/g (Unocal) 

82.4 A (Unocal) 
79.8/~ (Unocal) 

Supplier: American Cyanamid Co., Stamford, CT. 
b Taken from the manufacturing process before metals impregnation. 
c From American Co. for AERO HDSI6A. Analysis by Galbraith for HDS3 Substrate. 
d From American Cyanamid Co. and Unocal. Corp. 

at least 100 cc/min,  accord ing  to a s tandard  
t empera tu re  p rogram.  The  t empera tu re  was  
held at 175°C for  6 h, then raised to  315°C 
at 60°C/h, then  mainta ined  at 315°C for  1 h. 
Expe r imen t s  showed  very  little dif ference 
in initial act ivi ty  be tween  a ca ta lys t  sample  
sulfided under  gas flow pr ior  to addi t ion to  
the reac to r  and the samples  sulfided in situ. 

Opera t ing  condi t ions  for  the H D M  experi-  
ments  ranged  f rom 280 to  350°C at h y d r o g e n  

pressures  o f  I - 8 . 3  M P a  (300-1200 psig). 
The  s tandard  condi t ions  for  moni tor ing  
changes  in ca ta lys t  act ivi ty  were  320°C and 
4.8 M P a  (700 psig). F o r  each  expe r imen t  a 
H2S partial p ressure  o f  about  14 kPa  (0.3 
vol%) was  mainta ined  in the reac tor .  In  fact ,  
the cont ro l  o f  H2S partial  p ressure  was  not  
ve ry  precise ,  and this pa r ame te r  var ied  f r o m  
10 to 35 kPa.  N o  significant d e p e n d e n c e  o f  
H D M  reac t ion  rate  on  H2S partial p ressure  
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TABLE 3 

Summary of HDM Experiments 

Series Catalyst Conditions Reactanff Experiment 

SA11 CoMo/AI203 280-350°C Ni-EP Multiple batch 
75-88 tzm 4.8 MPa experiments, 
1.1 g 14 kPa H2S to 20 wt% Ni 

SA12 CoMo/AI203 320°C Ni-EP Multiple batch 
75-88/zm 2.1-8.3 MPa experiments, 
1.0 g 14 kPa HzS to 60 wt% Ni 

ALl3 AI203 320°C Ni-EP Multiple batch 
(low levels 4.8 MPa experiments, 

of promoter) 5 kPa H2S to 25 wt% Ni 
75-88 ~m 
3.1g 

SA15 CoMo/AI203 320°C Ni-EP Single batch 
300-350 ~m 4.8 MPa experiment, 
1.0 g 14 kPa H2S to 10 wt% Ni 

SA17 CoMo/AI203 320°C VO-EP Multiple batch 
75-88 ~m 4.8 MPa experiments, 
1.0 g 14 kPa H2S to 25 wt% V 

SA18 CoMo/AI203 320°C Ni-EPH 2 --Single expt. 
75-88/~m 4.8 MPa Ni-EP --Single expt. 
0.1 g 14 kPa H2S to 100 wt% Ni 

SA19 CoMo/AI203 320°C VO-EP Single batch 
37-44 ~m 4.8 MPa experiment, 
1.1 g 14 kPa H2S to 4 wt% V 

Solvent for all experiments was Squalane. 

was found within this range, although higher 
H2S pressures did seem to enhance ob- 
served HDM rates. 

Prior to each kinetic experiment the reac- 
tor and preheater were pressurized with a 
10 mol% H2S/H 2 gas mixture and then pure 
hydrogen to pressures that would achieve 
the desired H2S partial pressure and hydro- 
gen total pressure at reaction temperature. 
Each experiment was initiated by the rapid 
injection from the preheater of a slurry of 
the feed model compound in approximately 
50 g of oil. The feed was heated to reaction 
temperature prior to addition. Tests showed 
that any porphyrin undissolved at the time 
of feed addition was rapidly dissolved in 
the reactor. No undissolved porphyrin was 
present by the time the first liquid samples 
were taken. 

Each experiment was monitored by anal- 
ysis of liquid samples of approximately 1 g 
(preceded by a 2 g purge of the sample line), 
taken periodically. At the conclusion of 

each experiment the reactor temperature 
was maintained at around 320°C, but the 
reactor was vented to atmospheric pressure 
and purged with the H2S/H 2 mixture to en- 
sure that no light reaction products were 
carried over to the next experiment. Gas 
samples were taken to monitor H2S levels. 
In general, 15-20% of the total volume of 
oil in the reactor was replaced with the feed 
for a subsequent experiment. Occasionally 
the oil was changed completely between ex- 
periments. With squalane as a solvent there 
was no difference in the observed rate con- 
stants if a fraction of the oil was retained 
from the previous experiment. 

Up to 20 batch experiments were per- 
formed with a given catalyst, to allow the 
monitoring of catalyst activity as metal ac- 
cumulated. At the conclusion of a series of 
experiments the catalyst was allowed to set- 
tle. The reactor was disassembled and the 
catalyst transferred in the autoclave glass 
liner, under cover of oil, to an Argon glove 
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box. The catalyst was filtered from the oil, 
rinsed repeatedly with xylene (Fisher Scien- 
tific), and dried in a self-sealing quartz cruci- 
ble (Fisher Scientific) prior to analysis. The 
catalyst was heated overnight in a vacuum 
oven prior to pore-size distribution, surface 
area, and elemental analysis. 

HDM experiments carried out with no 
catalyst in the reactor confirmed that the 
thermal reaction rate is very slow relative 
to the catalytic rate. Experiments carded 
out with catalyst to oil weight ratios varied 
over an order of magnitude showed no sensi- 
tivity to this parameter, provided it was 
properly accounted for in the reaction rate 
constants. 

The second reactor-system was only 
used for the relatively slow low-promoter 
alumina-carder experiments. This reactor 
did not have a preheater so feed was added 
at low temperature (60-70°C) with the reac- 
tor open to the atmosphere. The reactor was 
purged with helium, hydrogen, and a 10 
mol% H2S/H2 mixture (100 cc/min, each for 
30 min) before pressurization to the desired 
H2S partial pressure and total H2 pressure. 
It was then heated to reaction temperature 
as rapidly as possible. Generally a 3-h heat- 
up period was necessary before isothermal 
data could be taken. Because the alumina- 
carrier experiments were relatively slow (of 
minimum duration 25 h), this initial tempera- 
ture transient was not significant. 

