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Abstract

Mechanistic studies of the initial decay of hydrodemetallization (HDM) catalysts are performed in a fixed-bed reactor using me
phyrins as model compounds. Adsorption of the metalloporphyrins on alumina is quantitatively confirmed, and the metal deposition
to have some autocatalytic activity especially hydrogenation activity instead of being a poison. The autocatalytic activity is increa
the metal accumulation on alumina to some extent. However, these metal deposits are still far inferior to commercial HDM cat
removing the metals from the stream. Instead of interpreting the initially declining activity as a result of catalyst deactivation, a simu
adsorption and reaction mechanism is first proposed in this study. The initial apparent activity is an effect of a nearly constan
activity of the active phase coupled with an extra decreasing adsorption on the alumina support. Consequently, the model based
mechanism fits the experimental data reasonably well.
 2003 Elsevier Inc. All rights reserved.
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stability of HDM catalysts; Adsorption on alumina; Poisoning of metal deposits
y-
er-
M
ex-
urv
. Th
dis-
e-
sing
ted
to

s on

borg,

sms
the

car-
e in
, the
[1,2,
osits
ithin
s a

early
y of
im-

ilib-
itial
fec-
ies
port
sting
ince
suf-
1. Introduction

As the first stage of heavy fraction upgrading by h
droprocessing, hydrodemetallization (HDM) is of comm
cial importance in oil refineries. However, in practice HD
catalysts suffer from a loss of apparent activity, which
hibits an S-shape temperature versus time-on-stream c
when the process is operated at a constant conversion
decaying curve can be typically subdivided into three
tinct sections: an initial rapidly declining period, an interm
diate gradually aging period, and an ultimate fast decrea
period [1–6]. In the literature, this phenomenon is attribu
to “catalyst deactivation,” which is commonly assigned
the accumulation of carbonaceous and metallic deposit
the catalysts [1–31].
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doi:10.1016/j.jcat.2003.10.025
e
e

Catalyst deactivation can occur basically by mechani
such as fouling, poisoning, sintering, and evaporating of
active phase [32]. Generally it is acknowledged that
bonaceous deposits or fouling by coke may play a rol
the initial stage, depending on the composition of feeds
characteristics of catalysts, and the severity of reactions
7–22]. Noticeably about 10–30 wt% carbonaceous dep
based on the fresh catalyst accumulate on the surface w
at most the first 2 weeks of operation, and then attain
quasi-steady state [1,11,12,15,16,18–20]. As a result, n
50–60% of the surface area and one-third of the porosit
the original catalyst are lost, which is thought to have an
pact on the apparent activity [1,11,12,16,18,20].

Nevertheless, coke formatting and its eventual equ
rium have been argued to be much shorter than the in
decay period lasting 1 to 2 months or a quarter of the ef
tive lifetime of the catalysts [4,10,17,30]. The latest stud
find that coke preferentially deposits on the alumina sup
rather than on the active phase [15,19,31,33,34], sugge
that coking does not foul the active sites substantially. S
a stationary coke level is readily established under a

http://www.elsevier.com/locate/jcat
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ficiently high hydrogen pressure, few deactivation mod
consider coking in predicting the stability of HDM cat
lysts [4,5]. Therefore, carbonaceous deposition is usually
considered as a serious problem in most industrial op
tions.

On the other hand, a number of researchers focus on
effects of metallic deposits, mainly vanadium and nickel s
fides, on the initial decay of the catalysts [4–6,26–31]. It
been confirmed that the apparent activity decreases with
increase of the metallic deposition on the surface. Moreo
the length of the initial period is related to the organometa
concentration in the feed [4], which is long enough to fo
a monolayer coverage usually in the range of 0.034–0.1
of metals/cm3 of catalyst [4,18]. Thereby, most modelin
works use the deposited metals as an index of catalyst a
neglecting the contribution of the quick coking. Since o
a small quantity of metal deposits builds up on the catal
in the initial stage, a poisoning mechanism is mostly p
posed [26–31].

However, it has been reported that the activity of HD
catalysts does not change significantly after loaded
100 wt% metals during the catalytic demetallization
model compounds [35–37]. On the contrary, bare alum
supports or very low initial activity catalysts obtain a c
tain catalytic activity with the buildup of metal sulfides o
the surface in hydroprocessing real petroleum feedstock
model compounds [38–41]. Furthermore, if the poison
“deactivation” mechanism is adopted as the mechanism
the initial decay, many questions concerning the effect
the poisons in the whole catalyst life will be raised. It m
be explained how the metal deposition deactivates the a
phase so efficiently within a short time in a little amou
and then becomes almost nonpoisonous at the long st
deactivation stage in a large quantity. If autocatalytic effe
of the metal deposits are assumed, it must be shown
vanadium or nickel sulfides become so active as to dec
pose the metal species so much over a long time. In
case, to our best knowledge, it is strange that comme
hydroprocessing catalysts use CoMo, NiMo, or NiW as
active elements instead of V or Ni [23,24].

