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Primary causes of deactivation of hydrodesulfurization catalysts are partial 
poisoning of the interior pore surface and pore-mouth plugging by deposition of 
metals from organo-metallic compounds in the reactor feed. A model is developed 
to account for both causes of deactivation. It can be used to predict which occurs 
first: complete surface poisoning or pore-mouth plugging. Equations are formulated 
for catalyst activity as a function of time for demetallization and also for desul- 
furization. The results depend upon particle geometry and geometry of deposited 
species, Thiele moduli for demetallization and desulfurization, and relative rates 
of desulfurization on fresh and partially poisoned catalytic surfaces. The treatment 
is for a single, isothermal catalyst particle. 
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SCOPE 

The irreversible deposition of metals, particularly vanadium 
and nickel, has been identified as a major cause of deactivation 
of hydrodesulfurization (HDS) catalysts. Tamm et al. (1981) has 
presented experimental data suggesting that partial surface 
poisoning by metals deposition is responsible for the initial 
rapid deactivation while pore-mouth plugging is predominant 
at longer times. Deactivation by pore plugging has been care- 
fully analyzed mathematically by Rajagoplan and Luss (1979). 
They included the effect of restricted diffusivities in the pore 
when the metal deposit reduces the pore radius to the same 
magnitude as the size of the organo-metallic molecules. 

A similar quantitative treatment of the effects of combined 

partial surface poisoning and pore-mouth plugging on HDS 
catalyst activity does not appear to have been published. Our 
objective is to present such a combined model, which, amongst 
other aspects, will describe the conditions for which pore 
plugging will occur prior to complete surface poisoning. Since 
the large organo-metallic molecules have low diffusivities, the 
shell model of deactivation (Masamune and Smith, 1966) is 
employed to treat partial surface poisoning. The mathematical 
development is restricted to isothermal behavior of a single 
catalyst pellet with uniform pore-size distribution. First-order 
demetallization and desulfurization kinetics are assumed. 

CONCLUSIONS AND SIGNIFICANCE 

The deactivation by metals deposition on HDS catalysts, due 
to the combination of partial surface poisoning and pore-mouth 
plugging, is described quantitatively in terms of two parameters. 
These are the Thiele modulus cp, for metals deposition and a 
partial poisoning parameter T which depends, among other 
quantities, on the porosity of the catalyst and the density of the 
metal deposits. For large values of cp, and T ,  it is shown that 
the pore mouth is physically blocked before the deposited metal 
reaches the center of the catalyst particle. When this occurs 
demetallization and HDS activity are reduced to zero even 
though only partially poisoned and fresh catalyst surface still 
exist within the particle. For small values of cp, and T all the 
pore surface becomes partially deactivated before pore plugging 
occurs.. Then some demetallization and HDS activity are re- 
tained. 

From these concepts the ratio of demetallization activity 
at any time to that with a monolayer metal deposit has been 
evaluated as a function of q, and 7. By introducing two addi- 
tional parameters, the Thiele modulus cps for desulfurization 
and the ratio b of the rate constants for HDS on the fresh and 

partially poisoned surface, HDS activity has also been calcu- 
lated as a function of on-stream time. The results show that for 
constant qs,  larger values of cp, reduce the demetallization 
activity but increase the desulfurization activity. This is a con- 
sequence of the relative large intraparticle diffusion resistance 
for demetallization. The value of 7, which is defined as the ratio 
of the time required for complete surface poisoning to that for 
filling the pore with deposited metal species, affects HDS ac- 
tivity more than demetallization activity, particularly when cpm 
is large. 

Application of the model for the prediction of the temperature 
vs. time relationship for constant desulfurization activity is 
discussed. Increasing temperature over the life of the catalyst 
bed, in order to achieve a prescribed extent of desulfurization, 
is the operating procedure used in practice. 

The proposed model should be of interest for establishing 
catalyst properties (including pore size distribution) which give 
optimum activity and life, although this has not been considered 
here. 