2.4. Analysis 

Liquid samples were diluted by xylene 
(Fisher Scientific) and routinely analyzed 
by ultraviolet visible spectrophotometry 
(Bausch and Lomb Spectronic 2000). Cali- 
bration factors for the porphyrinic species 
were 0.478 Abs/ppm Ni for Ni-EP (552 nm), 
0.72 Abs/ppm Ni for Ni-EPH 2 (616 nm), 0.56 
Abs/ppm V for VO-EP (570.5 nm), and 0.61 
Abs/ppm V for VO-EPH2 (631 nm) (8, 11). 
In some exceptional cases it was necessary 
to use a nonlinear calibration curve, because 
samples had not been diluted sufficiently to 
be in the linear regime. Atomic absorption 

NI-EP NI-EPH2 

3 • Deposit 

FIG. 1. HDM reaction sequence for nickel etio- 
porphyrin. 

spectrophotometry (Perkin-Elmer 360) was 
used to determine total nickel and vanadium 
concentrations. 

Gas samples were collected in a 100-cc 
glass sample cylinder at the conclusion of 
each experiment. Gas samples of 0.1 ml 
were routinely analyzed for hydrogen sul- 
fide and ammonia concentrations using gas 
detector tubes (Kitagawa, Japan, H2S 1-150 
ppm, NH 3 5-260 ppm). 

Radial nickel and vanadium profiles in the 
catalyst particles were obtained using an 
electron microprobe (Cameca Microbeam). 
Catalyst particles were embedded in resin 
and ground down so that the particle cross 
section was exposed. The final surface pol- 
ishing was done with 0.3-/zm abrasive paper. 
In some cases electron microprobe analyses 
were made directly from resin-embedded 
catalyst particles that had been sectioned by 
ultramicrotoming during sample prepara- 
tion for transmission electron microscopy. 
This procedure and elemental compositions 
of the spent catalysts are reported in full in 
the following paper in this series (18). Metal 
analysis was by atomic absorption spectros- 
copy, and carbon analysis was by micro- 
combustion. 

2.5. Mathematical Modeling of Kinetics 
and Diffusion in Etioporphyrin HDM 

Hydrodemetallation kinetics for Ni-EP 
and VO-EP on unsulfided CoMo/AI203 were 
first reported by Agrawal and Wei (8) to 
proceed via a sequential mechanism. As 
shown in Fig. 1, a reversible hydrogenation 
of the porphyrin (Ni-EP) to form the etio- 
chlorin (Ni-EPH2) is followed by an irre- 
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versible hydrogenolysis that results in the 
fragmentation of the porphyrin ring and de- 
position of the metal on the catalyst. An 
identical mechanism was proposed for VO- 
EP. The matrix equations describing the 
etioporphyrin reaction scheme, and the ex- 
tension to the case of coupled reaction and 
diffusion have been presented previously (8, 
19). 

For batch experiments a contact time, ~, 
is defined 

W c 

~ = ~oilt, (1) 

where Won is the weight of oil in the reactor, 
and W c is the weight of catalyst. For batch 
experiments ~ is corrected for the changes 
in the weight of oil in the reactor as a conse- 
quence of sampling. The matrix rate equa- 
tion for the etioporphyrin reaction system 
can be written 

o r  

dC 
- I ~ C  

d? 

- k 2  kl ,2> 

where C I and C 2 are the concentrations of 
Ni-EP and Ni-EPH 2, respectively. The rate 
constants are expressed in units g oil/g cat 
h. Constant hydrogen concentration in the 
oil is assumed. The eigenvalues of the rate 
matrix, K, give the two characteristic "time 
constants" for reaction. A "fast"  eigen- 
v a l u e ,  ~tfast , describes the buildup in concen- 
tration of the reaction intermediate, and a 
"s low" eigenvalue, hslow, describes the de- 
cline in concentration of both species. 

~kfast = 

(k  1 + k 2 + k 3) + V ' ( k  1 + k 2 + k3) 2 - 4klk 3 
2 (3) 

~kslow = 

(k I + k 2 + k3) - ~ + k~ + k3) 2 - 4klk 3 
2 

(4) 

The solution to Eq. (2) for an initial condi- 
tion C -- Co is given by 

C _ .  

 [eXP o,lOw ' 0 ] ,~_ 1 C0, 
exp( - blast t ̂ ) 

(5) 

where Xis  the eigenvector matrix of the rate 
matrix, K. 

Equation (5) was used to evaluate intrin- 
sic kinetic parameters from experimental 
data using a nonlinear least-squares minimi- 
zation routine. The Nelder-Mead simplex 
algorithm was used for function minimiza- 
tion (20). Usually, the selectivity ratios k2/ 
k 1 and k3/k I w e r e  estimated independently, 
and the nonlinear least-squares algorithm 
was used to fit a single parameter, kl for 
each set of batch data. 

In the case of diffusion-limited HDM the 
theory of coupled multicomponent reaction 
and diffusion given by Wei (21) can be used 
to model the diffusion-disguised reaction ki- 
netics and to describe the concentration pro- 
files in the catalyst particles as a function of 
time. The solution of the coupled reaction 
and diffusion equations is of the same form 
as Eq. (5), but the apparent eigenvalues and 
rate constants are diffusion-disguised. 

The metal deposition profile in the cata- 
lyst particles can be calculated from the re- 
actant concentration profiles. The approach 
used for calculating metal deposition pro- 
files in particles from a packed bed reactor, 
for which the bulk concentrations at any 
given axial location are steady with time, 
has been given previously (8, 19). For metal 
deposition profiles generated in a batch re- 
actor, a quasi steady-state approximation is 
made to take account of the decline of bulk 
concentrations with time. The details of this 
approach are given by Smith (15). We as- 
sume the effective diffusivities for the etio- 
porphyrin and the etiochlorins to be equal, 
since the experimental data provide no basis 
for assuming otherwise. If the intrinsic rate 
constants are known, the effective diffusiv- 
ity is determined by fitting a calculated metal 
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deposition profile to the experimental 
profile. 

3. HDM OF Ni-EP IN SQUALANE 
OVER CoMo/AI203 

Three series of experiments were carried 
out to determine Ni-EP hydrodemetallation 
kinetics and to investigate catalyst deactiva- 
tion by monitoring the changes in observed 
kinetics as nickel-sulfide deposits accumu- 
lated on the CoMo/AI203 catalyst. In addi- 
tion, a single experiment was run under dif- 
fusion-limited conditions to evaluate the 
effective diffusivity of Ni-EP in the sulfided 
CoMo/A1203 catalyst. The standard condi- 
tions for all experiments were 320°C, 4.8 
MPa total pressure, and 14 kPa H2S. 