As a matter of fact, many mechanisms could explain
metal deposition on the surface in the initial period, with
necessarily demanding that these solids be catalytic.
the initially decreasing activity does not have to be int
preted as catalyst deactivation. In their batch tests with
of contact time, Gualda and Kasztelan found that the dem
allization conversions by alumina alone could reach 75–8
of a NiMo/Al2O3 catalyst [31]. Therefore, the initial deca
of the apparent activity may also be an effect of a ne
constant catalytic activity of the active phase in combina
with a decreasing adsorption on the alumina support w
the available sites are gradually and continuously occup
The objective of this fundamental study is to ascertain
role of alumina carriers in the initial decay of HDM cat
lysts.
,

y

2. Experimental

Due to the complex multicomponent systems of
streams, the depositing patterns of coke and metals
vary with the composition of feedstocks to a large exte
It is very difficult to distinguish quantitatively the contribu
tion of each factor to the decay of HDM catalysts dur
hydroprocessing real petroleum feeds. In order to avoid
biguous results caused by the possible influence of carb
ceous deposits, model compounds were chosen to eluc
the role of metal deposition in the initial decay.

In crude oils, vanadium and nickel are the most ab
dant metals and exist in porphyrinic and nonporphyr
organometallic complexes [23]. Metals in porphyrinic form
can account for 5–70% of the total metal content in
troleum [42], and 6–34 wt% of vanadium and nickel co
pounds falls into metalloporphyrins [23]. Since etio-ty
metalloporphyrins naturally occur in petroleum and con
tute up to 50% of the metals in the free porphyrin fra
tion [43], vanadyl etioporphyrin (VO-EP) and nickel eti
porphyrin (Ni-EP) whose molecular structures are show
Fig. 1 were selected as the model compounds in this st
Feeds for the model compound studies were prepare
dissolving VO-EP or Ni-EP (Midcentury Chemicals, Pos
IL) into white oil (Nypol 68, Nynäs Petroleum, Sweden)
523 K under the protection of nitrogen for 3 h of agitatio
The maximum concentration obtained of vanadium or nic
in the solution was around 40 ppm. In several runs, in
der to investigate the effects of competitive adsorption
surface, 2,6-dimethylpyridine or 3,5-dimethylpyridine w
introduced into the stream.

Three kinds of materials were utilized in this work
study adsorption and/or reactions of the metalloporphy
on the surface. Solid glass beads of sodium glass (K
Sweden) were representative of the materials that wer
ert in the catalytic reactions and had little surface area
adsorption. Alumina extrudates produced from hydra
of trialkylaluminum at Condea in Germany were typic
porous supports for hydroprocessing catalysts and were
as received. Commercial CoMo/Al2O3 HDM catalyst TK-
710 (Haldor Topsoe AS, Lyngby, Denmark) in the shape
1/32-in. extrudates was sulfided in situ before the exp
ments began. The sulfidation was achieved with a mix

(a) (b)

Fig. 1. Molecular structures of metalloporphyrins: (a) vanadyl etioporph
(VO-EP); (b) nickel etioporphyrin (Ni-EP).
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Table 1
Chemical and physical properties of materials used in the experiments

Material

Glass beads Alumina TK-710

Shape Spherical Cylindrical Cylindrica
Diameter (mm) 4 3 0.8
Composition (wt%) MoO3 0 0 6a

CoO 0 0 2a

Surface area (m2/g) 6× 10−4 213 140b

Pore volume (cm3/g) 0.00 0.63 0.57b

Particle density (g/cm3) – 1.38 1.08
Bed density (g/cm3) 1.35 0.62 0.64

a From Ref. [44].
b From Ref. [45].

of 10 vol% of hydrogen sulfide in hydrogen at a pressur
0.4 MPa, a flow rate of 100 N ml/h, and a temperature o
673 K for 4 h. During runs with the sulfided catalysts, 0.5
of S in CS2 was added into the feed to maintain the sulfi
tion level. The basic chemical and physical properties of
three materials are listed in Table 1.

