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Abstract

Two mechanisms, a classical poisoning mechanism of the metal deposits and a simultaneous adsorption and reaction mecha
proposed in our preceding study, are applied to model the performance of two hydrodemetallization (HDM) catalysts in the aging ex
with Venezuelan vacuum residue. By interpreting the initially decaying activity as an effect of decreasing adsorption on alumina
rather than deactivation of original active sites, the new model follows the trends of the observations much better. Moreover, th
characteristics of the poisoning model with autocatalytic effects are also part of the new model: the initial stage of decaying is
the metal concentrations of the feed and the monolayer coverage capacity of the catalyst, and after this period there is a resid
left. Therefore, the simultaneous adsorption and reaction mechanism is good and convincing enough to explain the initial decay o
catalysts with real petroleum feeds.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Hydrodemetallization (HDM) is an important step in i
dustrial catalytic hydroprocessing of residual oils. Dur
the operation, HDM catalysts undergo a decay of the
parent activity, which is characterized by an S-shape t
perature versus time-on-stream curve with three distinct
riods [1,2]. The decreasing activity has been extensiv
studied and reviewed in the literature as a result of cata
deactivation, which is commonly ascribed to the accum
tion of carbonaceous and metal deposits on the surface [3
No doubt, a large quantity of deposits will substantially
fluence the diffusional properties of the porous catalyst
as to restrict access to the pore system finally, which is g
erally thought to be responsible for the deactivation of
last two stages. Nevertheless, there has been conside
controversy on what kind of mechanisms and to what
tent each deposit contributes to the initial dramatic deca
the catalysts [1,6–8]. Meanwhile, various models that co
bine mass-transfer effects with proposed deactivation m
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le

anisms have been developed to characterize the proce
predicting catalyst deactivation under commercial opera
conditions. They differ in the mechanism of deactivation
the kinetics of reaction, and in the description of diffus
ity or pore structures [1,2,9–20]. Notably, since a station
coke level on the catalyst is readily established in most
dustrial operations, the majority of the models utilize
deposited metals as an index of catalyst aging even a
early stage.

In our preceding study using model compounds, a n
mechanism was proposed for the initial decline of the HD
catalyst [21]. Rather than a result of catalyst deactivat
the initial apparent activity was demonstrated to be an
fect of a nearly constant catalytic activity of the active ph
coupled with an extra decreasing adsorption on the alum
support when the available sites were gradually and con
uously occupied. Subsequently, the simultaneous adsor
and reaction mechanism was used to model the time-co
conversions of metalloporphyrins in a fixed-bed reactor
der a constant reaction temperature and fit the experim
data reasonably well. The objective of this study is to as
tain whether the new mechanism is applicable to the H
process with real petroleum feeds. For comparison, the
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sical poisoning mechanism of the metal deposition is
included to model the performances of two HDM cataly
in the accelerated aging experiments with Venezuelan
uum residue.

2. Experimental and mathematical methods

A laboratory-prepared NiMo/fibrillar alumina catalyst
145 and a commercial CoMo/Al2O3 HDM catalyst (Haldor
Topsoe TK-710) were aged in previous studies of our gr
for about 530 and 1400 h, respectively [22,23]. The exp
ments were performed in a down-flow trickle-bed reacto
11 MPa of total pressure and a constant reaction temper
(643 K) using Venezuelan vacuum residue that containe
high as 576 ppm metals (Ni+ V). Catalyst F-145 origi-
nally in the form of 1-mm cylindrical extrudates had be
grounded and sieved with 0.5- to 1.0-mm screens be
use. So in the modeling, F-145 was approximately treate
a spherical pellet with an equivalent diameter of 0.75 m
while TK-710 was regarded as an infinite cylinder with a
ameter of 0.8 mm. The liquid hourly space velocity (LHS
was 0.75 h−1 for both of the runs, and the bed void fracti
was 0.53 for F-145 and 0.41 for TK-710. The other det
about the experiments were introduced in Refs. [22,23].

