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The reaction network of metallo-porphyrins characteristic of metal-bearing species in residuum
oil proceeds through a consecutive pathway during catalytic hydrodemetallation, involving hydro-
genation prior to the final ring opening and metal-deposition step. The intrinsic reaction selectivity
over commercial CoO-MoQ,/ALLO, catalyst, defined as the ratio of hydrogenation rate/metal-
deposition rate of Ni-tetra(3-methylphenyl) porphyrin dissolved in a clean mineral oil and reacted
at 345°C and 6.99 MPa H,, was varied with acid-base additives of different electronic character. A
dramatic shift in the overall rate-limiting step from hydrogenation to ring opening in the demetalla-
tion sequence was observed. Alkali dopants (Cs, Na) significantly reduced catalyst acidity and the
metal-deposition activity, with only a marginal reduction in hydrogenation activity. Treatment with
halogens (I, Cl) in a reducing environment enhanced the metal-deposition activity but suppressed
the hydrogenation activity of the catalyst. Sulfiding had the unique effect of producing an enhance-
ment in both the hydrogenation and metal-deposition activities relative to the oxide catalyst. The
impact of these selective reaction changes was manifested in the metal-deposition profiles gener-

ated under diffusion-limited conditions.

I. INTRODUCTION

Demetallation reactions occurring under
strongly diffusion-limited conditions would
lead to rapid catalyst deactivation from a
concentration of deposited metals at the
catalyst periphery, excluding access to the
inner unpoisoned regions of the catalyst.
Shape and size variations and incorporation
of larger pores into the catalyst have dem-
onstrated the potential for increasing the
metal capacity of a catalyst (/-3).

An alternative approach is to control the
selectivity of the hydrodemetallation reac-
tions in order to control the location of
metal deposition within catalyst pellets.
The demetallation network of nickel por-
phyrins has been demonstrated in Parts I
(4) and II (5) of this series to consist of
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hydrogenation and hydrogenolysis. This
implies a dual functionality to the hydro-
treating catalyst. Similar dual-function in-
terpretations have been used in the discus-
sions of hydrodesulfurization (HDS) and
hydrodenitrogenation (HDN) reaction net-
works (6, 7). Through judicious modifica-
tion of the catalyst surface one type of reac-
tion may be enhanced or inhibited with
respect to the other, thus altering the selec-
tivity of the overall metal removal reaction.
Ability to direct the metal deposition to
specific sites in a catalyst would potentially
avoid problems of pore-mouth plugging. Al-
ternatively, if complete separation of the
two types of reactions were achieved, poi-
soning of CoMo catalysts could be avoided
in a two-stage operation.

Numerous attempts and methods for al-
tering the catalytic properties of Co(Ni)Mo/
ALO; hydrotreating catalysts have been
reported. These generally have been moti-
vated by the desire to control one func-
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tion of the catalyst to improve activity and
selectivity for HDS and HDN. These reac-
tions, while similar to hydrodemetallation
(HDM), are different in one important as-
pect. They are not inherently deactivating.
The heteroatom is removed as a gaseous
product (H,S, NH3) rather than deposited
as a permanent poison on the catalyst sur-
face.

In this investigation a series of modified
catalysts was prepared to examine the influ-
ence of surface treatment with dopants of
varying electronic character on the HDM
reaction network of Ni-tetra(3-methyl-
phenyl)porphyrin (Ni-T3MPP). The addi-
tives included Cs, Na, S, I, and Cl with the
oxide CoMo/AlL,O; catalyst (HDS-16A) as
the base or reference catalyst. The cata-
lysts were prepared by modifying the exist-
ing commercial catalyst rather than the
alumina support prior to Co and Mo
impregnation.

The method of addition may alter the in-
fluence that the additive exerts in control-
ling surface properties of the catalyst, but
there is controversy in the literature as to
whether this difference is always detectable
in catalytic activity measurements. Mas-
soth and co-workers (8), in a systematic
study on the effects of dopants of varying
acidity on the desulfurization, hydrogena-
tion, and cracking activity of modified
CoMo/AlL,O; catalysts, observed no differ-
ence based on the order of addition. Basic
additives such as Na and Ca at low loadings
(0.5 wt%) resulted in a lowering of both
HDS and cracking activity. Similarly, the
addition of F and Cl increased the HDS and
cracking rates. Hydrogenation activity was
the function least affected by the additives.
Boorman et al. (9) observed similar pat-
terns of behavior but, unlike Massoth, the
magnitude of the change was dependent on
the order of addition of the Na and F dop-
ants.

The presence of additives such as Na
(10, 11), P (12, 13), and F (9) on the sup-
port is known to affect the surface acidity,
the support/metal interaction, and the coor-
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dination of Co and Mo after impregnation.
An extensive investigation probing the sur-
face structure and properties of Co-Mo
catalysts supported on y-Al,0; and doped
with alkali metals (Li, Na, K, Rb, and Cs)
has been conducted by Lycourghiotis and
co-workers (I4-16). Activity variations in
the relatively facile HDS of thiophene were
observed indicating substantial modifica-
tion of surface characteristics (17, 18).

In contrast, the addition of dopants to the
calcined catalyst is not expected to signifi-
cantly influence the structural characteris-
tics of the Co and Mo phases already
present on the catalyst. Coordination of
dopant with sites on these metals is likely,
however, in addition to dopant interaction
with the support, potentially modifying the
activity of these metals. Similarly, modifi-
cation of the total surface acidity can be
achieved by adding dopants of various acid
character. A decrease in surface acidity has
been reported by Martinez and Mitchell
(19) upon addition of the basic component
Mg to a CoMo/Al,O; catalyst.

This paper deals with the application of
catalyst doping as a technique to modify the
relative reaction rates in the demetallation
sequence of a model nickel porphyrin. This
approach may potentially provide control
of metal-deposition location during resid
upgrading.