Experiments were performed in a down-flow trickle-b
reactor with an internal diameter of 18 mm and two in
pendent heating zones [45]. Catalysts or alumina extrud
were loaded in the middle of the reactor and the void sp
above and below was filled with glass beads. Oils fed
a reciprocal pump were mixed with hydrogen or nitrog
before entering the reactor, and samples were withdraw
riodically from the separator. A typical experiment star
on heating the reactor at a rate of 10 K per minute und
flow of hydrogen or nitrogen. When the desired tempera
was reached, the pressure was raised to the set point, a
oil was pumped while the time was recorded as zero.
-

e

It is widely accepted that metalloporphyrins are deco
posed under hydrogen via a sequential mechanism inv
ing at least one hydrogenation step and one hydrogen
sis step [36,42,46–50]. To determine the concentration
the porphyrinic reactants as well as the reaction inter
diates, an ultraviolet-visible spectrophotometer (UV-16
Shimadzu, Japan) was routinely employed to analyze
liquid samples after dilution with white oil. Calibration fa
tors for the porphyrinic species were 0.56 Abs/ppm V for
VO-EP (571.5 nm), 0.61 Abs/ppm V for vanadyl etiochlo
rin (VO-EPH2, 631 nm), 0.478 Abs/ppm Ni for Ni-EP
(552 nm), and 0.72 Abs/ppm Ni for nickel etiochlorin (Ni-
EPH2, 616 nm) [46,47]. To confirm the metal concentrat
determined by the UV spectrophotometer, some of the s
ples were also ashed by sulfuric acid according to ASTM
1548-83. Then the ash was dissolved into a mixture of
furic and nitric acid, and after dilution the concentration
vanadium or nickel was analyzed using atomic absorp
spectrophotometry (AAS). All of the experimental runs
given in Table 2.

3. Mathematical methods

Mathematical methods combining mass-transfer eff
with the proposed disappearance mechanisms of the m
species were developed to predict the performance o
fixed-bed reactor and to interpret the experimental ob
vations. For the disappearance of the metal species, se
different mechanisms were suggested and investigated.
the species having diffused into the porous particle were
sumed only by adsorption on alumina supports or on H
catalysts when inert gas was introduced to prevent the ch
ical reactions. In this case, a nonlinear Langmuir adsorp
67
28

26

25
44

e

Table 2
Summary of experimental runs

Run Experimental conditions

Material Volume Temperature P v0 CEP0 CEPH0
(cm3) (K) (MPa) (cm3/h) (ppm) (ppm)

VP-1 Glass beads 523–693 7 16 25.107 1.9
VP-2 Glass beads 613–693 1–7 16 43.250 0.3
VP-3 Alumina 11 523 7 16 42.893 0.361
VP-4 Alumina 22 523 7 16 42.893 0.361
VP-5 Alumina 11 593 7 16 42.893 0.361
VP-6 Alumina 22 613 7 16 23.643
VP-7 TK-710 3 573 5 16 18.536 1.869
VP-8 TK-710 5 553–593 2–8 17.5–24.8 44.214 0.4

NiP-1 Glass beads 553–673 7 16 37.782 0.6
NiP-2 Glass beads 508–658 7 16 34.289 0.4
NiP-3 Alumina 22 523 7 16 40.203 ≈ 0
NiP-4 Alumina 11 593 7 16 43.757 ≈ 0
NiP-5 Alumina 22 613 7 16 26.485
NiP-6 TK-710 5 523 7 (N2) 16 40.586 ≈ 0
NiP-7 TK-710 5 503–523 5 41–46 40.586 ≈ 0
NiP-8 TK-710 3 573 5 16 17.824 1.875

P , total pressure;v0, volumetric flow rate; CEP0, metal concentration of the etio-type metalloporphyrins in the feed; CEPH0, metal concentration of th
dihydrogenated species in the feed.
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isotherm was thought favorable. Secondly, the species d
pearance was totally attributed to demetallization react
of the catalysts in a steady state, while a power-law rate
pression was chosen. Thirdly, simultaneous adsorption
reaction occurring on different sites of the catalyst surf
were considered. Two steps usually involved in modeling
performance of the fixed-bed reactor are based on the d
ent mechanisms: establishing the differential equation o
mass balance for the fluid concentration within the part
and building the differential equation of the material bala
for the reactor.

For an isothermal cylindrical particle when film mas
transfer resistance is negligible and pore diffusion is do
inated, the differential pseudo-steady-state mass balanc
the fluid concentration within the particleCi yields

(1)De

(
∂2Ci

∂r2 + 1

r

∂Ci

∂r

)
+ Ni(t,Ci, T ) = 0

with initial and boundary conditions

(2)Ci = Cb; t � 0; r = R0,

(3)
∂Ci

∂r
= 0; t � 0; r = 0,

whereDe represents the effective diffusivity,r is the radial
coordinate of the particle, andR0 is the radius,Ni denotes
the disappearance rate of the species per unit volume o
particle as a function of process timet , concentrationCi ,
and temperatureT , andCb is the bulk stream concentratio
of the species.

