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Abstract

Two mechanisms, a classical poisoning mechanism of the metal deposits and a simultaneous adsorption and reaction mechanism newl
proposed in our preceding study, are applied to model the performance of two hydrodemetallization (HDM) catalysts in the aging experiments
with Venezuelan vacuum residue. By interpreting the initially decaying activity as an effect of decreasing adsorption on alumina supports
rather than deactivation of original active sites, the new model follows the trends of the observations much better. Moreover, the typical
characteristics of the poisoning model with autocatalytic effects are also part of the new model: the initial stage of decaying is related to
the metal concentrations of the feed and the monolayer coverage capacity of the catalyst, and after this period there is a residual activity
left. Therefore, the simultaneous adsorption and reaction mechanism is good and convincing enough to explain the initial decay of the HDM
catalysts with real petroleum feeds.
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1. Introduction anisms have been developed to characterize the process for
predicting catalyst deactivation under commercial operation
Hydrodemetallization (HDM) is an important step in in- conditions. They differ in the mechanism of deactivation, in
dustrial catalytic hydroprocessing of residual oils. During the kinetics of reaction, and in the description of diffusiv-
the operation, HDM catalysts undergo a decay of the ap- ity or pore structures [1,2,9-20]. Notably, since a stationary
parent activity, which is characterized by an S-shape tem- coke level on the catalyst is readily established in most in-
perature versus time-on-stream curve with three distinct pe-dustrial operations, the majority of the models utilize the
riods [1,2]. The decreasing activity has been extensively deposited metals as an index of catalyst aging even at the
studied and reviewed in the literature as a result of catalystearly stage.
deactivation, which is commonly ascribed to the accumula-  In our preceding study using model compounds, a new
tion of carbonaceous and metal deposits on the surface [3-5]mechanism was proposed for the initial decline of the HDM
No doubt, a large quantity of deposits will substantially in- catalyst [21]. Rather than a result of catalyst deactivation,
fluence the diffusional properties of the porous catalysts so the initial apparent activity was demonstrated to be an ef-
as to restrict access to the pore system finally, which is gen-fect of a nearly constant catalytic activity of the active phase
erally thought to be responsible for the deactivation of the coypled with an extra decreasing adsorption on the alumina
last two stages. Nevertheless, there has been considerablgypport when the available sites were gradually and contin-

controversy on what kind of mechanisms and to what ex- yously occupied. Subsequently, the simultaneous adsorption
tent each deposit contributes to the initial dramatic decay of 5nd reaction mechanism was used to model the time-course

the catalysts [1,6-8]. Meanvyhile, various mode.IS t'hat COM- conversions of metalloporphyrins in a fixed-bed reactor un-
bine mass-transfer effects with proposed deactivation mech-qe 4 constant reaction temperature and fit the experimental