2. EXPERIMENTAL METHODS

A model oil system analogous to that de-
scribed in Part I (4) was again used in this
investigation. Ni-tetra(3-methylphenyl)
porphyrin (Midcentury Chemicals, Posen,
I11.) dissolved in a white mineral oil (Nujol)
at 65 ppm Ni (by weight) comprised the
model oil. The mineral oil itself was free of
sulfur, nitrogen, and metal compounds and
was essentially inert under reaction condi-
tions.

The catalysts were prepared by modify-
ing a commercial CoO-MoOQ;/y-Al,O; hy-
drodesulfurization catalyst (American Cy-
anamid HDS-16A) with dopants of different
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electronic character. The reference or base-
case catalyst was the CoMo catalyst in the
oxide form. All results reported were ob-
tained on 170-200 mesh (74—88 um diame-
ter) particles which had been shown to
yield true intrinsic data, that is, free of
diffusional limitations.

The cesium- and sodium-doped samples
were prepared by the incipient wetness
technique. CsNO; (Aldrich Chemical) and
NaNO; (J. T. Baker Chemical) were pre-
pared in distilled water to give solutions
that upon impregnation would result in
nominal alkali cation concentrations of 2.0
mmole/g fresh HDS-16A. This level was
chosen to exceed the concentration re-
quired to neutralize all the acid sites on the
alumina (I4). The final catalysts were
calcined in air at 550°C for 8 hr.

The sulfided catalyst was prepared using
a standard procedure recommended by
American Cyanamid reported in Part II (5).
During a demetallation run 0.05 wt% CS,
(Mallinckrodt) was intentionally added to
the feed to stabilize activity by maintaining
the catalyst in the sulfided form (20).

The iodized and chlorided catalysts were
prepared by similar procedures under re-
ducing conditions. Hydrogen, saturated
with CH;I (J. T. Baker Chemical) or CHCl;
(Anachemia) by bubbling through a vessel
containing the appropriate liquid at 40 psig
and 25°C, was passed over the catalyst at
GHSV = 1000 hr-! and 345°C for 3 to 4 hr.
The formation of HI and CH, from CH;l
and, similarly, HC1 and CH, from CHCl; is
strongly favored thermodynamically under
the conditions used. No source of iodine or
chlorine was in the feed oil during the de-
metallation runs on the prehalided cata-
lysts. This method of addition was different
from the more common approach of adding
halogens in the form of their ammonium
salts via an impregnation step (8, 9).

A second procedure was also demon-
strated to be effective for chloriding the
fresh oxide catalyst. This involved chlorid-
ing in situ (i.e., during the demetallation re-
actions) with CHCI; in the feed in a CI/Ni
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atomic ratio of 10. Stable chlorided catalyst
activity was achieved after 100 hr on stream.

All of the above-discussed doping proce-
dures were determined to be reliable for ob-
taining catalysts with no internal gradients.
Analysis by scanning electron microscope
(SEM) (AMR Model 1000A) equipped with
an energy dispersive X-ray analyzer (Trac-
or Northern Model TN 2000) revealed uni-
form dopant concentration (to within the 1-
um resolution of the instrument) in all
samples.

Modified catalysts were analyzed by
Galbraith Laboratories (Knoxville, Tenn.)
for dopant concentrations. These results
are summarized in Table 1. The concentra-
tion of dopant varied substantially from
sample to sample when considered on a
weight basis. In contrast, when these con-
centrations were calculated on a compara-
ble basis, i.e., millimole dopant/gram fresh
CoMo catalyst, the additive levels were es-
sentially equivalent. Similarly, BET sur-
face areas of the doped samples were ap-
proximately the same when calculated on
the basis of weight of fresh CoMo oxide
catalyst.

There was no attempt to investigate the
dependence of catalytic activity on the
level of dopant concentration or to deter-
mine the minimum requirement for an ef-
fect. The molar concentration of each addi-
tive on the catalyst was greater than the
molar concentration of the Co and Mo
metals (0.8 mmole/g cat.). This ensured that
their influence would not be overshadowed
by the activity of the base-case oxide cata-
lyst, which would have been the case if the
dopant were present in trace quantities.

The sulfur concentration measured may
represent a lower limit attainable from the
sulfiding treatment used. This sample was
exposed to air at room temperature prior to
analysis, which may have led to removal of
sulfur through oxidation of the top sulfide
layers (21).

Identification of the chemical nature of
the halogens on the catalyst surface was at-
tempted using X-ray photoelectron spec-
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TABLE 1

Modified Catalyst Properties

Dopant concentration

Surface area

wt% mmole/g CoMo cat. m?¥g m?*g CoMo cat.
Co-Mo/y-ALO; (HDS-16A)” — _— 176° 176
Cs—-CoMo/AlL O, 22.6 2.20 130 168
Na—-CoMo/AlLO, 4.30 1.95 175 182
Presulfided CoMo/Al,O4 4.83 1.59 170 178
Preiodized CoMo/Al, O, 19.0 1.85 145 179
Prechlorided CoMo/AlLO, 11.5 3.6 155 175
(4.3 mmole/g Al,O3)
In situ chlorided CoMo/AlLO; 6.3 1.89 — —
v-AlL,0; — — 219 —
Prechlorided y-Al,04 6.36 1.92 mmole/g Al,O, — —

2 Base catalyst 5.7 wt% CoO (0.79 mmole Co/g CoMo catalyst); 12.2 wt% MoQ; (0.85 mmole Mo/g

CoMo catalyst).

b Surface area based on alumina is 214 m%g AL, O;.

troscopy (XPS) with a Physical Electronics
Model 548 spectrophotometer. Magnesium
Ko radiation was used as the excitation
source. The samples were not prepared in
the instrument environment and came in
contact with air prior to analysis. Samples
were prepared by pressing catalyst powder
into 13-mm-diameter disks and then gold
decorated. All spectra were referenced to
Au 4f7 at 84.0 eV which was equivalent to
C 1s at 284.4 eV. The binding energies for
Al2p = 74.2 ¢V, Mo 3ds, = 232.7 ¢V, Mo
3ds, = 236.1 eV, Co 2p3, = 781.7 €V, and
Co 2pip = 797.3 eV. These core levels mea-
sured on the oxide catalyst were similar to
values reported by Chin and Hercules (22).