Reaction Kinetics 

As discussed above, the sequential reac- 
tion scheme for EP hydrodemetallation has 
three adjustable parameters (the rate con- 
stants for hydrogenation, dehydrogenation, 
and hydrogenolysis: kl, k2, and k3), but only 
two characteristic modes (blast and hslow). If 
experiments were run using only Ni-EP as 
a feed it would be difficult to distinguish 
between kinetic models based on very dif- 
ferent sets of the three rate constants. The 
best way to ensure an accurate kinetic 
model is to obtain an independent assess- 
ment of the reaction selectivities by running 
an experiment using the intermediate Ni- 
EPH2 as a feed. We used this approach. We 
also ran experiments at many different Ni- 
EP feed concentrations to investigate the 
effect of that variable. 

We ran three series of kinetic experiments 
(SA1 I, SA12, SA18) with catalyst particles 
in the size range 75-88/zm (170-200 ASTM 
mesh). Nickel loadings achieved in these 
series were 20 wt% Ni, 60 wt% Ni, and 100 
wt% Ni, respectively. The catalyst charge 
was approximately 1 g for series SA11 and 
SA12, and 100 mg for series SA18. Series 
SA11 and SA12 consisted of multiple batch 
experiments, which were run sequentially 
at starting concentrations that varied over 

; [  

60 
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30 

20 

10 SAl1-12 
• Ni-EP 

NI-EPH2 wo: 

0.5 1 1.5 2 

Time, Hr 

FIG. 2. Typical concentration versus time results for 
a single hydrodemetallation experiment with Ni-etio- 
porphyrin at 320°C, 4.8 MPa H2, on the CoMo/AI203 
catalyst. Solid lines represent model calculations. 

an order of magnitude, from 20 ppm Ni to 
300 ppm Ni, adding nickel to the catalyst in 
increments of about 0.5 to 5 wt% Ni. Series 
SA18 consisted of a single kinetic experi- 
ment followed by a deactivation experiment 
in which the catalyst was loaded from 8 to 
100 wt% Ni. 

Figure 2 shows the variation in reactor 
concentrations as a function of time for a 
typical experiment using Ni-EP as a feed. 
Initially there was a buildup of Ni-EPH 2, 
followed by a decline in concentration of 
both the Ni-EP and Ni-EPH2 species. 
Atomic absorption analysis of total nickel 
levels in the oil confirmed that the two por- 
phyrins accounted for all the nickel-con- 
taining species present. 

Figure 3 shows concentrations as a func- 
tion of time for an experiment using pure 
Ni-EPH2 as a feed. In the time taken to get 
the reactor to stable conditions there was a 
rapid increase in the concentration of Ni- 
EP, as it was formed from Ni-EPH2. This 
observation suggests that the rate of the de- 
hydrogenation reaction (k2) was significant 
relative to the hydrogenation reaction (k 0. 
A pool of Ni-EP accumulated, which sug- 
gests that hydrogenation of Ni-EP to Ni- 
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Fie. 3. Concentration versus time results for a single 
hydrodemetallation experiment with Ni-etiochlorin at 
320°C, 4.8 MPa H2, on the CoMo/A1203 catalyst. Solid 
lines represent model calculations. 

EPH2 (k]) was slower than the hydrogeno- 
lysis of Ni-EPH2 (k3). At long times the de- 
cline in concentration of both Ni-EP and Ni- 
EPH2 resembled the case in which Ni-EP 
was the feed. 

We found the best-fit reaction selectivities 
for Ni-EP HDM by jointly minimizing over 
data from the Ni-EP and Ni-EPH2 feed ex- 
periments. They were k2/k] = 2.0 and 
ka/k I = 4.7. Thus the hydrogenation of Ni- 
EP (k~) is the rate-limiting step in the overall 
demetallation scheme, and the hydrogeno- 
lysis of Ni-EPH2 (k 3) is the most rapid step. 
The solid line model results in both Fig. 
2 and Fig. 3 were calculated using these 
selectivities. 

A total of 21 sets of data were available 
from the experiments run on catalysts SA11 
and SA12. We found a consistent fit to the 
data with the set of rate constants based 
on k2/kl = 2.0 and k3/kl = 4.7. Thus we 
concluded that there was no change in the 
selectivity of the CoMo/AI203 catalyst with 
the accumulation of nickel-sulfide deposits. 
Consequently a single parameter, kl, is used 
to characterize each experiment. 

Analysis of the effect of initial concentra- 
tion on the Ni-EP hydrogenation rate con- 

stant k 1 is summarized in Fig. 4. For a simple 
first-order reaction network we would ex- 
pect the calculated rate constants to be inde- 
pendent of feed concentration. However,  
varying feed concentration over an order 
of magnitude from 20 to 300 ppm Ni, we 
observe an inverse dependence of rate con- 
stant k~ on feed concentration. Similar ob- 
servations have been made previously by 
Agrawal (22), who used the etioporphyrins 
and an unsulfided catalyst. An explanation 
is provided by a Langmuir-Hinshelwood 
analysis of the adsorption/reaction process, 
assuming surface reaction to be rate control- 
ling and no change in the number of active 
sites during the course of reaction. The con- 
clusion from this analysis is that adsorption 
of Ni-EP, Ni-EPH2, and hydrogenolysis 
products (shown by Ware and Wei (11) to 
be porphyrin ring fragments) is significant, 
and the adsorption constants for all species 
are similar. Letting kl~ be the surface reac- 
tion rate constant, S O the total number of 
active sites, and M0 the initial porphyrin 
concentration (Ni-EP + Ni-EPH2), the ki- 
netic expression for the hydrogenation reac- 
tion step is 
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FIG. 4. Hydrogenation rate constant, kl, shows an 
inverse dependence on feed concentration, at 320°C, 
4.8 MPa H2. 
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Throughout this paper, all Ni-EP HDM rate 
constants are corrected for this dependence 
on feed concentration, and reported at a 
standard value of 100 ppm Ni. 

Temperature-dependence experiments 
for Ni-EP hydrodemetallation are detailed 
in Smith (15). The Arrhenius activation en- 
ergies for the hydrogenation (kl), dehydro- 
genation (k2), and hydrogenolysis (k3) steps 
were all in the range 20-22 kcal/mole. These 
are comparable with the values reported by 
Ware and Wei (11) for the hydrodemetalla- 
tion of Ni-EP on an unsulfided CoMo/AI203 
catalyst, except that they report a higher 
activation energy (28.7 kcal/mol) for hydro- 
genolysis (k3). 