data reasonably well. The objective of this study is to ascer-
* Corresponding author. tain whether the new mechanism is applicable to the HDM
E-mail address: gevert@surfchem.chalmers.se (B.S. Gevert). process with real petroleum feeds. For comparison, the clas-
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sical poisoning mechanism of the metal deposition is also radius, p¢ is the density of the particle§; denotes the sur-
included to model the performances of two HDM catalysts face area per unit mass of the partidlgis the rate constant
in the accelerated aging experiments with Venezuelan vac-of the intrinsic reactiory is the surface reaction orderde-
uum residue. notes the fractional activity of the catalyst that is a function
of the process time, kq is the rate constant of the intrinsic
deactivationn is the deactivation order, ar@, is the bulk
2. Experimental and mathematical methods stream concentration of the species.
The set of Egs. (1) and (2) is a two-point boundary value
A laboratory-prepared NiMo/fibrillar alumina catalyst F- problem, which was solved numerically in this study by us-
145 and a commercial CoMo/4D3; HDM catalyst (Haldor ing the finite element method (FEM) on commercial soft-
Topsoe TK-710) were aged in previous studies of our group ware MATLAB 5.3. The results are expressed in the form
for about 530 and 1400 h, respectively [22,23]. The experi- of concentration profile€’i(s, r) and concentration gradi-
ments were performed in a down-flow trickle-bed reactor at €nts(dCi/ar)(t, r) inside the particle at different times on
11 MPa of total pressure and a constant reaction temperaturétream. Thus, an “initialized” effectiveness factor of the de-
(643 K) using Venezuelan vacuum residue that contained asactivating particle [24] can be calculated according to
high as 576 ppm metals (NI V). Catalyst F-145 origi- ¢ De dCi
nally in the form of 1-mm cylindrical extrudates had been 7t = R kiSapeCl dr r
grounded and sieved with 0.5- to 1.0-mm screens before . b ) )
use. So in the modeling, F-145 was approximately treated asWWhereg is a constant that is equal to 3 for a spherical pellet
a spherical pellet with an equivalent diameter of 0.75 mm, @nd 2 for an infinite cylinder. . _
while TK-710 was regarded as an infinite cylinder with adi- ~ With the results of a single particle, we now consider the
ameter of 0.8 mm. The liquid hourly space velocity (LHSV) Case that the disappearance of the species takes place in a
was 0.75 h for both of the runs, and the bed void fraction plug-flow fixed bed with no concentration gradients along
was 0.53 for F-145 and 0.41 for TK-710. The other details the bed under a steady and isothermal state. The advantage
about the experiments were introduced in Refs. [22,23]. of u§ing the time-dependent effectivengss factor'is that it is
When the simultaneous adsorption and reaction mecha-€2Sily incorporated in the reactor design equation to pre-
nism was applied to model the performances of the catalysts dict reactor performance under the combined influence of
a power-law rate expression was chosen for the reactionthe qle.actlvatlon.and dlffu5|on [2_4]. If the axial d|§per5|on is
and a nonlinear Langmuir isotherm was thought favorable negligible, t.he Q|ﬁerent|al equation of the material balance
to the adsorption in this work. The details of the mathemat- for the bed is given by
ical methods with the simultaneous adsorption and reaction vg dCp
mechanism can be found in the preceding study [21]. CAc dz

As for the poisoning mechanism of the metal deposition, \yhere, denotes the volumetric flow rate, andz are the

the basic assumptions were as follows: separate rate forms;oss_sectional area and the axial position of the bed, respec-
to express the kinetics of the primary reaction and the de- tively, andpp is the density of the bed.

activation process; power-law expressions for the reaction Co denotes the feed concentration of the species, with

and deactivation kinetics; pseudo-steady state of the catahg aig of the boundary condition at the entrance of the reac-
lyst particles. And then for an isothermal particle when film .,

mass-transfer resistance is negligible and pore diffusion is

=R, (6)

= kiSappCp 1t (7)

dominate, the differential pseudo-steady-state mass balanc€br = Co atz =0. (8)
for the fluid concentration within the partic yields Equation (7) can be integrated to give the concentration of
d2C; dcCi the species at the bed exXityt, and the corresponding con-
De<ﬁ + B(V)W) = kiSapcCa, (1) versionX is calculated according to the definition
Co— Cout
da — ou 0

Subsequently, the parameters that characterize the pro-
posed mechanism under restrictive diffusion were estimated
a=1 t=0, R>r>0, (3) by fitting the corresponding model into the experimental

with initial and boundary conditions

Ci=Cy 1>0. r=R, 4) data using the least-squares method on MATLAB.

dCi

— =0, t>0;, r=0. (5)

ar 3. Resultsan discussion

For a spherical pelleB () = 2/r, and for an infinite cylinder

B(r) = 1/r.Inthe equations)e represents the effective dif- The catalyst performances in the aging experiments are