When the simultaneous adsorption and reaction me
nism was applied to model the performances of the catal
a power-law rate expression was chosen for the reac
and a nonlinear Langmuir isotherm was thought favora
to the adsorption in this work. The details of the mathem
ical methods with the simultaneous adsorption and reac
mechanism can be found in the preceding study [21].

As for the poisoning mechanism of the metal deposit
the basic assumptions were as follows: separate rate f
to express the kinetics of the primary reaction and the
activation process; power-law expressions for the reac
and deactivation kinetics; pseudo-steady state of the
lyst particles. And then for an isothermal particle when fi
mass-transfer resistance is negligible and pore diffusio
dominate, the differential pseudo-steady-state mass ba
for the fluid concentration within the particleCi yields

(1)De

(
d2Ci

dr2 + B(r)
dCi

dr

)
= kiSaρcC

n
i a,

(2)−da

dt
= kdCia

m,

with initial and boundary conditions

(3)a = 1; t = 0; R � r � 0,

(4)Ci = Cb; t � 0; r = R,

(5)
∂Ci

∂r
= 0; t � 0; r = 0.

For a spherical pelletB(r) = 2/r, and for an infinite cylinde
B(r) = 1/r. In the equations,De represents the effective di
fusivity, r is the radial coordinate of the particle andR is the
e

-
,

s

-

e

radius,ρc is the density of the particle,Sa denotes the sur
face area per unit mass of the particle,ki is the rate constan
of the intrinsic reaction,n is the surface reaction order,a de-
notes the fractional activity of the catalyst that is a funct
of the process timet , kd is the rate constant of the intrins
deactivation,m is the deactivation order, andCb is the bulk
stream concentration of the species.

The set of Eqs. (1) and (2) is a two-point boundary va
problem, which was solved numerically in this study by
ing the finite element method (FEM) on commercial so
ware MATLAB 5.3. The results are expressed in the fo
of concentration profilesCi(t, r) and concentration grad
ents(∂Ci/∂r)(t, r) inside the particle at different times o
stream. Thus, an “initialized” effectiveness factor of the
activating particle [24] can be calculated according to

(6)ηt = g

R

De

kiSaρcC
n
b

dCi

dr

∣∣∣∣r = R,

whereg is a constant that is equal to 3 for a spherical pe
and 2 for an infinite cylinder.

With the results of a single particle, we now consider
case that the disappearance of the species takes plac
plug-flow fixed bed with no concentration gradients alo
the bed under a steady and isothermal state. The adva
of using the time-dependent effectiveness factor is that
easily incorporated in the reactor design equation to
dict reactor performance under the combined influenc
the deactivation and diffusion [24]. If the axial dispersion
negligible, the differential equation of the material bala
for the bed is given by

(7)− v0

Ac

dCb

dz
= kiSaρbC

n
bηt,

wherev0 denotes the volumetric flow rate,Ac andz are the
cross-sectional area and the axial position of the bed, res
tively, andρb is the density of the bed.

If C0 denotes the feed concentration of the species,
the aid of the boundary condition at the entrance of the r
tor,

(8)Cb = C0 at z = 0.

Equation (7) can be integrated to give the concentratio
the species at the bed exitCout, and the corresponding co
versionX is calculated according to the definition

(9)X = C0 − Cout

C0
× 100%.

Subsequently, the parameters that characterize the
posed mechanism under restrictive diffusion were estim
by fitting the corresponding model into the experimen
data using the least-squares method on MATLAB.