Catalyst Deactioation 

A compilation of the rate constants from 
all the Ni-EP in squalane HDM experiments 
run at standard conditions on the CoMo/ 
A1203 catalyst is given in Fig. 5. The nickel 
loadings on the catalyst are reported as wt% 

Ni on a fresh catalyst basis. Nickel loadings 
are calculated by mass balance for each ex- 
periment. The results of elemental analyses 
of catalyst particles removed from the reac- 
tor at the conclusion of each experimental 
run are given in Table 1 of the following 
paper (18). Nickel analysis results confirm 
the mass balance calculations. Carbon lev- 
els are relatively low (about 5 wt% for cata- 
lysts aged with a model-compound feed 
based on squalane) on all catalyst samples. 
There is evidence that the carbon builds up 
rapidly, in a time scale shorter than that for 
nickel accumulation (18). Thus the accumu- 
lation of carbonaceous deposits is not 
thought to be significant in the results dis- 
cussed here. 

The scatter in the rate constants in Fig. 5 
reflects the difficulties associated with run- 
ning multiple batch experiments on a single 
charge of catalyst. Nevertheless, the slope 
of a line regressed through the data does not 
differ significantly from zero, at the 95% 
confidence interval. This means that cata- 
lyst HDM activity remains constant in the 
presence of up to 60 wt% Ni on the catalyst, 
a remarkable result. We describe the data 
with the mean value for kl, which is 350 g 
oil/g cat h at a feed concentration of 100 ppm 
Ni. 

Based on the density of the fresh catalyst 
(1.49 g/ml), the density of nickel sulfide (5.82 
g/ml for Ni3S 2, see (18) for assignment of 
this phase), and the catalyst void fraction 
(0.64), a simple calculation shows that at a 
metal loading of 60 wt% Ni, a total of 32% 
of the internal volume of the catalyst is filled 
with Ni3S 2 deposits. Our finding that cata- 
lyst activity is unimpaired is thus quite 
striking. 

To investigate catalyst deactivation at 
even higher deposited nickel loadings a sin- 
gle batch experiment, SA18-02, was run to 
take a charge of 100 mg of catalyst from 8 
wt% Ni to 100 wt% Ni. The results of this 
experiment are shown in Fig. 6. The SA18- 
02 data resemble the data in Fig. 2 for run 
SAll-12 except that the rate of concentra- 
tion decline is approximately 60 times 
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FIG. 6. Concentration versus time results for a single 
hydrodemetallation experiment with Ni-etioporphyrin 
at 320°C, 4.8 MPa H 2, on the CoMo/A1203 catalyst. 
Nickel loading on the catalyst increased from 8 wt% 
Ni to 100 wt% Ni during the experiment. Solid lines 
represent model calculations. 

higher. This reflects the fact that the initial 
Ni-EP concentration is about 6 times higher 
for experiment SA18-02, and the catalyst to 
oil ratio is about 10 times lower. The solid 
curves in Fig. 6 are the best-fit model results 
assuming the same selectivities (k2/kl = 2.0 
and k3/k~ = 4.7). The describing rate con- 
stant k~, at a feed concentration of 100 ppm, 
is 350 g oil/g cat h, the same as the mean 
value of the data in Fig. 5. The model based 
on these rate constants fits the experimental 
data well to deposited nickel loadings higher 
than 80 wt% Ni. Thus there is strong evi- 
dence that catalyst activity is maintained 
constant even in the presence of high nickel 
loadings. 

Effective Diffusivity 
In order to estimate the magnitude of the 

effective diffusivity for Ni-EP a single batch 
experiment, number SA15, was run with 
larger catalyst particles in the size range 
300-350 /xm (45-50 ASTM mesh). The 
nickel deposition profile across a typical cat- 
alyst particle from this experiment is shown 
in Fig. 7. The data points are electron micro- 

probe measurements, and the solid line rep- 
resents calculations made using the model 
of coupled multicomponent reaction and dif- 
fusion. The value of effective diffusivity, 
Deff, used in fitting the deposition profile in 
Fig. 7 was 1 × 10 -6  cm2/s .  This is the same 
value found by Agrawal and Wei (8) for the 
diffusion of Ni-EP and Ni-EPHz in unsul- 
tided CoMo/AI203. The Thiele modulus, 
based on the eigenvalue hslow, which charac- 
terizes the reaction rate, is 2.8. From this 
we calculate an effectiveness factor, ~q, of 
0.70. These calculations, which assume 
spherical particle geometry, are summa- 
rized in Table 4. We note that because these 
calculations are based on hslow, which re- 
flects the observed rate of decline in nickel 
porphyrin concentration, they are indepen- 
dent of the details of our kinetic model. 

This value for the effective diffusivity is 
compatible with our conclusion that the size 
of the catalyst particles used in the Ni-EP 
experiments discussed previously, series 
SAIl ,  SA12, and SA18, was sufficiently 
small to ensure kinetic control and the ab- 
sence of diffusional limitations. Electron mi- 
croprobe analyses of sectioned catalyst par- 
ticles from series SA12 and SA18, at nickel 
loadings of 70 wt% Ni and 100 wt% Ni, 
respectively, showed fiat radial nickel depo- 
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FIG. 7. Nickel deposition profile in 300-/zm CoMo/ 
A1203 catalyst particle. Solid line represents reaction 
and diffusion model calculations. 
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TABLE 4 

Thiele Modulus and Effectiveness Factor for Diffusion-Limited HDM Series 

Experimental Reactant Catalyst R k~ow D~ff Thiele 
series (p.m) (g oil/g cat h) (cm2/s) modulus ~ 

4, 

Effectiveness 
factor 

7/ 

SAI2 Ni-EP HDSI6A 40 138 1 × 10 -6 1.1 
ALl3 Ni-EP HDS3 40 14 1 × 10 -6 0.34 

Substrate 
SAI5 Ni-EP HDS16A 150 66 1 × 10 -6 2.8 
SA17 VO-EP HDSI6A 40 40 3 × 10 -8 3.3 
SA18 Ni-EP HDSI6A 40 82 1 × 10  - 6  0.83 
SA19 VO-EP HDS16A 20 40 3 × 10 -s 1.7 

0.93 
0.99 

0.70 
0.63 
0.96 
0.85 

Assuming Peat ---- 1.49 g/mi, Poa = 0.8 g/ml, spherical particle geometry. 

sition profiles in both cases. The effective- 
ness factors calculated for these experimen- 
tal series were 0.93 and 0.96, respectively. 
These calculations are also summarized in 
Table 4. 