fusivity, r is the radial coordinate of the particle aRds the presented in Figs. 1 and 2, in which the demetallization
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100
Table 1
£ Estimated parameter values of the proposed decaying mechanisms
,‘.5 Mechanism »n Parameter Catalyst
s F-145 TK-710
§ Simultaneous 1 K (10~3 m3/g-V) 9.26+0.85 922+ 0.59
= adsorption ki (1079 m/h) 442+1.72 205+ 0.64
— and reaction De (1078 cm?/s) 468+336 5344180
g Bpn 0.93 0.80
g 2 K (103m3/g-v) 9.00+0.63 8804141
by k (1001 m4g-v-1h—1) 1104017 0444004
&~ De (1078 cm?/s) 4794237 5464267
® 207 ] Ppn 1.14 0.98
10 T
. . ‘ . Poisoning of 1 kj (10~2 m/h) 911+267 518+1.23
0 0 100 200 300 400 560 600 metal kg (10_3 m3 g-V_1 h_l) 2.60+ 156 1604 0.65
Time-on-stream (h) deposition 2 k(101 mtg-v-1h1) 406+181 180+057
(m=1) kg(103m3g-v—1h-1) 346+215 1944079

Fig. 1. Experimental and modeling results of catalyst F-145. Synibpl (

represents the experimental results from Ref. [22]. The solid line is the qhqiant for the Langmuir isotherrk;, rate constant of the intrinsic reac-

modeling results using the simultaneous adsorption and reaction meCha’tion; De, effective diffusivity; dpn, generalized Thiele modulusy, rate
nism with first-order reaction. The dashed line is the modeling results using constant of the intrinsic deactivation

the poisoning mechanism with the first-order reaction and deactivation.

n, surface reaction orde#;, deactivation orderk, adsorption equilibrium

100 - : : ' - posit uptake in order to pretreat residual oils. Thereby, in
g ] the modeling it was reasonably assumed that the effective
2 80 diffusivity of the reactants inside the particle was not signif-
'S icantly changed within the limited running time. In addition,
§ 70 1 since the demetallization rate has been considered to be first
i 60 ] order [9-11,13,14,16-20] and second order [1,12,15] in the
| metal concentration without general agreements, both of the
g reaction orders were examined for each of the mechanisms.
g 40 Nevertheless, due to lack of information the empirical decay
L 30 - laws for the poisoning mechanism were checked only with
~ S he first- and the second-order deactivation. The monolayer
. 00 | oS «© cf) 00 o o - the : > . y
0l ° o 00 O0g o%a.____ " " | coverage of vanadium depositigyj has been calculated to
° be in the range of 1.7-8 x 10~* g V/m? of catalyst [1,25].
0 0 250 500 750 1000 1250 1500 The exact value depended on crystallographic orientation
Time-on-stream (h) of the deposit relative to the catalyst surface [1]. However,

Pereira and Beeckman reported that the monolayer cover-
Fig. 2. Experimental a_md modeling results of catalyst TK-710._Sy'rT(bpl( age for Boscan vacuum feed was about 404 g V/mz
represents the experimental results from Ref. [23]. The solid line is the . . . .
modeling results using the simultaneous adsorption and reaction mecha—Of CataIy.S_t [16], which was (’tompatlble with our experimen-
nism with first-order reaction. The dashed line is the modeling resuits using tal conditions. Therefore, this value that happened to be the
the poisoning mechanism with the first-order reaction and deactivation. ~ median and has been used in several papers [16,19,20] was

also chosen in this study. There were three adjustable para-
activity of the catalysts was followed by the apparent con- meters in the poisoning mechanism: effective diffusivigy,
versions of vanadium. It was not only because the vanadiumrate constant of the intrinsic reactidn and rate constant
concentration in the feed was much higher than that of nickel of the intrinsic deactivatioky. Because eithet; or De had
(510 ppm V and 66 ppm Ni), but also because the unevenlyto be fixed during the regression to avoid overparameteri-
distributed tendency of the vanadium deposition mostly con- zation, the values oD for the poisoning mechanism were
tributed to the catalyst decay [3]. Although there was some adopted directly from the simultaneous adsorption and reac-
scattering in the data, two distinct periods in each of the runs tion mechanism in this work.
were still recognized: an initial quickly declining period fol- In result, it was found that the catalyst decaying obvi-
lowed by a much longer period with steady activity. ously did not follow the second-order deactivation with the