3. Results an discussion

The catalyst performances in the aging experiments
presented in Figs. 1 and 2, in which the demetalliza
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Fig. 1. Experimental and modeling results of catalyst F-145. Symbol1)
represents the experimental results from Ref. [22]. The solid line is
modeling results using the simultaneous adsorption and reaction m
nism with first-order reaction. The dashed line is the modeling results u
the poisoning mechanism with the first-order reaction and deactivation

Fig. 2. Experimental and modeling results of catalyst TK-710. Symbol!)
represents the experimental results from Ref. [23]. The solid line is
modeling results using the simultaneous adsorption and reaction m
nism with first-order reaction. The dashed line is the modeling results u
the poisoning mechanism with the first-order reaction and deactivation

activity of the catalysts was followed by the apparent c
versions of vanadium. It was not only because the vanad
concentration in the feed was much higher than that of ni
(510 ppm V and 66 ppm Ni), but also because the unev
distributed tendency of the vanadium deposition mostly c
tributed to the catalyst decay [3]. Although there was so
scattering in the data, two distinct periods in each of the r
were still recognized: an initial quickly declining period fo
lowed by a much longer period with steady activity.

The stabilized period indicated that the activity of t
catalysts was not greatly affected by the carbonaceous
metal deposition after the beginning stage. Of course, it
not surprising for the catalysts that were designed to h
a large average pore diameter and a high capacity of
Table 1
Estimated parameter values of the proposed decaying mechanisms

Mechanism n Parameter Catalyst

F-145 TK-710

Simultaneous 1 K (10−3 m3/g-V) 9.26± 0.85 9.22± 0.59
adsorption ki (10−9 m/h) 4.42± 1.72 2.05± 0.64
and reaction De (10−8 cm2/s) 4.68± 3.36 5.34± 1.80

Φpn 0.93 0.80
2 K (10−3 m3/g-V) 9.00± 0.63 8.80± 1.41

ki (10−11 m4 g-V−1 h−1) 1.10± 0.17 0.44± 0.04
De (10−8 cm2/s) 4.79± 2.37 5.46± 2.67
Φpn 1.14 0.98

Poisoning of 1 ki (10−9 m/h) 9.11± 2.67 5.18± 1.23
metal kd (10−3 m3 g-V−1 h−1) 2.60± 1.56 1.60± 0.65
deposition 2 ki (10−11 m4 g-V−1 h−1) 4.06± 1.81 1.80± 0.57
(m = 1) kd (10−3 m3 g-V−1 h−1) 3.46± 2.15 1.94± 0.79

n, surface reaction order;m, deactivation order,K , adsorption equilibrium
constant for the Langmuir isotherm;ki , rate constant of the intrinsic reac
tion; De, effective diffusivity; Φpn, generalized Thiele modulus;kd, rate
constant of the intrinsic deactivation.

posit uptake in order to pretreat residual oils. Thereby
the modeling it was reasonably assumed that the effe
diffusivity of the reactants inside the particle was not sign
icantly changed within the limited running time. In additio
since the demetallization rate has been considered to be
order [9–11,13,14,16–20] and second order [1,12,15] in
metal concentration without general agreements, both o
reaction orders were examined for each of the mechani
Nevertheless, due to lack of information the empirical de
laws for the poisoning mechanism were checked only w
the first- and the second-order deactivation. The monol
coverage of vanadium depositionq∗

0 has been calculated t
be in the range of 1.7–8.8× 10−4 g V/m2 of catalyst [1,25].
The exact value depended on crystallographic orienta
of the deposit relative to the catalyst surface [1]. Howe
Pereira and Beeckman reported that the monolayer co
age for Boscan vacuum feed was about 4× 10−4 g V/m2

of catalyst [16], which was compatible with our experime
tal conditions. Therefore, this value that happened to be
median and has been used in several papers [16,19,20
also chosen in this study. There were three adjustable p
meters in the poisoning mechanism: effective diffusivityDe,
rate constant of the intrinsic reactionki , and rate constan
of the intrinsic deactivationkd. Because eitherki or De had
to be fixed during the regression to avoid overparame
zation, the values ofDe for the poisoning mechanism we
adopted directly from the simultaneous adsorption and r
tion mechanism in this work.