4. HDM OF VO-EP IN SQUALANE 
OVER CoMo/A1203 

A single experiment (SA19) was carried 
out to determine VO-EP hydrodemetalla- 
tion kinetics. An additional series of experi- 
ments (SA17) was carried out to examine 
the effective diffusivity of VO-EP and the 
changes in observed kinetics as vanadium- 
sulfide deposits accumulated on the CoMo/ 
Al203 catalyst. The standard conditions for 
all experiments were 320°C, 4.8 MPa total 
pressure, and 14 kPa HES, the same standard 
conditions as the Ni-EP series. Initial con- 
centrations were all in the range 90-105 ppm 
V, so these experiments did not probe the 
question of whether VO-EP HDM rate con- 
stants show a concentration dependence, as 
was shown to be the case for Ni-EP. 

Reaction Kinetics 

The hydrodemetallation of VO-EP pro- 
ceeds by the same sequential mechanism as 
for Ni-EP, as was first reported by Agrawal 
and Wei (8). The single batch experiment 
(SA19), which we used to evaluate intrinsic 
kinetic parameters for the HDM of VO-EP, 
used approximately 1 g of catalyst and 

loaded it to approximately 4 wt% V. The 
catalyst particles were in the size range 
37-44 /.Lm (325-400 ASTM mesh), small 
enough to ensure minimal diffusion limita- 
tions. Electron microprobe analysis of sec- 
tioned catalyst particles from the run 
showed uniform radial vanadium deposition 
profiles, confirming that this exp, eriment 
was carried out in the kinetic regime. 

Figure 8 shows the variation in reactor 
concentrations as a function of time for the 
VO-EP kinetic experiment. As in the case 
of Ni-EP HDM, an initial buildup of the 
EPH 2 species was followed by a decline in 
concentration of both the EP and EPH 2 spe- 
cies. Comparison of Fig. 8 with Fig. 2 con- 
firms that the overall reaction schemes were 
similar, but shows that the overall rate of 
VO-EP HDM was significantly slower than 
for Ni-EP. In addition, the selectivities were 
somewhat different for VO-EP than for Ni- 
EP. VO-EPH 2 built up to a concentration 
relative to VO-EP higher than that in the Ni- 
EP case, suggesting that the rates of VO- 
EPH2 removal by dehydrogenation (k2) and 
hydrogenolysis (/<3) were slower relative to 
the rate of VO-EPH2 formation from VO- 
EP by hydrogenation (k 0. 

The best-fit set of rate constants for SA19- 
01 was used to generate the solid line model 
results in Fig. 8. The ratio of the dehydroge- 
nation rate constant to the hydrogenation 
rate constant (k2/kO was found to be 1.4. The 
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ratio of the hydrogenolysis rate constant to 
the hydrogenation rate constant (k3/k ]) was 
also 1.4. There is some uncertainty in these 
selectivities since they were estimated from 
a single set of data. It is clear, however, that 
hydrogenation of VO-EP is the rate-limiting 
step, and that both k2/k I and k3/kl are lower 
than in the case of Ni-EP HDM (2.0 and 4.7, 
respectively). The overall rate of hydrode- 
metallation of VO-EP is, somewhat surpris- 
ingly, slower than the HDM rate for Ni-EP. 
The value of the slow eigenvalue, hs~ow, is 
40 g oil]g cat hr for VO-EP HDM, compared 
with a value of 230 g oil/g cat h for Ni-EP 
HDM at the same feed concentrations. 

Catalyst Deactivation and Effective 
Diffusivity 

The series of batch experiments, SA17, 
designed to examine effective diffusivity 
and catalyst deactivation was carried out 
with approximately 1 g of catalyst in the 
particle size range was 75-88/zm (170-200 
ASTM mesh). The total vanadium loading 
on the catalyst at the end of the series of 
experiments was 25 wt% V. Because of the 
greater density of nickel sulfide, this is 
equivalent to 45 wt% nickel on the basis of 
equal volume of deposits. 
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FIG. 8. Typical concentration versus time results for 
a single hydrodemetallation experiment with VO-etio- 
porphyrin at 320°C, 4.8 MPa H2, on the CoMo/AI203 
catalyst. Solid lines represent model calculations. 
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FIG. 9. Apparent hydrogenation rate constant for 
VO-EP hydrodemetallation, kl, versus cumulative va- 
nadium loading on the CoMo/A1203 catalyst. Condi- 
tions: 90-105 ppm V feed, 320°C, 4.8 MPa H 2. 

The VO-EP HDM kinetics for each of the 
experiments in series SA17 were modeled 
assuming that the intrinsic selectivities kz/k 1 
and k3/k 1 were both 1.4, the values found in 
the intrinsic kinetic experiment SA19. Fig- 
ure 9 shows the fitted rate constants plotted 
versus cumulative vanadium loading on the 
catalyst. (We plot the fitted rate constant 
as (kl)app because analysis of the vanadium 
deposition profiles in catalyst particles from 
SA17 confirmed that these experiments 
were run in the diffusion-limited regime.) 
The data in Fig. 9 show a decline in apparent 
catalyst HDM activity as vanadium-sulfide 
deposits accumulate. This decline is statisti- 
cally significant at the 95% confidence inter- 
val. At a deposited vanadium loading of 25 
wt% V, the value for (kl)app is 30% lower 
than that found with the fresh catalyst. Pos- 
sible interpretations of this result are: (1) 
that the effective diffusivity is constant 
throughout the series of experiments and a 
lower activity of the deposited vanadium 
sulfide relative to the fresh catalyst is caus- 
ing a decline in observed catalyst activity, or 
(2) that the intrinsic activity of the catalyst 
is maintained as vanadium-sulfide deposits 
accumulate, and that instead deactivation 
can be attributed to a decline in effective 
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FIG. 10. Vanadium deposition profile in 80-/~m 
CoMo/Al203 catalyst particle. Solid line represents re- 
action and diffusion model calculations. 

diffusivity. These experiments do not pro- 
vide a basis for distinguishing between these 
possibilities, and this question warrants fur- 
ther investigation. 

Figure 10 shows the profile of vanadium 
deposition in a typical catalyst particle from 
run SA17 as determined by electron micro- 
probe analysis. It is clearly not fiat, con- 
firming that the VO-EP HDM reactions 
were diffusion-limited. The solid curve in 
Fig. 10 is the vanadium deposition profile 
predicted by the theory of coupled multi- 
component reaction and diffusion. The 
value of Def f for VO-EP and VO-EPH2 that 
fits the measured end-of-series vanadium 
deposition profile is 3 x 10 -8 cm2/s. The 
Thiele modulus calculation for SAI7 is sum- 
marized in Table 4. The calculated Thiele 
modulus is 3.3 and the effectiveness factor 
is 0.63. 