The aluminum 2p level on the iodized
catalyst was unchanged from the oxide cat-
alyst, indicating the alumina support was
not chemically modified by iodine. In con-
trast, the aluminum signal on the chlorided
catalyst displayed a shoulder at binding en-
ergies higher than the support, suggesting
some chloriding of the alumina had oc-
curred.

The results for molybdenum indicated a
reduction of Mo(VI) present as MoO; on
the fresh catalyst (Mo 3dsp = 232.7 eV) to
Mo(V) (Mo 3ds; = 232.0 eV) and Mo(IV)

(Mo 3ds;, = 229.0 eV) oxide species (deter-
mined from reference values reported by
Zingg et al. (23)) during chlorine and iodine
treatment in the reducing environment. A
shoulder at 230.8 eV above the Mo(IV)
peak on the chlorided catalyst suggested,
albeit not definitely, the presence of a
chlorided Mo(IV) species (unsupported
MoCl,, Mo 3ds, = 230.5 eV)—reported by
Walton (24).

Data for Mo binding energies in Mo-I
complexes were not found in the literature.
The similarities in the electron configura-
tions of chlorine and iodine and in the Mo
signal for the two catalyst systems suggested
that the presence of Mo-I species on the
catalyst was possible.

The Co 2ps; and 2py; levels on the chlo-
rided and iodized samples were essen-
tially unchanged from the fresh oxide cata-
lyst. Binding energies for chlorided cobalt
(unsupported CoCl,, Co 2p;, = 783.5 eV)
and iodized cobalt (unsupported Col,, Co
2pi» = 782.3 eV) reported by Frost et al.
(26) were absent. This may have resulted in
part from the inaccessibility of cobalt to the
chlorine or iodine due to its existence under
the molybdenum layer and strong interac-
tion with the alumina (25). There was like-
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TABLE 2

TPAD Titration Results

meq sites/g meq sites/cm? x 10° T’ Acidic effluent
(°C)
Fresh CoMo/ALO; 0.549 0.31 180 no
Cs doped 0.014 0.010 — no
Na doped 0.029 0.016 — no
Presulfided 0.546 0.32 189 yes
Preiodized 0.658 0.45 180 yes
Prechlorided 0.547 0.35 173 yes
y-Alumina 0.08 0.037 318° no

@ Precision = 5°C.
b Precision = 10°C.

wise no indication of metallic cobalt (Co
2psn = 778.1 eV) present on the surface re-
ported by Chin and Hercules (22). This was
not considered surprising as metallic cobalt
is oxidized upon exposure to air (27).

From the limited XPS results it was pos-
tulated that the majority of the Cl and I was
associated with Mo on the catalyst. Chlo-
rine also appeared to be associated with Al
whereas iodine was not. No evidence for
cobalt-halogen bonding was found.

In conjunction with the chemical charac-
terization of the catalysts, temperature-pro-
grammed ammonia desorption (TPAD) was
performed on the samples using a DuPont
thermogravimetric analyzer with a Me-
trohm titration assembly. Listed in Table 2
are the acid site equivalents and peak de-
sorption temperatures for the catalysts and
the alumina support. The peak desorption
temperature was essentially the same for
the fresh and modified catalysts, suggesting
the surfaces are primarily composed of
sites of similar strength and that differences
in acidity reflect a difference in number of
sites. When compared to the fresh catalyst
in Fig. 1, the presulfided (and prehaloge-
nated) catalyst showed a steeper descent on
the high-temperature side of the ammonia
desorption profile indicative of a slightly
lower concentration of strong sites. This,
however, may be misleading as above
400°C an acidic effluent was detected with
the S-, I-, and Cl-treated catalysts. The on-

set of desorption of acidic species from
these catalysts would mask any ammonia
desorbing simultaneously. Thus the acid
site concentrations reported for these sam-
ples likely represent minimum values.
Results presented in this paper were ob-
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tained under reaction conditions of 345°C
and 6.99 MPa H, (1000 psig) in a flow mi-
croreactor. All measurements were on cat-
alyst batches that had been aged 60 to 100
hr. Analysis of total nickel concentration in
the effluent oil was obtained by atomic ab-
sorption spectrophotometry. Porphyrinic
nickel species were identified by uv-visible
spectrophotometry at their wavelengths of
characteristic absorbance. Analytical and
experimental procedures have previously
been discussed (4, 28).

3. KINETIC RESULTS ON MODIFIED
CATALYSTS

a. Initial Transient Results

All catalyst charges were observed to go
through an initial transient period in activ-
ity similar to that described previously by
Agrawal (29) for the oxide catalyst. The
initial deactivation, attributed to coke
buildup, was not as rapid on the Cs- and
Na-doped samples as on the oxide catalyst.
This was expected considering the neutral-
izing influence of these components on the
acid sites of the catalyst responsible for
cracking and coke deposition.

There was evidence to suggest that the
iodine and chlorine on the freshly prepared
samples were gradually stripped from the
surface in the high-pressure hydrogen envi-
ronment. Runs conducted on the pretreated
catalysts did not have an I or Cl source in
the feed so this stripping phenomenon was
not surprising. Analysis of the spent io-
dized catalyst after 200 hr on stream re-
vealed an iodine content of less than 0.1
mmole I/g catalyst. Kinetic measurements
were taken during the initial period (50 hr
on stream) of relatively stable activity.