As for the adsorption mechanism,Ni is expressed as

(4)−Ni = ρc
∂q

∂t
= ρcSa

∂q∗

∂t
= ρcSa

Kq∗
0

(1+ KCi)2

∂Ci

∂t
,

where ρc is the density of the particle,q and q∗ denote
the quantity of the species adsorbed on the surface per
weight and per unit surface area, respectively,q∗

0 represents
the maximum quantity of the species adsorbed on the su
per unit surface area,Sa is the surface area per unit mass
the particle, andK is the adsorption equilibrium constant f
the Langmuir isotherm. In the case of the simultaneous
sorption and reaction mechanism,Ni is given by

(5)−Ni = ρcSa
Kq∗

0

(1+ KCi)2

∂Ci

∂t
+ kiSaρcP

mCn
i ,

where ki denotes the rate constant of the intrinsic re
tion, P is the total pressure,m represents the reaction ord
with respect to the total pressure, andn is the surface re
action order. Equation (1) is a two-point boundary va
problem, which was solved numerically in this study
using the finite element method (FEM) on commercial s
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.

With the results of a single particle, we now consider
situation that the disappearance of the species takes pla
-

r

t

n

a plug-flow fixed bed with no concentration gradients alo
the bed under a steady and isothermal state. If the axia
persion is negligible, the differential equation of the mate
balance for the bed is given by

(6)− v0

Ac

dCb

dz
= 2(1− ε)De

R0

∂Ci

∂r

∣∣∣∣r = R0,

wherev0 denotes the volumetric flow rate,Ac andz are the
cross-sectional area and the axial position of the bed, res
tively, andε represents the bed void fraction. IfC0 denotes
the feed concentration of the species, with the aid of
boundary condition at the entrance of the reactor,

(7)Cb = C0 at z = 0.

Equation (6) can be integrated to give the concentratio
the species at the bed exitCout, and the corresponding con
versionX can be calculated according to the definition

(8)X = C0 − Cout

C0
× 100%.

Subsequently, the parameters that characterize the m
anisms of adsorption and/or reaction on the surface u
restrictive intraparticle diffusion were estimated by fitti
the corresponding model into the experimental data u
the least-squares method on MATLAB.

4. Results and discussion

4.1. Disappearance of metalloporphyrins on alumina

4.1.1. Mechanistic studies
The disappearance of VO-EP and Ni-EP on pure alum

was investigated under different temperatures (523–61
and volumes of extrudates (11 and 22 ml) at the same
rate (16 ml/h). Although a clean model reaction system w
employed, the results presented in Fig. 2 in the form of
apparent conversions of the metalloporphyrins vs time
stream still exhibited very complex patterns.

Under the conditions of these runs, thermal decom
sition of the species was found to have a fixed contri
tion to the apparent conversions (3.5 wt% at most), wh
was not considered to be significant in interpreting the
havior of the metalloporphyrins on alumina. On the co
trary, alumina that is a well-known adsorbent for separa
porphyrinic species by “dry column” chromatography [4
was reported to have some transient capacity of dem
lization [31]. A number of studies directly suggested t
metalloporphyrins were adsorbed on the surface of alum
at room temperature or under hydroprocessing condit
[31,49,51–54]. Thus, the initially very high but gradua
decreasing activity was attributed to the declining adso
tion of the metalloporphyrins on alumina when the availa
sites were continuously occupied. Furthermore, when the
sorbed species were desorbed thermally in two runs (V
and NiP-3 in Figs. 2a and 2b), the lost capacity of alum
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Fig. 2. Time course of the apparent conversions of metal etioporphyrin
alumna: (a) vanadyl etioporphyrin (VO-EP) in the runs VP-3 (1), VP-4 (e),
VP-4 (P) that was repeated after being heated at 673 K for about
without feeding, and VP-6 (!); (b) nickel etioporphyrin (Ni-EP) in the run
NiP-3 (P), NiP-3 (e) that was repeated after being heated at 673 K
about 24 h without feeding, and NiP-5 (!); (c) VO-EP and Ni-EP in the run
VP-5 (+) and NiP-4 (1). Solid and dashed lines represent the mode
results with the adsorption mechanism (dashed line represents VO-EP
(a)

(b)

Fig. 3. Time course of the outlet concentrations of the dihydrogen
species with alumina: (a) vanadyl etiochlorin (VO-EPH2) in the runs
VP-3 (1), VP-4 (e), VP-5 (+), and VP-6 (!); (b) nickel etiochlorin
(Ni-EPH2) in the runs NiP-3 (P), NiP-4 (1), and NiP-5 (!).

was renewed completely, indicating that the adsorption
reversible.