The value of the effective diffusivity, 3 × 
10 -8 cm2/s, is significantly lower than the 
value on the order of 1 × 10 -6 cm2/s found 
by Agrawal and Wei (8) for VO-EP in unsul- 
tided CoMo/AI203. A possible explanation 
for this result comes from the interaction 
between the vanadyl group and the sulfided 
catalyst. This explanation is discussed fur- 
ther in Section 6. 

5. HDM OF Ni-EP IN SQUALANE OVER A 
LOW-PROMOTER ALUMINA CARRIER 

We carried out a series of experiments 
(SA 13) with a low-promoter alumina carrier 
to investigate Ni-EP hydrodemetallation 
kinetics and the effect of accumulated 
nickel-sulfide deposits. The alumina carrier 
actually contained small quantities of mo- 
lybdenum, cobalt, nickel, and phosphorous. 
Its properties are summarized in Table 2. 
Reactor conditions for the HDM experi- 
ments were the same as those used in previ- 
ous experiments, 320°C and 4.8 MPa total 
pressure, but the hydrogen sulfide partial 
pressure was somewhat lower at 1-7 kPa 
(0.02-0.15 vol%). The alumina carrier was 
presulfided in the reactor, according to the 
standard procedure used for the CoMo/ 
AIzO 3 catalyst. The particles were in the size 
range 75-88 /~m (170-200 ASTM mesh). 
Electron microprobe analysis confirmed 
that the nickel deposition profile was flat, 
meaning that the kinetic experiments were 
carried out in the absence of diffusion limita- 
tions. Table 4 summarizes Thiele modulus 
calculations that support this finding, as- 
suming the same effective diffusivity for Ni- 
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FIG. 11. Typical concentration versus time results 
for a single hydrodemetallation experiment with Ni- 
etioporphyrin at 320°C, 4.8 MPa H2, on the low-pro- 
moter alumina carder. Solid lines represent model cal- 
culations. 
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EP and Ni-EPH 2 in this catalyst as in the 
CoMo/A1203 catalyst. 

Reaction Kinetics 

Figure 11 shows the variation in reactor 
concentrations as a function of time for a 
typical experiment. It is very similar to Fig. 
2, which was carried out over the CoMo/ 
Al203 catalyst, except that the time scale is 
much longer. This suggests that the HDM 
reaction selectivities over the two catalysts 
were similar but that the activity of the alu- 
mina carrier was much lower. The solid lines 
in Fig. I 1 are model calculations, assuming 
the same selectivities as for the CoMo/AI203 
catalyst (k2/k ] = 2.0 and k3/k ] = 4.7). 

Catalyst Deactivation 

Seven consecutive experiments were run 
on the alumina carrier. Figure 12 shows the 
hydrogenation rate constant, kl, for each 
experiment plotted versus cumulative 
nickel loading. The slope of a line regressed 
through the data does not differ significantly 
from zero, at the 95% confidence interval. 
This means that the HDM activity of the 
alumina carrier remained constant in the 

40 

J:  
.J 

"6 
¢D 

J¢ 

3O 

20 

10 

I 

• A L l 3  

0 I I I I L 
0 5 10 15 20  25  30  

Cumulative Nickel Loading, Wt % NI 

FIG. 12. Hydrogenation rate constant for Ni-EP hy- 
drodemetallation, kl, versus cumulative nickel loading 
on the low-promoter alumina carrier. Rate constant 
adjusted to initial Ni-EP concentration of 100 ppm Ni. 
Conditions: 100 ppm Ni feed, 320°C, 4.8 MPa H2. 

TABLE 5 

Comparison of the Low-Promoter Alumina Carrier 
and the CoMo/AI203 Catalyst 

Value in the alumina carrier 
relative to the CoMo/AI203 

catalyst 

Promoters 
Molybdenum 2% 
Total promoter (Ni + Co + Mo) 7% 
Phosphorous 4% 
Ni-EP Hydrogenation rate 7% 

constant (k 1) 

presence of up to 25 wt% Ni. We describe 
the data with the mean value for kl, which 
is 26 g oil/g cat h at a feed concentration of 
100 ppm Ni. 

Comparison of  the Low-Promoter 
Alumina Carrier and the CoMo/Al203 
Catalyst 

The two catalysts tested for Ni-EP HDM 
are similar in that both showed constant ac- 
tivity and selectivity as deposited nickel lev- 
els were increased. Neither catalyst showed 
a loss or increase in activity. The selectivities 
of the two catalysts for hydrogenation, dehy- 
drogenation, and hydrogenolysis were the 
same. However, the activity of the alumina 
carrier was about 7% of that of the CoMo/ 
A I 2 0  3 catalyst, on an equivalent surface area 
basis. As shown in Table 5, this result 
matches the lower-promoter levels of the alu- 
mina carrier. The significance of these results 
is discussed further in Section 6. 

6. DISCUSSION 

6.1. Etioporphyrin Reactiuities and 
Diffusivities 

We found both the reactivity and the dif- 
fusivity of VO-EP to be significantly lower 
than those of Ni-EP. The value of the intrin- 
sic hydrogenation rate constant, kl, for VO- 
EP was lower than the value for Ni-EP by a 
factor of about 5. The value of the apparent 
effective diffusivity for VO-EP was lower 
than the value for Ni-EP by a factor of 30. 

Although it is generally accepted that 



16 SMITH AND WEI 

when both species are present, vanadyl 
compounds are more reactive than nickel 
compounds under hydrodemetallation con- 
ditions, our result that the single species 
VO-EP reactivity is lower than that of single 
species Ni-EP has precedent. Hung and Wei 
(7), working with the unsulfided CoMo/ 
A1203 catalyst, found the HDM rate of VO- 
EP to be lower than that of Ni-EP at temper- 
atures below 320°C. Model compound stud- 
ies by Rankel (23) also showed a tempera- 
ture dependence of relative V and Ni HDM 
rates. 

Our results showed that, for both Ni-EP 
and VO-EP, the overall rate of hydrodemet- 
allation was significantly faster on the sul- 
tided CoMo/AI203 catalyst than on the un- 
sulfided catalyst. This result is in keeping 
with results reported by Ware and Wei (11) 
for another porphyrin, Ni-T3MPP. For Ni- 
EP, we found the rate-limiting hydrogena- 
tion step (kl) was increased by a factor of 
8 on the sulfided catalyst. In addition the 
reaction selectivity was shifted in favor of 
hydrogenolysis, with a 30-fold increase in 
the metal deposition step (k3). For VO-EP, 
we found the rate-limiting hydrogenation 
step (k0 was increased by a factor of 5 on 
the sultided catalyst. The reaction selectiv- 
ity was not affected significantly. 