Kinetic runs conducted with chlorine
(CHCly) in the feed to induce chloriding of
the catalyst (i.e., during reaction with oil)
did not experience this long-term deactiva-
tion attributed to halogen removal. Analy-
sis of this in situ chlorided catalyst after 375
hr on stream revealed a chlorine loading
equivalent to 1.89 mmole Cl/g oxide CoMo
catalyst (see Table 1). This presumably rep-
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resents a steady-state chlorine loading on
the catalyst. Kinetic data quantitatively
similar to those obtained on this catalyst
were obtained with the prechlorided cata-
lyst after 75 hr on stream. This suggests
that the fresh prechlorided sample was
stripped to a chlorine loading similar to that
of the in situ treated sample or that the cata-
lytic activity was insensitive to the dopant
loading at these concentrations.

b. Steady-State Kinetic Results

Concentration profiles (ppm of nickel
versus contact time) for Ni-T3MPP reac-
tion at 345°C and 6.99 MPa H, are shown in
Figs. 3 through 8 for each of the five modi-
fied catalysts and the base-case oxide cata-
lyst. The contact times, W/Q, were calcu-
lated on the basis of 0.7 g of oxide catalyst
charged to the reactor. This was necessary
because the weight of catalyst after in situ
S, I, and Cl treatment was not known. Simi-
larly, when the weight of the modified cata-
lyst was known (Cs- and Na-doped), an
amount of catalyst equivalent to 0.7 g oxide
Co-Mo catalyst was used.

There are several key points to consider
in proceeding through the six figures, the
first being the kinetic characteristics re-
vealed by the rate of total metal removal
and the relative rate of feed porphyrin (Ni-
P) removal to total metal removal. These
give an indication as to the influence of the
additive on the overall catalytic activity
and, more importantly, the impact on the
selectivity within the demetallation se-
quence. Second, the generation of similar
nickel intermediates on all catalysts demon-
strates that the pathway of Ni-T3MPP de-
metallation discussed in Part I (¢) on the
oxide CoMo catalyst and shown in Fig. 2 is
unchanged in the presence of these addi-
tives.

For the alkali metal-doped samples (Figs.
3 and 4), feed porphyrin was rapidly hydro-
genated, forming the Ni-PH, and Ni-PH,
species. These three, as evidenced by the
constant relative concentration ratios, then
maintained a dynamic equilibrium indica-
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F1G. 2. Reaction pathway for Ni-T3MPP demetallation.

tive of relatively rapid hydrogenation/dehy-
drogenation reactions. The lack of Ni-X
present with the cesium-doped catalyst and
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Fi1G. 3. Concentration versus contact time results for
Ni-T3MPP at 63 ppm Ni feed, 345°C, and 6.99 MPa H,
(1000 psig) on the cesium-doped catalyst. Solid lines
represent model calculations using parameter values in
Table 3.

the low concentration with the sodium sam-
ple indicated high ratios of k;/ks which
switched Ni-PH, to deposition without Ni-
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FiG. 4. Concentration versus contact time results for
Ni-T3MPP at 56 ppm Ni feed, 345°C, and 6.99 MPa H,
(1000 psig) on the sodium-doped catalyst. Solid lines
represent model calculations using the parameter val-
ues in Table 3.
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Fi1G. 5. Concentration versus contact time results for
Ni-T3MPP at 63 ppm Ni feed, 345°C, and 6.99 MPa H,
(1000 psig) on the oxide catalyst. Solid lines represent
model calculations using the parameter values in Table
3.

X, and high ratios of ks/ks which prevented
buildup of Ni-X.

Slow metal removal rates were also ob-
served, being more pronounced on the ce-
sium sample. The resulting large discrep-
ancy between the initial rate of Ni-P and
total metal removal was an indication that
metal deposition (hydrogenolysis) was the
rate-limiting step in the reaction sequence.

The results on the oxide and sulfided cat-
alysts, Figs. 5 and 6, have previously been
discussed in Parts I (4) and II (5) and will
be only briefly reiterated. On both cata-
lysts, feed porphyrin was rapidly hydroge-
nated forming Ni-PH, and Ni-PH4. The con-
centration of these species then declined as
metal was removed from the oil and as Ni-X
was generated. At the higher contact times,
essentially all metal in the oil was present
as this nonporphyrinic intermediate and its
removal determined the total removal rate.
This indicated a small ratio of k;/ks to direct
Ni-PH, toward Ni-X, and a small ratio of k¢/
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ks to accumulate Ni-X. The base-case oxide
catalyst exhibited a total metal removal rate
greater than that obtained on the alkali-
doped samples but the rapid disappearance
of Ni-P compared to total metal indicated
that hydrogenolysis was still rate limiting.
Sulfiding the catalyst enhanced all reaction
steps relative to the oxide catalyst but not
to the same extent. The metal-deposition
reactions were selectively accelerated as
demonstrated by the comparatively short
contact time scale in Fig. 6 and were only
marginally rate limiting.