Unexpectedly, three runs (VP-5, NiP-4, and NiP
showed a rising activity in the latter parts instead of dec
ing to the end (Fig. 2). Moreover, the outlet concentration
the dihydrogenated intermediates (VO-EPH2 and Ni-EPH2)
were significantly higher in the latter periods than in
beginning for the three runs as shown in Fig. 3. Since
alytic cleavage of the metalloporphyrins under hydrogen
through a sequential mechanism via the hydrogenated i
mediates [23–25], the autocatalytic effects proposed in
eral papers [38–41] were verified evidently. Notably, in
same figures (Fig. 3) the runs at a lower temperature (52
VP-3, VP-4, and NiP-3) did not exhibit the rising tenden
before thermal desorption, confirming that the metallop
phyrins were dominantly adsorbed on the surface with
being dissociated. Once the species were deconstruct
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Table 3
Modeling the disappearance of metalloporphyrins on alumina

Mechanism Parameter Feed

VO-EP Ni-EP

Adsorption �H (kJ/mol) −7.86± 1.08 −30.41± 6.03
KT0 (10−3 m3/g metal) 26.02± 0.68 9.67± 1.18
�ED (kJ/mol) 21.07± 1.50 15.01± 14.38
DT0 (10−6 cm2/s) 2.56± 0.18 2.74± 0.51

Calculated adsorption 523 K 30.46± 1.03 17.81± 3.06
Equilibrium constantK 593 K 24.61± 0.67 7.80± 1.01
(10−3 m3/g metal) 613 K 23.36± 0.70 6.38± 0.94

Calculated effective 523 K 1.67± 0.13 2.02± 0.69
Diffusivity De 593 K 2.97± 0.21 3.04± 0.64
(10−6 cm2/s) 613 K 3.41± 0.25 3.36± 0.91

Autocatalytic LargestKappA obtained 593 K 9.71 9.99
reaction (10−10 m2.5g-metal−0.5 MPa−0.7 h−1) (VP-5) (NiP-4)

�H , adsorption enthalpy;KT0 , adsorption equilibrium constant at reference temperature (573 K);�ED , activation energy of the effective diffusivity;DT0 ,
effective diffusivity at reference temperature (573 K);KappA, apparent rate constant of the autocatalytic reaction deriving from the metal deposition.
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leave some metal deposits on alumina as in VP-4 and Ni
the catalytic effects were shown immediately in the forms
the rising outlet concentrations of the intermediates (Fig
and the slightly higher conversions than before (Fig. 2).

4.1.2. Model building
Subsequently, the adsorption mechanism was trie

model the declining part of the metalloporphyrin disappe
ance on alumina, neglecting the influences of the ther
and the autocatalytic reactions. Specifically, in each run
adsorption mechanism was applicable from the beginnin
the lowest point of the conversions, avoiding the part of
rising activity (Fig. 2).

Metalloporphyrins have been found mostly lying flat
the catalyst surface with which the plane of the molecule
allels in many papers [53,55–57]. In the modeling, a mo
cule of etio-type metalloporphyrins was assumed to occ
a 1.5× 1.5-nm square [23,58]. Then the saturation capa
per unit surface areaq∗

0 was calculated to be 3.76× 10−5 g
V/m2 for VO-EP and 4.33× 10−5 g Ni/m2 for Ni-EP. In
addition, the temperature dependence of the adsorption
librium constantK was described by the van’t Hoff equ
tion, which was formulated as

(9)K = KT0 exp

(
−�H

RT
+ �H

RT0

)
,

(10)KT0 = K0 exp

(
−�H

RT0

)
,

whereKT0 denotes the adsorption equilibrium constan
the reference temperature,R is the gas constant (8.31
J mol−1 K−1), �H represents the adsorption enthalpy t
has a negative thermodynamic value,T0 is the reference tem
perature that is usually the middle temperature (573 K in
study), andK0 is the preexponential factor. The temperat
dependence of the effective diffusivityDe was expressed b
an equation analogous to the Arrhenius equation [59], wh
-

was given as

(11)De = DT0 exp

(
−�ED

RT
+ �ED

RT0

)
,

(12)DT0 = De0 exp

(
−�ED

RT0

)
,

whereDT0 denotes the effective diffusivity at the referen
temperature,�ED represents the activation energy of the
fective diffusivity, andDe0 is the preexponential factor. S
in each case four parameters needed estimating empiri
which were obtained by fitting the adsorption model into
the experimental sets of VO-EP or Ni-EP in the applica
range.