The value for the effective diffusivity of 
Ni-EP in the sulfided catalyst, 1 × 10 -6 
cm2/s, is consistent with the value found 
previously for the unsulfided catalyst (8). 
However, the apparent diffusivity of VO- 
EP, 3 x 10 -8 cm2/s, is lower by a factor 
of 30 than that observed on the unsulfided 
catalyst. A low effective diffusivity for va- 
nadyl porphyrins in the sulfided catalyst has 
been observed previously by West (24) who 
used a reaction system similar to the one 
used in this work, and calculated an appar- 
ent effective diffusivity for VO-TPP of 2 × 
10 -7  cm2/s from vanadium deposition pro- 
tiles. Since the molecular size of the nickel 
and vanadyl porphyrins is essentially the 
same, we must look to interaction effects to 
explain the difference in diffusivities. One 
possibility is that the high electron density 

associated with the vanadyl ligand encour- 
ages interactions between the porphyrin and 
oil components or impurities, increasing the 
effective molecular size. However, this hy- 
pothesis is inconsistent with previous re- 
sults, since no reduction in VO-EP effective 
diffusivity relative to Ni-EP was observed in 
the unsulfided catalyst system (8). Another 
possible hypothesis, more consistent with 
the experimental evidence, is that VO-EP 
adsorbs on the surface of the sulfide CoMo/ 
A1203 catalyst, reducing the apparent effec- 
tive diffusivity. 

Weisz (25) has developed a general ap- 
proach for interpreting the apparent diffu- 
sivities from diffusion-controlled adsorption 
processes. He shows that the relationship 
between the apparent diffusivity, Dapp, and 
the true diffusivity, D, is derivable within 
about -+30% even for the extreme cases of 
a "weak"  linear isotherm and a "strong" 
irreversible sorption. The applied correc- 
tion is cf/co, which is the ratio of the total 
final concentration adsorbed on the solid 
volume, cf, when equilibrated to the exter- 
nal driving concentration, c o . The result 
given by Weisz is 

T Of_ 
Dapp = "/~-eff ~oo ]-)' (8) 

where z is a tortuosity factor, ~beff is the frac- 
tional volume in which diffusion occurs, and 
3J has a value between 3' = 1.0 and y = 1.6, 
depending on the nature of the adsorption 
isotherm. Weisz and Zollinger (26) used Eq. 
(8) to show that adsorption effects ac- 
counted for the experimental observation 
that the apparent diffusivities of dye mole- 
cules in a transient sorption-diffusion sys- 
tem were up to two orders of magnitude 
lower than the expected values for diffusion 
in the solvent. 

The approach taken by Weisz provides 
a basis for interpreting the apparently low 
diffusivity for VO-EP in the sulfided CoMo/ 
A1203 catalyst. The ratio cf/Co would have to 
be at least 30 at reaction conditions to ex- 
plain the low apparent diffusivity. This ratio 
implies high coverage of the adsorbed VO- 
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EP on the catalyst surface. In contrast the 
Ni-EP diffusivity results suggest a lower 
equilibrium adsorption coverage by this por- 
phyrin. To be consistent with these results, 
we would expect the VO-EP HDM reaction 
rate constants to display concentration de- 
pendence in the same manner as has been 
observed for Ni-EP. Morales and co-work- 
ers (27, 28) have examined the interaction of 
vanadyl porphyrins extracted from Boscan 
crude with CoMo/AI203 catalysts. They find 
evidence for strong adsorption on sulfided 
and reduced catalysts where adsorption re- 
sults from electron donation from the sur- 
face, and weaker interaction on oxide cata- 
lysts. Galiasso and Morales (29), however, 
report reduced adsorption of vanadyl por- 
phyrins at elevated temperatures. 

6.2. Catalyst Deactivation 

Both the sulfided CoMo/AIzO3 catalyst 
and the low-promoter alumina carrier nei- 
ther deactivated nor acquired catalytic ac- 
tivity as nickel-sulfide deposits accumu- 
lated. In fact, catalyst activity levels 
proportional to the original promoter load- 
ings were maintained in the presence of rela- 
tively high deposit loadings on the two very 
different catalysts. These results are incon- 
sistent with a uniform nickel-sulfide deposi- 
tion model, in which deposits are built up in 
a layer-by-layer manner, masking the fresh 
catalyst surface after the deposition of just 
one monolayer. (This assumption has been 
made frequently in modeling the deactiva- 
tion of hydroprocessing catalysts (30-32).) 
Rather, they are consistent with a mode of 
nickel-sulfide deposition by which the active 
components of the catalyst can continue to 
make a significant contribution to HDM ac- 
tivity, even in the presence of high levels 
of deposited nickel sulfides. A number of 
hypotheses by which the cobalt-molybde- 
num active sites on the fresh catalyst are 
continuously regenerated or remain uncov- 
ered have been proposed. Possible mecha- 
nisms include migration of the deposited 
metal sulfides to the free alumina support 
(4), migration of the C o - M o - S  to the top 

of the deposited layer (33), or the spatially 
nonuniform deposition of the metal sulfides 
(34, 35). The catalyst characterization stud- 
ies presented in the following paper (18) ad- 
dress the question of the morphology and 
dispersion of the metal-sulfide deposits 
further. 

Studies with petroleum feeds have sug- 
gested that aluminas acquire catalytic activ- 
ity for removing metals from a residual feed- 
stock when exposed to the feedstock under 
hydroprocessing conditions (2, 6, 36). Ta- 
keuchi et al. (6) report that the HDM activity 
of a bare carrier increases 10-fold with the 
deposition of 15 wt% vanadium, to become 
comparable to that of a CoMo/AI203 or 
NiMo/A1203 catalyst. In contrast, our re- 
suits show no change in the activity of the 
alumina carrier with the deposition of 25 
wt% nickel. (Although Takeuchi et al. re- 
port the metal loading on the catalyst in wt% 
vanadium, the study was conducted with a 
heavy petroleum oil which presumably con- 
tained nickel as well as vanadium.) One dif- 
ference between the industrial results, 
which show activation of alumina carriers 
with metal deposition, and our model com- 
pound studies, is that no vanadium was 
present in our alumina carrier studies. Vana- 
dium sulfides, or mixed nickel and vanadium 
sulfides, whose HDM catalytic activity have 
not been examined in the model compound 
studies, may be responsible for the indus- 
trial results. 