The iodized catalyst (data in Fig. 7) pro-
duced lower concentrations of hydroge-
nated intermediates (Ni-PH, and Ni-PH,)
and a relatively slow rate of feed porphyrin
removal compared to the oxide catalyst.
There was likewise only a small contribu-
tion of Ni-X to the total pool of metal. This
indicated larger ratios of k;/ks and ke/ks.
The approach of the Ni-P disappearance
rate to the total metal removal rate suggests

70

o TOTAL Ni
o Ni-P

o Ni-PH,

e Ni-PH,

o Ni-X

604

50

Y
<

NICKEL, pPM
)

20

00 005 0.10 015

G CAT. HR
W/Q, ML oiL

F1G. 6. Concentration versus contact time results for
Ni-T3MPP at 60 ppm Ni feed, 345°C, and 6.99 MPa H,
(1000 psig) on the sulfided catalyst. Solid lines repre-
sent model calculations using parameter values in Ta-
ble 3.
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F1G. 7. Concentration versus contact time results for
Ni-T3MPP at 63 ppm Ni feed, 345°C, and 6.99 MPa H,
(1000 psig) on the iodized catalyst. Solid lines repre-
sent model calculations using the parameter values in
Table 3.

that hydrogenation is now the rate-limiting
step on this catalyst. A similar but more
pronounced effect was seen on the
chlorided catalyst in Fig. 8. Here the feed
porphyrin accounted for 80% of the metal
in the oil at all times compared to generally
less than 20% on the oxide catalyst. The
parallel feed porphyrin and total metal re-
moval curves indicated that the initial hy-
drogenation step was rate limiting. The low
concentration of Ni-PH, and the absence of
Ni-PH,; and Ni-X were interpreted on the
basis that hydrogenated intermediates,
once generated, react rapidly in relation to
their production rate to deposit metal. The
ability to close the Ni-T3MPP metal bal-
ance in the effluent with Ni-P and Ni-PH, at
all contact times was unique to the
chlorided catalyst.

The reactivity of Ni-T3MPP on the bare
alumina support was also examined and
found to be mechanistically unchanged
from the CoMo/Al,O; catalyst. All reaction
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steps were slower. It was difficult, how-
ever, to assess the activity of just the alu-
mina due to the generation of a nickel-
coated surface as demetallation proceeded.

Quantitative interpretation of the kinetic
results on all catalysts was obtained both in
terms of pseudo-first-order kinetics for total
metal removal and in terms of the sequen-
tial reaction network proposed for Ni-
T3MPP in Part I (4) and shown in Fig. 2.

It was also possible to use this network to
explain the chlorided catalyst data even
though Ni-PH, was the only stable interme-
diate detected. Based on the reasoning that
metal removal from Ni-PH,, in particular
step k7, is much faster than the rate of Ni-
PH, production, k3, the network simplifies
to

Ni-P % Ni-PH, 2 deposit.

The similarity of this sequence to that used
in Part I (4) to describe the behavior of
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FiG. 8. Concentration versus contact time results for
Ni-T3MPP at 61 ppm Ni feed, 345°C, and 6.99 MPa H,
(1000 psig) on the chlorided catalyst. Solid lines repre-
sent model calculations using parameter values in Ta-
ble 3.
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TABLE 3

Kinetic Rate Parameters for Ni-T3MPP Demetallation on Modified Catalysts
(345°C, 1000 psig H,, 63 ppm Ni)

Cs doped Na doped Oxide HDS-16A Sulfided Iodized Chlorided v-Al,O,
k¢ 89.0 102.0 105.0 183.0 12.0 7.8 29.0
ky 126.0 134.0 94.0 164.0 17.0 7.0 35.0
ks 130.0 130.0 120.0 250.0 45.0 22.0
ky 300.0 300.0 150.0 400.0 82.0 33.0
ks 0 3.3 49.0 170.0 20.0 6.4
ks 0 2.2 3.8 27.0 13.0 k3 = 114.0 0.21
Ky 2.7 5.0 18.0 120.0 66.0 7.9
kn® 0.33 0.75 3.4 19.3 3.8 6.4 1.0
(ke + ko)lk, 0.030 0.071 0.208 0.803 6.58 (14.6) 0.280
ke/ks ~ 0.67 0.08 0.16 0.65 ~ 0.03
katks @ 1.52 0.37 0.71 3.30 ~ 1.23

¢ Rate coefficients are in units of ml oil/g cat. hr.
b First-order total metal removal.

nickel etioporphyrin (Ni-Etio) on oxide
CoMo/Al,O; is apparent. Subsequent inves-
tigation has demonstrated that the Ni-Etio
behavior is not a result of chlorine contami-
nation on the catalyst.

The kinetic parameters obtained from
least-squares fitting of the experimental
data to the solution (discussed in Part I (4))
of the coupled set of rate equations are
listed in Table 3. These parameters have
been used to generate the respective model
curves (solid lines) in Figs. 3 through 8. The
pseudo-first-order metal removal rate con-
stants, ky, in Table 3 were obtained from
the plots of Fig. 9.

Selected rate parameters from the set in
Table 3 are presented in Fig. 10. Included
are the total metal removal rate constant,
ku, which although being a pseudokinetic
parameter is a measure of the overall activ-
ity of the catalyst, and the porphyrin hydro-
genation rate (k;) and the hydrogenolysis,
or metal-deposition rates (k¢ + k7). Trends
observed in these rate coefficients could be
correlated with the electron affinity of the
added element. This parameter is a mea-
sure of the electron attraction power of the
atom (30). The larger (more negative) the
electron affinity, the greater the attraction
of an electron to an available orbital in the

atom. Considering the complexity of the
system under study, the apparent success
of this correlation may be a fortuitous coin-

1.0¢

0.5

oxide

0.2
1

0.5

|

05

Iodized

2°

chiorided ]

sulfided

-l

1
0.1 0.2
G CAT. HR
W/ Q ) ML OIL

F1G. 9. First-order total metal removal plots for Ni-
T3MPP at 345°C and 6.99 MPa H, (1000 psig) on the
modified catalysts.