The stabilized period indicated that the activity of the poisoning mechanism. Moreover, for either mechanism with

catalysts was not greatly affected by the carbonaceous andhe different reaction orders, the fit curves were identical but
metal deposition after the beginning stage. Of course, it wasthe parameter values were different. The detailed results of
not surprising for the catalysts that were designed to havethe modeling are givenin Table 1 and Figs. 1 and 2, in which
a large average pore diameter and a high capacity of de-the first-order deactivation was employed throughout.
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As shown in Table 1, the estimated effective diffusivity it was concluded that the new mechanism was good and
was centered at & 10~8 cn?/s for both of the catalysts.  convincing enough to explain the initial decay of the HDM
This magnitude ofDe values was in good agreement with catalysts with real petroleum feeds.
previous studies in which the effective diffusivity of metal- It was known that a good understanding of the catalyst
bearing compounds was reported to range betweeh 406d deactivation is essential for further development of long-life
107 cn?/s [9,26-28]. A smaller value oD in our case HDM catalysts. Thus, though still preliminary, we believe
was expected since the Venezuelan heavy vacuum residughat the new mechanism would broaden our outlook and give
was used. Having the values hfand De, a dimensionless ~ new insight into the decay of the HDM catalysts at a com-
term the generalized Thiele modulég, that was an index ~ mercial operation.
of intraparticle mass-transfer limitation was calculated ac-

cording to the definition:
4. Conclusions

R "5 kiSapcCl " . . . .
Dpn=—| ————. (10) Without the correction of the autocatalytic hypothesis, the
g De purely poisoning model of the metal deposition fits the ag-

Consequently, the largeg, of the two catalysts in the sta-  ing experimental data of the two HDM catalysts very poorly.
bilized period was 1.14, suggesting that the diffusional lim- On the contrary, the model based on the simultaneous ad-
itation was not serious even at the end of the runs. Thereby,sorption and reaction mechanism newly suggested in our
the assumption that within the limited running time the ef- preceding study follows the trends of the experimental ob-
fective diffusivity was not significantly changed by the fur- servations much better. Instead of interpreting the initially
ther deposition was justified. The predictions from the two decreasing activity as a result of catalyst deactivation, the
models in the examples of the first-order reaction kinetics new mechanism explains the process simply and reasonably:
are given in Figs. 1 and 2 as well. Although the data quality the initial apparent activity is an effect of a nearly constant
was not very high, it was apparent that the model with the catalytic activity of the active phase coupled with an extra
simultaneous adsorption and reaction mechanism followed decreasing adsorption on the alumina support. Moreover, the
the trends of the observations much better than the modelnew model also possesses the representative characters of
purely with the poisoning mechanism. The latter obviously the one with the corrected poisoning mechanism: the initial
did not distinguish the two distinct regions, which resulted Stage is related to the metal concentrations of the feed and
from a compromise between the different decaying rates. ~ the monolayer coverage capacity of the catalyst, and after

Notably, the calculated activity using the poisoning the initial period there is a residual activity left. Therefore,
mechanism was going to be zero very quickly if the de- the simultgngous adsorption and reaction _m_echanism is good
activation rate were maintained. This consequence would@nd convincing enough to explain the initial decay of the
be in contradiction with the observations that there was HDM catalysts with real petroleum feeds.
always some residual activity left after the initial stage.
Thereby, additional factors had to be included into the model
to correct the predictions. In the literature, an autocatalytic
me,Chanism that the metal deposits themse_lves created ,new[l] P.W. Tamm, H.F. Harnsberger, A.G. Bridge, Ind. Eng. Chem. Process
active sites was mostly proposed. However, in our preceding ~* pes. pev. 20 (1981) 262.
study it was strongly doubted that the activity especially the [2] P.N. Hannerup, A.C. Jacobsen, Prepr. Am. Chem. Soc., Div. Petrol.
hydrogenolysis activity or metal-removal activity deriving Chem. 28 (1983) 576.
from the deposits could reach such a high level to compen- [ R-J. Quann, R.A.Ware, C.H. Hung, J. Wei, Adv. Chem. Eng. 14 (1988)
sate the activity loss of a commercial catalyst [21]. Further- 141\ " rops0e, B.S. Clausen, F.E. Massoth, in: J.R. Anderson, M.
more, even if the autocatalytic effects were significant, a lot Boudart (Eds.), Hydrotreating Catalysis: Science and Technology, in:
of concerned questions have still not been answered since  Catalysis—Science and Technology, vol. 11, Springer, Berlin, 1996.