As given in Table 3, the calculatedDe was in the or-
der of 10−6 cm2/s for both of the metalloporphyrins un
der all the experimental temperatures, which agreed
with the published results [54,58,60]. The activation en
gies of De, which were 21.07± 1.50 kJ/mol for VO-EP
and 15.01± 14.38 kJ/mol for Ni-EP, were weakly depen
dent upon temperature as expected. Besides, the ad
tion enthalpy was−7.86 ± 1.08 kJ/mol for VO-EP and
−30.41± 6.03 kJ/mol for Ni-EP, suggesting a very wea
association of the metalloporphyrins with alumina [23]. T
adsorption model predictions on the apparent convers
are presented in solid and dashed lines in Fig. 2. For
runs VP-5, NiP-4, and NiP-5, the calculated lines were
tended to the end to illustrate the theoretical developme
the conversions due purely to adsorption. It was not surp
ing that the predictions fit the experimental data reason
well except in runs VP-5 and NiP-4, implying that the a
sorption mechanism is a dominating factor for these run
the calculation range.

Unfortunately, the results in runs VP-5 and NiP-4 de
ated from the adsorption model predictions very seriou
even in the calculation period (from the beginning to the lo
est conversion). Since the two runs were not performed a
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Fig. 4. Time course of the cumulative metal loading on alumina: (a) v
dium in the runs VP-3 (1), VP-4 (e), VP-5 (+) and VP-6 (!); (b) nickel
in the runs NiP-3 (P), NiP-4 (1), NiP-5 (!).

highest temperature, thermal degradation of the metallo
phyrins could not result in the highly added activity beyo
the adsorption. Fig. 4 shows the actual cumulative loadin
the metals on alumina, which was estimated using a pol
mial curve-fitting method. Apparently, the metal loading w
significantly higher in runs VP-5 and NiP-4 than in the o
ers with the same running length, which resulted from
least particle volume and the highest feed concentratio
the two runs. Correspondingly, the outlet concentration
the dihydrogenated intermediates were higher with the
on stream in the two runs than in the others as well (Fig
Thereby, it was concluded that the autocatalytic reactions
riving from the metal deposition contributed to the appar
conversions in runs VP-5 and NiP-4 and even greater
in the runs at a higher temperature (613 K, runs VP-6
NiP-5).
Fig. 5. Apparent rate constants of the autocatalytic reactionskappA versus
cumulative metal loading on alumna in the runs VP-5, NiP-4, and Ni
Symbols: (+) VP-5; (1) NiP-4; (!) NiP-5. Conditions: 7 MPa.

Based on the discussion above, the added activity is
explained by the adsorption mechanism in the whole t
on stream of in runs VP-5, NiP-4, and NiP-5. Instead
added activity was ascribed to a growing catalytic activ
deriving from the metal accumulation on the surface. It w
be shown in the next section that the apparent disappea
rate due to the catalytic reaction was 1.5 order of magni
dependent on the metal concentration (n = 1.5) and 0.7 or-
der of magnitude dependent on the total pressure (m = 0.7).
Thus, the apparent rate constants of the autocatalytic
tionskappA that should be a function of the temperature a
the metal accumulation were calculated by

(13)kappA= LHSV

ρb

1

Pm

1

Cn−1
0

1− (1− XA)1−n

1− n
,

in which XA represents the added conversion that was
explained by the adsorption mechanism,ρb is the density
of the bed, and LHSV denotes the liquid hourly space
locity. The results are presented in Fig. 5 by plottingkappA
against the cumulative metal loading on the particles. A
ear increase of the rate constants with the cumulative m
loading verified the above analysis.

Thereby, the complicated disappearing patterns of
metalloporphyrins on alumina were mainly assigned to
combined effects of a declining adsorption on alumina
a growing catalytic reaction deriving from the metal depo
tion.

4.2. Disappearance of metalloporphyrins on
HDM catalysts

4.2.1. Adsorption or steady-state reaction
The adsorption of Ni-EP on the HDM catalyst TK-7

was studied at 523 K in run NiP-6. During the experime
nitrogen was introduced to prevent the catalytic react
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Table 4
Modeling the disappearance of metalloporphyrins on HDM catalysts

Mechanism Parameter Feed

VO-EP Ni-EP

Adsorption K (10−3 m3/g metal) 300a 31.28± 18.67b

De (10−7 cm2/s) 1.49± 1.23b

Steady-state catalytic m 0.7 0.7
reaction n 1.5 1.5

Eapp (kJ/mol) 59.83± 5.18 66.52± 13.48

Simultaneous K (10−3 m3/g metal) 350± 2.6
adsorption and reaction De (10−7 cm2/s) 6.62± 1.19
with N-containing ki (10−9 m2.5g-V−0.5 MPa−0.7 h−1) 3.21± 0.40
poison KappC(10−9 m2.5g-V−0.5 MPa−0.7 h−1) 2.04
(573 K, VP-7) KappC(10−9 m2.5g-V−0.5 MPa−0.7 h−1) 3.11(593 K)

K , adsorption equilibrium constant for the Langmuir isotherm;De, effective diffusivity;m, reaction order with respect to the total pressure;n, surface reaction
order;Eapp, apparent activation energy of the catalytic reaction;ki , rate constant of the intrinsic surface reaction;kappC, apparent rate constant of the cataly
reaction deriving from the catalyst.