As refining of heavy crudes and residual oils has become more 
widespread, hydrodesulfurization (HDS) processes have become 
more important. Heavy feed stocks often contain metal atoms, 
present in asphaltene and resin-type molecules, in concentrations 
of the order of 100 ppm (Douwes, et al., 1979). These metals, 
particularly nickel and vanadium, deposit on the catalyst lowering 

their desulfurization activity. Hence, reducing sulfur in heavy oils 
is more difficult than it is with light distillates. The metal-con- 
taining asphaltenes have been described (Yen et al., 1961) as con- 
sisting of layers of condensed aromatic rings with aliphatic side 
chains. Molecular size seems to be spread around an average of 100 
A or less but varies with the crude source (Richardson and Alley, 
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1975). Because of the large molecular size, metal deposition rates 
are severely retarded by diffusion in the pores of the HDS cata- 

Desulfurization is usually carried out in trickle-bed reactors 
(cocurrent flow of hydrogen and liquid oil downward over a fixed 
bed of catalyst particles) where the sulfur containing molecule is 
converted to a hydrocarbon with the production of hydrogen sul- 
fide. In practice constant desulfurization is sought by increasing 
the reactor temperature over the life of the catalyst. Such lifetimes 
normally range from months to years, depending primarily on the 
metals content of the oil feed, the catalyst, and the required degree 
of desulfurization. Short lifetimes and the difficulty of regeneration 
have become major economic factors in desulfurization pro- 
cessing. 

The usual cobalt-molybdenum catalyst on a silica-alumina 
carrier has a significant volume of small pores (and accompanying 
relatively large surface area) so that intraparticle diffusion affects 
global kinetics. Deactivation is caused by metals and coke depo- 
sition, but the former largely determines catalyst life. From ex- 
tensive pilot-plant data Tamm et al. (1981) have shown that the 
normal temperature vs. time curve consists of three parts: an initial 
period when the temperature must be increased rapidly to obtain 
constant extent of desulfurization, a longer intermediate period 
when the temperature may be increased slowly, and a final period 
of rapid increase. These results were interpreted in terms of activity 
as: 1) an initial period of rapid loss in activity; 2) a relatively long 
period during which there is a slower continuous drop in activity; 
and 3) at longer times another rapid decrease in activity. The first 
stage has been attributed in part to coke deposition, but Tamm et 
al. (1981) have suggested that metals deposition, with accompa- 
nying partial poisoning of the covered sites (the deposited metals 
themselves have some desulfurization activity), is the cause. Evi- 
dence for this conclusion is that the time period for this initial loss 
in activity was found to be directly related to the concentration of 
organometallics in the feed rather than proportional to the residual 
carbon content (coke precursors). During the second-stage multi- 
layer, metal deposition occurs. Since metal deposition is strongly 
limited by diffusion (Fazli-Khosrochahi and Kieffer, 1975; Sato 
et al., 1971; Tamm et al., 1981), the metals buildup will be most 
severe at the pore mouth. Hence, during this second stage it is 
postulated that pore-mouth plugging occurs, first in the smaller 
pores and then continuing in the larger pores. In the last stage, most 
of tbe bed has become inactive due to pore plugging and the 
temperature must be increased to a very high value in order to 
achieve the desired extent of desulfurization. 

Several models have been used to predict catalyst life. For ex- 
ample, Newson (1975) considered how pore plugging alone affects 
catalysf activity. The thickness of the metal deposit was assumed 
to be uniform over a fraction of the pore length measured from the 
outer surface of the catalyst particle. Dautzenberg et al. (1978) 
proposed a more complex model to allow for variation of the 
thickness of the metal deposit (on the pore wall) with time and 
radial position in the particle. Deactivation was assumed to be due 
to the decrease with time of the cross-sectional area of the pore 
mouth. 

Hughes and Mann (1978) postulated a wedge-shaped metals 
deposit so that the maximum thickness of the wedge determined 
when pore-plugging occurred, while the length of the wedge, 
corresponding to the penetration of the deposit into the particle, 
determined the extent of partial surface poisoning. 

Rajagoplan and Luss (1979) developed a mathematical model 
to explain the effect of pore plugging. They accounted quantita- 
tively for the variation in diffusivity of the large organometallic 
compounds with the pore diameter by using the relationship sug- 
gested by Spry and Sawyer (1975). In trickle-bed reactors the pores 
are probably filled with liquid, but in small pores the diffusivity 
is less than the conventional molecular value due to steric hindrance 
and enhanced drag at the pore wall. We will use the same Spry and 
Sawyer relationship in this paper. 