0.0 0.3



CATALYTIC HYDRODEMETALLATION OF NICKEL PORPHYRINS, III

E T T T ™ 100
- o -
1000 |- =10
- k]
£ 100 :'—/o —:‘1 1
O - -
> F ]
= - .
~x | 7
has k61k7
10 -0l
- p
A .
W, i
Cs Na (¢} S I cl
j 11 | | i | |
o} -20 -40 -60 -80 -100

ELecTron AfriniTY, kAL /MOLE

FiG. 10. Ni-T3MPP kinetic rate parameters at 60
ppm Ni feed, 345°C, and 6.99 MPa H, (1000 psig) ver-
sus electron affinity of dopant on the modified cata-
lysts.

cidence and should be viewed with caution.
It is tempting, however, to interpret this
trend as possible evidence for a systematic
modification of the surface chemistry or
acidity of the catalyst in the presence of
these dopants which influences the ob-
served catalytic behavior.

Variations in catalytic activity for total
metal removal as large as 50-fold were ob-
served on the doped catalysts. When plot-
ted in the fashion of Fig. 10, the overall
demetallation rate exhibited a ‘‘volcano’’-
shape curve with maximum metal removal
activity occurring on the sulfided catalyst.
By resolving this lumped parameter into the
individual reaction steps within the net-
work, it was possible to explain why the
maximum was observed. The sulfided cata-
lyst exhibited high activity for both hydro-
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genation (two times greater than oxide cata-
lyst) and metal deposition (seven times
greater than oxide catalyst) resulting in the
high overall demetallation rate.

On the base-case oxide catalyst and al-
kali-doped catalysts, the hydrogenation ac-
tivity was similar. The metal-deposition
rate parameters were substantially lower,
hence rate limiting, and became progres-
sively smaller moving from the oxide, to
sodium-, to cesium-doped catalyst. The
sharp rise in overall demetallation activity
observed in progressing from the cesium-
doped through to the sulfided catalyst (in-
creasing electron affinity of additive) was
attributable to this sharp increase in the
rate-limiting step of metal deposition.

A quite different effect was seen when
pretreating the catalyst with additives of
even higher electron affinity (S, I, Cl) in a
reducing environment. The lower overall
demetallation activity on the iodized and
chlorided catalyst was due to a significant
decline in hydrogenation (k;) activity of the
catalyst which became rate limiting when
progressing from sulfur to chlorine on the
surface. As shown in Fig. 10, the metal-
deposition activity (ks + k7, or ki for
chlorided catalyst) displays only a marginal
drop with increasing electron affinity of
dopant whereas the hydrogenation activity
is 20 times lower on the chlorided catalyst
compared to the sulfided catalyst. This
sharp decline in hydrogenation rate results
in a shift in the rate-limiting step from hy-
drogenolysis on the sulfided catalyst (also
on the oxide and alkali-doped catalysts) to
hydrogenation on the halogen-treated cata-
lysts.

A measure of the consistency of the ki-
netic parameters can be obtained by exam-
ining the relative &,/k, and ks/k4 ratios for all
catalysts. These ratios reflect the thermo-
dynamic equilibrium between Ni-PH,/Ni-P
and Ni-PH,/Ni-PH, and should therefore be
invariant from one catalyst to the next. The
ki/k, ratio was equal to 0.91 + 0.20 whereas
ki/ks was equal to 0.58 = 0.19. Variations in
these ratios were on the order of 20 to 30%.
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These ratios were sensitive to the measured
concentrations of Ni-P, Ni-PH,, and Ni-
PH, at high Ni-P conversion (>>50%) where
accurate measurement by uv—visible spec-
troscopy of the composite oil was most diffi-
cult. These variations seem reasonable in
view of this limitation.

4. DISCUSSION OF ACTIVE SITES ON
MODIFIED CATALYSTS

It is possible to speculate that the cata-
lyst has two sets of sites. One set is respon-
sible for the reversible hydrogenation reac-
tions with rate constants k; and k3, and the
dehydrogenation reactions with rate con-
stants k, and k4. When the acid and base
dopants were added, these four rate con-
stants changed in a proportional manner.

The second set of sites is responsible for
the irreversible hydrogenolysis reactions
with rate constants ks, ks, k;. These three
reactions are second order with respect to
hydrogen pressure, discussed in Part I (4).
When dopants were added, the ratios of
these three rate constants do not remain
fixed.

Evidence obtained on these catalysts
suggests that acid site density (meg/cm?)
and hydrogenolysis (ks + k;) activity in
HDM are related. This is consistent with
the demonstrated correlation between acid-
ity and activity for hydrogenolysis in HDS
reactions (31, 32). The order of increasing
acid site density, Cs < Na < y-ALO; <
CoMo, correlated with the observed in-
crease in kg + k7.

The superior metal-depositing activity of
the oxide catalyst compared to the support
indicates all hydrogenolysis activity, and
acidity, is not associated with the alumina.
The contribution of the Co and Mo species
to the total acidity was verified by the acid
density measurements here and elsewhere
10).

In the presence of high loadings (2
mmole/g cat.) of alkali dopants on a surface
highly covered with Mo (~50% coverage
for HDS-16A), the alkali is likely to interact
with both the alumina and the transition
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metals. Therefore, the inhibition in hydro-
genolysis activity associated with the alkali
is likely due to a neutralization of both the
alumina surface (16) and electron acceptor
sites on Mo vacancies. The larger effect
seen with Cs is consistent with its lower
electron affinity.

Evidence for the existence of hydrogena-
tion sites with acidic properties on the ox-
ide CoMo/Al,O; catalyst was present in
Part II (5) with the discussion of the pyri-
dine-poisoning results. These sites were
speculated to be Mo anion vacancies on the
surface. The presence of strong hydrogena-
tion activity on the catalysts with little or
no surface acidity after sodium or cesium
doping suggests one of two possibilities.
Once deposited, the dopants may not inter-
fere with the in situ generation of additional
Mo vacancies. Hence, even though these
acidic sites are poisoned on the fresh oxide
catalyst, under the reducing reaction condi-
tions new sites may emerge. Alternatively,
a second type of hydrogenation site may
exist. This nonacidic hydrogenation site
may be associated with metallic species
such as cobalt which has been detected on
reduced CoMo/Al,Q5 catalysts (22) not ex-
posed to air prior to analysis. Part of the
promoting role of cobalt has been attributed
to increased hydrogenation activity (33).