a 543 K, estimated from the data in Ref. [49].
b 523 K, NiP-6.
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Fig. 6. Time course of the apparent conversions of nickel etioporph
(Ni-EP) on the HDM catalyst under N2 in the run NiP-6. Solid line rep-
resents the modeling results with the adsorption mechanism. Condit
523 K, 5 MPa.

which was realized through the observation that the d
drogenated intermediate was not detected at the bed
Then the adsorption model was applied to the time co
of the disappearances, and the results are shown in F
and Table 4. The adsorption equilibrium constant of VO-
at 543 K on TK-710 was roughly estimated to be 0.3 m3/g-
V from the transient period data in a previous work [4
in which an extremely quick drop of the concentration w
blamed on the VO-EP adsorption on the catalyst. It was
surprising that a larger equilibrium constant and a sma
effective diffusivity were obtained on the HDM cataly
than on alumina. The active metals loaded on the sup
were supposed to attract more reactants. Besides, these
nitudes of the equilibrium constants have been found
studies using metal tetraphenylporphyrins and metal tetr
methylphenyl)porphyrins [61]. Since a stronger adsorp
.

g-

resulted in a greater drag force, the smaller effective di
sivity was attributed to the restrictive effect [25].

The steady catalytic HDM reactions of the metallop
phyrins were investigated in runs VP-8 and NiP-7 at diff
ent temperatures (503–593 K), total pressures (2–8 M
and flow rates (17.5–46 ml/h), and the results are also pr
sented in Table 4. The disappearance rate due to the
lytic reaction was found to be 1.5 order of magnitude w
respect to the metal concentration and 0.7 order of m
nitude with respect to the total pressure. The apparen
tivation energies of the catalytic reactions calculated w
59.83± 5.18 kJ/mol for VO-EP and 66.52± 13.48 kJ/mol
for Ni-EP, which were in the range of a typical hydrogen
tion reaction and are in good agreement with the studie
Morales et al. [62].

4.2.2. Simultaneous adsorption and reaction
The time-course conversions of VO-EP on the HDM ca

lyst TK-710 were studied at 573 K under hydrogen in the
VP-7, in which 0.05% N in 2,6-dimethylpyridine present
in the stream. A typical transient period of the activity is e
hibited in Fig. 7, which was characterized by high activity
the beginning and soon decayed to a quasi-equilibrium s
This period was thought to correspond to the initially dec
ing stage of the HDM catalysts under industrial condition

Several researchers have reported the transient p
in their experiments with metalloporphyrins [46,49,51], b
few have made an effort to understand it. Bonné et al.
scribed the initial period as a phenomenon of catalyst
activation; however, they concluded that the metals did
deposit on the active sites [63]. Since catalyst deactiva
is usually referred to an activity loss of some active si
the decreasing activity could not be interpreted as de
vation if the active phase were not involved or altered.
a matter of fact, the conclusion could be drawn from th
study that the decay of the activity was in association w
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Fig. 7. Time course of the apparent conversions of vanadyl etioporph
(VO-EP) with the HDM catalyst in the run VP-7. Solid line represents
modeling results with the simultaneous adsorption and reaction mecha
Dashed lines represent the simulation results when the experiments
run at different reaction temperatures. Conditions: 573 K, 5 MPa.

the alumina support, which was in agreement with our
sults that the metalloporphyrins were adsorbed on alum
Therefore, a new mechanism, the simultaneous adsor
and reaction mechanism, was proposed for the initial pe
in this work: the apparent activity stemmed from a nea
constant catalytic activity of the active phase coupled w
an extra adsorption on the alumina support.

In summary, the model based on the new mechanism
cluding neither thermal reactions nor autocatalytic react
fit the experimental data very well as shown in Fig. 7
the solid line, while the calculated values of the charac
istic parametersK, De, andki were given in Table 4. As
expected, a larger equilibrium constant and a smaller e
tive diffusivity were also obtained for VO-EP on the HD
catalyst than on alumina. The corresponding apparent
constant due to the catalytic reactionkappC at 573 K was
calculated as well. Since the apparent activation energ
VO-EP has been determined, the value ofkappCat 593 K was
estimated as shown in Table 4.

In Fig. 2c, the apparent conversions fell off near the
of VP-5, indicating that further accumulation of the m
als would not increase the autocatalytic reaction very m
The largest value of the apparent rate constant due to
autocatalytic reactionkappA at 593 K (Table 3) was only
third of kappC of the commercial HDM catalyst even wi
N-containing poison (Table 4). To make the matter wo
vanadium catalysts supported by alumina were found
have much lower hydrogenolysis activity than molybdenu
based hydroprocessing catalysts while the hydrogenatio
tivity was comparable [64]. Therefore, it was concluded t
the metal deposits were far inferior to commercial HD
catalysts in removing the metals from the stream. Co
quently, the poisoning deactivation mechanism was ruled
in explaining the initial decay of the HDM catalysts, sin
.