The prior models have not accounted quantitatively for both 
partial surface poisoning that occurs at short times and pore 
plugging. The shell model employed by Masamune and Smith 

lyst. 
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(1966) can be used to describe partial surface poisoning since the 
diffusion resistance is large for the metal deposition. We will use 
this shell concept, which assumes that there is a sharp boundary 
separating the partially deactivated outer shell and the inner core 
of fresh catalyst. The objective is to develop a composite model 
which will account, by metal deposition, for both partial surface 
poisoning at short times and pore plugging at longer times. Coke 
formation and its effect on catalyst activity are neglected. The 
development is based upon isothermal reactions in a single particle, 
but reduction in pore diameter with time and radial position within 
the particle is included. 

Published kinetics studies (Dautzenberg et al., 1978; Beuther and 
Schmid, 1963; Chang and Silvestri, 1974; Gates et al., 1979; Sat- 
terfield and Roberts, 1968; Speight, 1981; Shah and Paraskos, 1975) 
have correlated experimental data for both hydrodemetallization 
and hydrodesulfurization by first and second order and Lang- 
muir-Hindshelwood rate equations. In the concentration range 
where the hydrogen concentration in the liquid is much greater 
than the contaminant concentration, pseudofirst-order kinetics 
appears to be applicable. In the following treatment a first-order 
rate expression is used for both demetallization and desulfuriza- 
tion. 

MODEL OF CATALYST DEACTIVATION IN A SINGLE 
PARTICLE 

Consider a single pore in the catalyst particle. It is assumed that 
the rate of metal deposition on fresh catalyst is controlled by in- 
traparticle diffusion. Metal deposition also occurs on the deposited 
metal surface but at a slower rate, governed by a rate constant k,. 
Then the thickness of the deposited metal layer will grow with time 
at any intraparticle position. This thickness will be greatest at the 
pore mouth and, for an intermediate time, decrease to mono- 
molecular layer at a radial position rf. This situation is shown 
schematically in Figure la. Since the rate of metal deposition is very 
fast with respect to the rate of diffusion, a sharp boundary, sepa- 
rating fresh and fouled catalyst exists at r,. The monolayer thickness 
at ri is just sufficient to reduce the rate constant for further metal 
deposition to k,. 

Catalyst 
Particle 

Metal 
Deposit 

Pore 

I 

1 b Complete Partial 
Poisoning 

1 c  Pore Plugging 

Figure 1. Model for partial surface poisoning and pore plugging. 
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Simultaneous with demetallization, desulfurization reactions 
occur, both in the partially fouled shell and fresh inner core of 
catalyst, but at different rates according to rate constants k, and 
bk,, respectively. 

The results of Masamune and Smith (1966) indicate that the shell 
model, just described, predicts slightly faster deactivation than the 
more general solution. The latter allows for a variation in fraction 
of fouled surface with radial position in the particle. Hence some 
reaction occurs in the general solution in outer sections of the cat- 
alyst particle where the reactant concentration is higher. 

As time proceeds, metal deposition will lead to one of two end 
results, depending in part upon pore size and rates of demetalli- 
zation. For relatively large pores and a relatively slow rate, ri will 
become zero so that the entire pore contains metal deposits but the 
pore mouth remains open. Such a pore, shown in Figure lb, still 
is active for both demetallization and desulfurization but at reduced 
rates. For small pores and a more rapid demetallization rate, the 
metal deposit will build up rapidly near the outer surface of the 
particle (Ti is large). Soon the mouth of the pore will become 
plugged and both demetallization and desulfurization will cease. 
In this case, shown in Figure lc, the lifetime of the pore will be 
shorter but its activity higher than for the pore of Figure 1b. In a 
catalyst particle with a distribution of pore sizes both cases could 
occur simultaneously in different pores. 