Some of this hydrogenation activity may
be associated with nickel from the reacting
porphyrin which deposits over the partially
deactivated sites. However, the activity of
the base alumina which also developed a
surface covered with nickel was only one-
third as active (compare k; values) as the
alkali-doped catalysts. Thus the majority of
the hydrogenation activity on these alkali-
doped catalysts must be due to Co and Mo
species on the surface not deactivated by
the dopant.

The enhanced metal-deposition activity
of the sulfided catalyst discussed in Part 11
(5) was attributed to the presence of an in-
creased concentration of Brgnsted acidity.
The generation of these sites was proposed
by Yang and Satterfield (34) to be due to
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H,S adsorbing and dissociating on Mo va-
cancies. A similar phenomenon may be oc-
curring on the halogenated catalysts, with
the HI and HCI generated during pretreat-
ment also dissociating on Mo. This is espe-
cially likely when CHCl; is in the feed as
HCI is then continually generated and in
equilibrium with the catalyst.

Considering this adsorption and dissocia-
tion process to be responsible for the en-
hanced surface acidity of these catalysts, it
is doubtful that a true measure of the cata-
lyst acidity under reaction conditions can
be obtained from the TPAD as performed.
The acidity would obviously depend on the
partial pressure of the dissociating species
(H,S, HI, HCl) and no such components
are present in the gas phase during these
measurements. Thus determining the abso-
lute magnitude of the surface acidity in-
crease on these treated catalysts over the
oxide catalyst may be a difficult task. How-
ever, it is apparent from the acid density
measurements that qualitatively the num-
ber of sites on these catalysts is greater
than on the oxide catalyst.

The presence of chlorided alumina on the
surface of the prechlorided catalyst sug-
gested by the XPS results may also be con-
tributing to the metal-deposition activity
observed on this catalyst. The high hydro-
cracking activity of chlorided alumina has
been reported in asphaltene and model coal
liquid degradation studies (35). This addi-
tional bond-cleavage activity is consistent
with the high rate of metal deposition which
results in Ni-PH; as the only stable interme-
diate.

As demonstrated by the kinetic results in
the previous section, the most significant
impact due to the presence of iodine and
chlorine on the catalyst was a dramatic re-
duction in hydrogenation activity. Treating
the catalyst with these additives in a reduc-
ing environment promotes I and Cl inter-
action with vacancies on molybdenum,
normally associated with hydrogenation
activity, much like the Mo-SH groups that
form in the presence of H,S (34). The XPS
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results while not conclusive were consis-
tent with the presence of molybdenum—
halide species.

The presence of 1 and Cl is postulated to
alter the surface electron density of the Mo
by occupying active sites (generated by re-
duction), thereby eliminating their avail-
ability for hydrogen adsorption and double-
bond coordination. Sulfur (present as SH
after H,S dissociation) also occupies these
vacancies but is readily desorbed as evi-
denced by the high hydrogenation activity
on this catalyst. Similar interpretations
have been considered by Kiskinova and
Goodman (36) when interpreting the reac-
tivity of Ni surfaces modified with electro-
negative adatoms (Cl, S, P).

The stronger inhibition seen with Cl than
with I is consistent with its greater electron
affinity enabling it to form a more stable,
more irreversibly bound molybdenum com-
plex. Binding energies for desorption of
halogens from molybdenum surfaces mea-
sured by Bolach and Blais (37) were pro-
gressively smaller moving down the peri-
odic column (F > Cl > Br). Based on these
binding energy strengths, less of an inhibit-
ing effect would be expected with I than
with Cl as is observed. The strength of the
Mo-Cl interaction was experimentally
demonstrated by the inability to restore the
hydrogenation activity of a prechlorided
catalyst to the activity of the oxide catalyst
after exposure to flowing hydrogen at 450°C
for 4 hr.

5. DISCUSSION OF REACTION ENGINEERING
IMPLICATIONS

The implications of this ability to selec-
tively alter one functionality of the catalyst
and hence selectively change the relative
reaction rates within the Ni-T3MPP demet-
allation network are revealed in the metal-
deposition profiles within catalyst pellets
obtained under diffusion-limited condi-
tions. Presented in Fig. 11 are metal-depo-
sition profiles in 1/16-in. pellets calculated
with the model developed in Part I (4) using
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F1G. 11. Calculated nickel-deposition profiles

in 1/16-in.-diameter catalyst pellets at the reactor

entrance for Ni-T3MPP demetallation at 345°C and 6.99 MPa H, (1000 psig) on the modified catalysts.

the kinetic parameters presented in this pa-
per for the different catalysts. The profile
for the chlorided catalyst was calculated us-
ing the model for Ni-Etio developed by
Agrawal (29), as the Kkinetic reaction
schemes were analogous. These profiles are
calculated for the entrance of the bed (z =
0). The oxide and sulfided catalyst profiles
have been experimentally verified and dis-
cussed in Parts I (4) and II (5). All non-
kinetic parameters used in calculating the
other plots (Cs, Na, I, and Cl doped) were
identical to those used for the oxide cata-
lyst listed in Part I (4).