-

the autocatalytic reaction was incapable of making up
activity loss in the steady stage.

It was worthy of note that the limited sites of the ca
lysts for the adsorption were continuously occupied with
time on stream, so different experimental methods and
ditions could disguise the added activity. The probable c
were stabilizing the catalysts in the first place [46,49,5
loading the catalysts with metal deposits prior to the ex
iments [34,35,37,41], using an extremely high LHSV o
very large ratio of feed to catalyst [48,50], and employ
a very high feed concentration accompanying the crus
catalysts [36,47]. With respect to the catalyst properties
most important factor was the relatively active strength
tween the adsorption and the reaction. It was well known
both adsorption and reactions were temperature depen
but responded to temperature changes in opposite direc
The dashed lines in Fig. 7 are the results that simulate
influence of different reaction temperatures on the appa
conversions using the simultaneous adsorption and rea
mechanism. Obviously, the initial period was reduced w
the increase of the reaction temperatures.

In reality, a lower intrinsic activity and a larger capac
for deposit-storage distinguished the HDM catalysts fr
other hydroprocessing catalysts. The process with sm
LHSV was always started at a reaction temperature as
as possible. Therefore, the industrial practice fully utiliz
the adsorption capacity of the alumina carriers, which
believed not to be negligible to the initial apparent conv
sions.

5. Conclusions

Three factors are generally responsible for the appa
conversions of the metalloporphyrins in a fixed-bed reac
thermal decomposition, adsorption on the alumina supp
and catalytic reactions. The thermal degradation that h
fixed contribution to the apparent conversions is neglig
when the reaction temperature is below 613 K. The ads
tion of the metalloporphyrins on alumina is quantitativ
confirmed in this work, and the metal deposits are pro
to have some catalytic activity especially hydrogenation
tivity instead of being a poison. The autocatalytic activ
is increased with the metal accumulation on the surfac
some extent, but is still far inferior to the commercial HD
catalysts due to lack of some active elements such as m
denum. Therefore, the poisoning deactivation is not conv
ing as an explanation of the initially decaying period of
HDM catalysts, since the autocatalytic effects are not ab
compensate the activity loss in the steady stage. Instea
the first time a simultaneous adsorption and reaction me
nism is proposed for the initial declining activity of the HD
catalysts in this study. The initial apparent activity is int
preted as an effect of a nearly constant catalytic activit
the active phase in combination with a decreasing adsorp
on the alumina support when the available sites are gr
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ally and continuously occupied. As a result, the new mo
fits the experimental data reasonably well. In practice,
HDM unit loaded with low intrinsic-activity catalysts is a
ways started at a reaction temperature as low as possib
the process is just run under conditions to fully utilize the
sorption capacity that is not negligible to the initial appar
conversions.
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Appendix A. Nomenclature

Ac Cross-sectional area of the bed
Cb Concentration of the species in the bulk stream
Ci Concentration of the species inside the particle
C0 Concentration of the species in the feed
Cout Concentration of the species at the bed exit
De Effective diffusivity
De0 Preexponential factor
DT0 Effective diffusivity at the reference temperature
Eapp Apparent activation energy of the catalytic react
�ED Activation energy of the effective diffusivity
�H Adsorption enthalpy
K Adsorption equilibrium constant for the Langmu

isotherm
KT0 Adsorption equilibrium constant at the referen

temperature
K0 Preexponential factor
kappA Apparent rate constant of the autocatalytic reac

deriving from the metal deposition
kappC Apparent rate constant of the catalytic reaction

riving from the catalyst
ki Rate constant of the intrinsic surface reaction
LHSV Liquid hourly space velocity
m Reaction order with respect to the total pressure
n Surface reaction order
Ni Disappearance rate of the specie per unit volum

the particle
P Total pressure
q Adsorbed quantity of the specie on the surface

unit weight
q∗ Adsorbed quantity of the specie on the surface

unit surface area
q∗

0 Maximum adsorbed quantity of the specie on
surface per unit surface area

R Gas constant (8.314 J mol−1 K−1)
R0 Particle radius
r Radial position inside the particle
Sa Surface area per unit mass of the particle
T Reaction temperature
T0 Reference temperature
o

t Process time
v0 Volumetric flow rate
X Conversion
XA Added conversion that is not explained by the

sorption mechanism
z Axial position of the catalyst bed
ε Bed void fraction
ρb Density of the catalyst bed
ρc Density of the catalyst particle
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