Previously we have reported HDM cata- 
lyst deactivation experiments using the 
same CoMo/A1203 catalyst used for the 
studies reported here, with nickel etio- 
porphyrin as reactant, and Kaydol, a com- 
mercial mineral oil, as solvent (34). These 
experiments showed apparent deactivation 
of the catalyst as nickel-sulfide deposits ac- 
cumulated on the catalyst, in contrast to the 
experiments using squalane reported here in 
which no deactivation is observed. Further 
experimental work to investigate this dis- 
crepancy is reported by Smith (15). The con- 
clusion of these studies is that the apparent 
deactivation in the Kaydol experiments is 
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due to some effect other than the accumula- 
tion of metal deposits on the catalyst. We 
hypothesize that the accumulation in the 
batch reactor of Kaydol reaction products, 
possibly polynuclear aromatic hydrocar- 
bons, which adsorb competitively with the 
Ni-EP and Ni-EPH 2, were the cause of the 
apparent deactivation. 

Neither the nickel nor the vanadium cata- 
lyst aging experiments show an initial deac- 
tivation period. However, our experimental 
approach was not sensitive to very rapid 
initial deactivation effects, so our results do 
not address the possibility of rapid site poi- 
soning by deposited metal sulfide at loadings 
less than I wt% metal. In addition, our re- 
sults do not address the questions of coking 
or competitive adsorption effects. Since the 
level of carbonaceous deposits accumulated 
on the catalysts in our experiments is rela- 
tively low, about 5 wt%, we used a clean 
model-compound reactant system. Further 
work is warranted to examine these ques- 
tions. 

7. CONCLUSIONS 

(1) At conditions of temperature in the 
range 280-350°C and at a total pressure of 
4.8 MPa, the hydrodemetallation of Ni-EP 
and VO-EP proceeded by the same consecu- 
tive mechanism on a sulfided CoMo/AI203 
catalyst as had been observed previously 
for an unsulfided CoMo/A1203 catalyst (8). 
Reaction occurred via a reversible hydroge- 
nation step to a stable etiochlorin intermedi- 
ate, and then via a faster metal deposition 
step. The individual steps in the Ni-EP hy- 
drodemetallation sequence had temperature 
dependencies similar to those reported by 
Agrawal and Wei (8) for the unsulfided cat- 
alyst. 

(2) Nickel etioporphyrin in squalane hy- 
drodemetallation studies carried out in a 
batch reactor at 320°C, 4.8 MPa hydrogen, 
14 kPa hydrogen sulfide showed that, con- 
trary to expectations, sulfided CoMo/AIzO 3 
catalysts operating in the kinetic regime did 
not deactivate significantly as they accumu- 

lated nickel-sulfide deposits to levels as high 
as 100 wt% Ni, the equivalent of more than 
three monolayers. 

(3) Equivalent Ni-EP HDM studies car- 
ded out with a low-promoter alumina car- 
rier showed that the carrier had a low 
level of catalytic activity, about 7% of the 
activity of the CoMo/AI203 catalyst on an 
equivalent surface area basis. This level of 
HDM activity is approximately propor- 
tional to (Co,Ni)MoS2 and P promoter 
loadings. 

(4) Both the sulfided CoMo/AI203 cata- 
lyst and the low-promoter alumina carrier 
neither deactivated nor acquired catalytic 
activity as nickel-sulfide deposits accumu- 
lated. The relative activity for the two 
catalysts matched the relative promoter 
loadings. These observations are consistent 
with a mode of nickel-sulfide deposition by 
which the active components of the cata- 
lyst continued to make a significant contri- 
bution to HDM activity, even in the pres- 
ence of high levels of deposited nickel 
sulfides. They are inconsistent with the 
model of a rapid initial deactivation of 
the catalyst due to site poisoning by the 
deposited nickel sulfide. 

(5) Vanadyl etioporphyrin in squalane 
HDM studies carried out at the same condi- 
tions of temperature and pressure as the Ni- 
EP HDM studies, on equivalently sized 
CoMo/AI203 catalyst particles, were diffu- 
sion-limited. Examination of the reaction 
and diffusion parameters showed that the 
controlling parameter for this effect is the 
very low effective diffusivity of VO-EP. The 
observed deactivation of the catalyst as va- 
nadium-sulfide deposits accumulated in 
these experiments is consistent with the 
generally accepted hypothesis that the accu- 
mulation of metal-sulfide deposits in cata- 
lyst pores is responsible for the relatively 
slow, steady deactivation that characterizes 
the intermediate period of the life of a hydro- 
processing catalyst. However,  our results 
do not allow us to distinguish between ki- 
netic and transport effects in this deactiva- 
tion regime. 
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(6) Both the reactivity and the apparent  
effective diffusivity of  VO-EP on the sul- 
tided catalyst  were  found to be  significantly 
lower than those of  Ni-EP,  at 320°C, 4.8 
MPa hydrogen,  14 kPa hydrogen sulfide. 
The reactivity was lower  by a factor  of  5, 
and the apparent  diffusivity by a factor  of  
30. 

APPENDIX: NOMENCLATURE 

cf Total  final concentrat ion 
adsorbed on the solid (Eq. 
(8)) 

c o External  driving 
concentra t ion (Eq. (8)) 

C Concentra t ion 
C Concentra t ion matrix 
Co Initial concentrat ions 
D Diffusivity 
Dap p Apparent  diffusivity 
Defr Effect ive diffusivity 
H D M  Hydrodemeta l la t ion  
kl Hydrogenat ion  rate constant  
kls Surface react ion rate 

constant  
k2 Dehydrogenat ion  rate 

constant  
k_3 Hydrogenolys is  rate constant  

K Rate matrix 
M 0 Initial porphyr in  

concentra t ion (Ni-EP + Ni- 
EPHz) 

Ni-EP Nickel  e t ioporphyrin 
Ni -EPH 2 Nickel  etiochlorin 
Ni-T3MPP Nickel  tetra 

(3-methylphenyl)porphyrin 
PH2 Hydrogen  pressure 
r Radius 
R Radius of  the catalyst  

particle 
So Total  number  of  active sites 
t Time 

Contact  t ime (Eq. (1)) 
VO-EP Vanadyl  e t ioporphyrin 
VO-EPH2 Vanadyl  etiochlorin 
W~ Weight of  catalyst  
_Wo, Weight of  oil in the reactor  
X Eigenvector_matrix of  the 

rate matrix K 

G r e e k  

6 
Y 

"0 
hi 

Poil 

Pcat 
7 

xI~eff 

Thiele modulus 
Correct ion factor  in Eq. (8), 
whose value depends on the 
strength of the adsorpt ion iso- 
therm 
Effect iveness  factor  
Eigenvalues of  the rate ma- 
trix, K 
Oil density 
Catalyst  density 
Tortuosi ty  
Fractional  catalyst  vo lume in 
which diffusion occurs  
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