The Thiele moduli, ¢; for the uncoupled
system of pseudocomponents reacting by

first-order irreversible kinetics in the solu-
tion technique given by Wei (38) character-
ize the extent to which diffusional limita-
tions are important in the metal profiles.
Listed in Table 4 are the Thiele moduli for
each set of kinetic data calculated from the
eigenvalues of the diffusion coefficient and
rate coefficient matrices discussed in Part I
(4). These parameters are the characteristic
decay rates of concentration versus radial
distance in the terms summed to obtain the
metal profiles:

I(:r/R)
2 b =S

where M(r,z) is the concentration of depos-

M(r,z) =
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TABLE 4
Characteristic Thiele Moduli and Metal Distribution Parameters for Modified Catalysts
Ni-T3MPP (345°C, 6.99 MPa H, (1000 psig))
Io(¢ir/R)
M= ) b
250 1)
b (0)* o] b(0) L7 by(0) s by(0) b4 On
Cs 1.00 0.805 —1.48 16.41 -0.93 24.71 0 0 0.93
Na 1.00 1.42 -0.74 1.62 -0.49 17.20 0.23 25.10 0.92
Oxide 1.00 2.13 0.56 4.81 -3.23 15.98 1.65 22.08 0.66
Sulfide 1.00 4.29 1.91 8.43 -4.26 23.90 2.10 33.38 0.36
Iodize 1.00 3.43 -0.62 3.94 —0.50 7.58 0.11 15.31 0.75
Chloride 1.00 4.17 -1.00 12.07 0.50

a All b; are normalized to b,.

ited metal at a given radial, r, and axial, z,
position. The relative magnitude of the co-
efficients, b;, also listed in Table 4, indi-
cates all terms contribute to the shape of
the profiles. The large ¢, terms decay rap-
idly from maxima at r/R = 1.0, leaving the
slower decaying components to dominate
the region of small #/R.

Consistent with the slower metal deposi-
tion steps (ks + k7) on the Cs- and Na-doped
catalysts, the smallest Thiele moduli have
values near one or lower, and, correspond-
ingly, uniform metal profiles are seen on
these catalysts. The continuous increase in
the smallest ¢; on progressing from the Cs-
doped to the sulfided catalyst reflects an in-
creasingly stronger diffusion limitation in
the deposition reactions as is revealed in
the metal profiles.

It is possible to compare the deposition
patterns of metal in the catalyst extrudates
quantitatively using the metal distribution
parameter defined by Tamm ez al. (1):

J’Ol M(r)r dr
On =——,
M ax jo rdr

where M(r) is the local weight percentage
metal deposit, M, the maximum concen-
tration, and r the fractional radius. This
parameter is essentially the ratio of the

average metal concentration to the con-
centration at the maximum and charac-
terizes the effective utilization of the cata-
lyst for metal deposits. A distribution pa-
rameter of unity corresponds to uniform
metal profiles whereas a value approaching
zero would be characteristic of a sharp
spike at the pellet’s edge. Values calculated
at the entrance of the bed for each catalyst
are listed in Table 4.

Catalysts (Cs and Na doped) with small
¢; (slow deposition rates) were calculated
to have high distribution parameters. As
metal-deposition activity increased (large
&y, 0, decreased and less effective use was
made of the metal-loading capacity of the
catalyst. Catalysts with small 0, reach the
plugging limit at M., more quickly and
with less total metal in the catalyst (i.e., 6,
X Ma.x) than is typical for more uniform
distributions. The highly desirable uniform
profiles are obtained at the expense of
somewhat lower total metal conversion at
equivalent contact times. Hence the opti-
mum conditions for metal deposition would
be a balance between high conversion and
most complete utilization of the catalyst.

CONCLUSIONS

The results of this doping study have
shown how selective alteration of the rela-
tive hydrogenation/hydrogenolysis (metal
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deposition) rates in the HDM network of
Ni-T3MPP are possible, enabling dramatic
shifts in the overall rate-limiting step. This
suggests that the reactivity of metal com-
pounds in residuum oils may be manipu-
lated to control the location where metals
deposit within catalyst pellets during hy-
droprocessing.

A relationship between hydrogenolysis
(metal deposition) activity and surface acid-
ity has been demonstrated. Addition of Cs
and Na to the CoMo/Al,O; catalyst lowered
the acidity and selectively reduced the
metal-deposition steps (ks + k7) without in-
hibiting hydrogenation (k;).

The overall impact of I or Cl treatment on
the activity of the CoMo catalyst can be
interpreted in terms of two effects resulting
from the interaction of HI or HCl with va-
cancies on the molybdenum. The dissocia-
tion of these species on Mo sites generated
by reduction produces Brgnsted acidity
which maintains a high level of hydrogenol-
ysis activity (ks + k) promoting metal dep-
osition. The simultaneously generated mo-
lybdenum-halide bond eliminates a site
otherwise available for hydrogenation, low-
ering the total number present and the ob-
served activity (k).

Sulfiding had the unique effect of produc-
ing an enhancement in both the hydrogena-
tion and hydrogenolysis activities over the
oxide catalyst. The increase in hydrogenol-
ysis (kg + k7) activity was selectively larger
and was consistent with an increase in
Brgnsted acidity arising from H,S dissocia-
tion on Mo vacancy sites.

Catalyst selectivity for Ni-X formation
requires low ratios for both k¢/ks and ko/ks
and was diminished in the presence of all
dopants. Only on the sulfided catalyst did
the dominance of this species in the oil at
high feed conversions approach that ob-
served with the oxide catalyst. The slow
demetallation rate (ks) of this nonporphy-
rinic compound suggests that high selectiv-
ity for Ni-X is desirable from a standpoint
of obtaining uniform metal deposits in cata-
lyst pellets.
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Calculated metal-deposition profiles in 1/
16-in. catalyst pellets reflected the selectiv-
ity variations in the Ni-T3MPP reaction
network caused by each dopant. Reaction
in the presence of basic additives (Cs, Na)
was characterized by small Thiele moduli
and uniform profiles. In contrast, the acidic
components (S, I, Cl) resulted in large
Thiele moduli and more sharp, U-shape
profiles indicative of strongly diffusion-lim-
ited deposition reactions.
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