In result, it was found that the catalyst decaying ob
ously did not follow the second-order deactivation with
poisoning mechanism. Moreover, for either mechanism w
the different reaction orders, the fit curves were identical
the parameter values were different. The detailed resul
the modeling are given in Table 1 and Figs. 1 and 2, in wh
the first-order deactivation was employed throughout.
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As shown in Table 1, the estimated effective diffusiv
was centered at 5× 10−8 cm2/s for both of the catalysts
This magnitude ofDe values was in good agreement w
previous studies in which the effective diffusivity of met
bearing compounds was reported to range between 10−8 and
10−7 cm2/s [9,26–28]. A smaller value ofDe in our case
was expected since the Venezuelan heavy vacuum re
was used. Having the values ofki andDe, a dimensionles
term the generalized Thiele modulusΦpn that was an index
of intraparticle mass-transfer limitation was calculated
cording to the definition:

(10)Φpn = R

g

√
n+1

2 kiSaρcC
n−1
i

De
.

Consequently, the largestΦpn of the two catalysts in the sta
bilized period was 1.14, suggesting that the diffusional l
itation was not serious even at the end of the runs. Ther
the assumption that within the limited running time the
fective diffusivity was not significantly changed by the fu
ther deposition was justified. The predictions from the
models in the examples of the first-order reaction kine
are given in Figs. 1 and 2 as well. Although the data qua
was not very high, it was apparent that the model with
simultaneous adsorption and reaction mechanism follo
the trends of the observations much better than the m
purely with the poisoning mechanism. The latter obviou
did not distinguish the two distinct regions, which resul
from a compromise between the different decaying rates

Notably, the calculated activity using the poison
mechanism was going to be zero very quickly if the
activation rate were maintained. This consequence w
be in contradiction with the observations that there w
always some residual activity left after the initial sta
Thereby, additional factors had to be included into the mo
to correct the predictions. In the literature, an autocata
mechanism that the metal deposits themselves created
active sites was mostly proposed. However, in our prece
study it was strongly doubted that the activity especially
hydrogenolysis activity or metal-removal activity derivi
from the deposits could reach such a high level to comp
sate the activity loss of a commercial catalyst [21]. Furth
more, even if the autocatalytic effects were significant, a
of concerned questions have still not been answered s
they were put forward by Toulhoat et al. [18], implying th
the theory was incomplete and unconvincing.

On the contrary, by interpreting the initial decay as an
fect of decreasing adsorption on the alumina support ra
than deactivation of the original active sites, the simulta
ous adsorption and reaction mechanism explained the w
process simply and reasonably. Of great importance, the
model exhibited the same typical characters as the m
with the corrected poisoning mechanism: the initial st
was related to the metal concentrations of the feed and
monolayer coverage capacity of the catalyst, and after
initial period there was a residual activity left. Therefo
e

,

l

l

it was concluded that the new mechanism was good
convincing enough to explain the initial decay of the HD
catalysts with real petroleum feeds.

It was known that a good understanding of the cata
deactivation is essential for further development of long-
HDM catalysts. Thus, though still preliminary, we belie
that the new mechanism would broaden our outlook and
new insight into the decay of the HDM catalysts at a co
mercial operation.

4. Conclusions

Without the correction of the autocatalytic hypothesis,
purely poisoning model of the metal deposition fits the
ing experimental data of the two HDM catalysts very poo
On the contrary, the model based on the simultaneous
sorption and reaction mechanism newly suggested in
preceding study follows the trends of the experimental
servations much better. Instead of interpreting the initi
decreasing activity as a result of catalyst deactivation,
new mechanism explains the process simply and reason
the initial apparent activity is an effect of a nearly const
catalytic activity of the active phase coupled with an ex
decreasing adsorption on the alumina support. Moreove
new model also possesses the representative charact
the one with the corrected poisoning mechanism: the in
stage is related to the metal concentrations of the feed
the monolayer coverage capacity of the catalyst, and
the initial period there is a residual activity left. Therefo
the simultaneous adsorption and reaction mechanism is
and convincing enough to explain the initial decay of
HDM catalysts with real petroleum feeds.
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