they were put forward by Toulhoat et al. [18], implying that  [3] E- Furimsky, F.E. Massoth, Catal. Today 52 (1999) 381.
[6] D.S. Thakur, M.G. Thomas, Appl. Catal. 15 (1985) 197.

the theory was incomplete and unconvincing. [7] M. Absi-Halabi, A. Stanislaus, D.L. Trimm, Appl. Catal. 72 (1991)
On the contrary, by interpreting the initial decay as an ef- 193.

fect of decreasing adsorption on the alumina support rather [8] G. Gualda, S. Kasztelan, J. Catal. 161 (1996) 319.

than deactivation of the original active sites, the simultane- [9] E- Newson, ind. Eng. Chem. Process Des. Dev. 14 (1975) 27.

d ti d fi hani lained th h Ie[10] F.M. Dautzenberg, J. van Klinken, K.M.A. Pronk, S.T. Sie, J.B. Wijf-
ous adsorption and reaction mechanism explaine e wno fels, ACS Symp. Ser. 65 (1978) 254.

process simply and reasonably. Of greatimportance, the newj11] r. Rajagopalan, D. Luss, Ind. Eng. Chem. Process Des. Dev. 18 (1979)
model exhibited the same typical characters as the model  459.
with the corrected poisoning mechanism: the initial stage [12] S. Kodama, H. Nitta, T. Taketsuka, T. Yokoyama, Sekiyu Galkkaishi

. 23 (1980) 310.
was related to the metal concentrations of the feed and the[13] B.J. Ahn. J.M. Smith, AIChE J. 30 (1984) 739.

monolayer coverage capacity of the catalyst, and after the[14] s.J. Khang, J.F. Mosby, Ind. Eng. Chem. Process Des. Dev. 25 (1986)
initial period there was a residual activity left. Therefore, 437.

References



F.X. Long, B.S. Gevert / Journal of Catalysis 222 (2004) 1-5 5

[15] O.L. Oyekunle, R. Hughes, Ind. Eng. Chem. Res. 26 (1987) 1945. [23] F.X. Long, B.S. Gevert, manuscript in preparation.
[16] C.J. Pereira, J.W. Beeckman, Ind. Eng. Chem. Res. 28 (1989) 422.  [24] A.S. Krishna, Catal. Rev. Sci. Eng. 32 (1990) 279.

[17] C.J. Pereira, Ind. Eng. Chem. Res. 29 (1990) 512. [25] D.L. Trimm, in: M. Absi-Halabi, et al. (Eds.), Catalysts in Petroleum

[18] H. Toulhoat, R. Szymanski, J.C. Plumail, Catal. Today 7 (1990) 531. Refining and Petrochemical Industries, Elsevier, Amsterdam, 1995,

[19] F.J. Keil, C. Rieckmann, Hung. J. Ind. Chem. 21 (1993) 277. p. 65.

[20] C. Rieckmann, T. Duren, F.J. Keil, Hung. J. Ind. Chem. 25 (1997) [26] Y.T. Shal, J.A. Paraskos, Ind. Eng. Chem. Process Des. Dev. 14 (1975)
137. 368.

[21] F.X. Long, B.S. Gevert, P. Abrahamsson, J. Catal., in press. [27] M. Shimura, Y. Shiroto, C. Takeuchi, Ind. Eng. Chem. Fundam. 25

[22] Z.-S. Ying, B. Gevert, J.-E. Otterstedt, J. Sterte, Appl. Catal. A 153 (1986) 330.

(1997) 69. [28] R.E. Baltus, Fuel Sci. Technol. Int. (1993) 783.



	Modeling initial decay of hydrodemetallization catalyst with simultaneous adsorption and reaction mechanism
	Introduction
	Experimental and mathematical methods
	Results an discussion
	Conclusions
	References