DEMETALLIZATION 

There is evidence (Anderson and Quinn, 1974; Spry and Sawyer, 
1975) that the diffusivity of the large organo-metallic compounds 
is hindered in small pores. Thus, the conventional expression for 
the effective diffusivity in terms of a tortuosity factor rp  and po- 
rosity E ,  may be modified to the form 

ED, D, = - C( A) 
7 P  

where h is the ratio of the size of the organo-metallic molecule to 
the pore radius, that is rm/rp. In the absence of more fundamental 
information about G(X) we will use the empirical relation 

G ( h )  = (1 - X)4 (2) 

proposed by Spry and Sawyer (1975). Another approach would be 
to employ the statistical procedure of Morrison (1965). Satterfield 
et al. (1973) suggested an exponential dependence of D, on rm/rp 
which is not much different than Eq. 2; Rajagoplan and Luss (1979) 
employed Eq. 2 in their treatment of pore plugging. The effective 
diffusivity in the partially poisoned shell (Ti < r < r,) will vary with 
time, because rp varies with time, and also vary with r .  In applying 
the shell model pseudo-steady state is assumed. This last restriction 
should be satisfactory since the change in ri with time will be slower 
than the diffusion rate in the liquid-filled pores. However, the as- 
sumption is not as valid as it is for a gaseous reactant. This is because 
the density difference between the diffusing reactant, when it is 
a liquid, and the deposited metal species is not as great as when the 
diffusing reactant is a gas. 

Equations for Partially Poisoned Pores (r,  < ro)  

in the shell (Ti 5 r 5 r,) may be written as 
The mass conservation equation for the organo-metallic reactant 

with boundary conditions 

C, = C,, at r = ro (4) 

C m = O a t r = r i  (5) 
The factor ( rp / rpo)  appears in the reaction term of Eq. 3 because 
it is supposed that the rate is proportional to the surface. Thus, the 
constant k, must be multiplied by rp/rpo to account for the change 

in surface area of the cylindrical pore as metals are deposited. 
Boundary condition 5 requires that either the metals deposition 
reaction is severely diffusion limited, or that the poisoning reaction 
in the fresh core is much faster than that on the metal containing 
surface. As mentioned earlier there is evidence that the first re- 
quirement is likely to be valid. Boundary condition 5 cannot be 
exactly true when ri approaches zero or r,. However, numerical 
calculations with Eq. 5 and with the symmetric condition at r = 
0, dC,/dr = 0, show little difference; Eq. 5 predicts a slightly faster 
deactivation rate, which is conservative. When the pore is com- 
pletely covered with a metal deposit but the pore mouth not yet 
closed (rp > r,), the symmetric condition is employed. 

The equation relating the rate of change of the boundary at ri 
with time and the open-pore radius rp is 

with initial condition 

(7) ri = r, at t = 0 

The rate of change of open-pore radius due to metal deposition is 
also a function of r and t ,  and is given by the equation 

dr - (2?rrp)nlp, = & M p  LE kmCm 
dt rP0 

subject to the initial condition 

rp = rpo at t = 0 (9) 
The unknown pore length 1 and the number n of pores of length 
1 per unit mass of catalyst are related to the particle porosity and 
density by 

nl*rEo = E / p  (10) 
The three equations (Eqs. 3, 6 and 8) can be solved simulta- 

neously for rp and ri as a function of time. Particular solutions can 
be obtained for t when ri = 0 and when rp = r,. These results show 
whether complete partial poisoning (ri = 0) or pore-plugging (rp 
= r,) occurs first. 

In dimensionless form Eqs. 3-9 become 

& = l a t B = O  

E P = 1 a t O = O  

t = T I T O  

b = r i b o  

t P  = r p / r p 0  

Xm = Cm/Cm, 

g = (rP/rpJ2(1 - rrn/rpl4/(1 - rm/rpJ4 

0 = t / t f  

where the dimensionless variables are 

- 

and the parameters are defined as follows: 
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where 

(26) 
2EPm 

aPMpkm (CmJ 
tf = 

and 

t a  = qo/  akmCmo 
Dimensionless Equations (Eqs. 11-17) describe a demetallization 
model with two parameters, the Thiele modulus 4m and a di- 
mensionless time-constant T for partial surface poisoning. 

Equations 11,14 and 16 were solved numerically for the location 
l ,  of the shell boundary as a function of time and for the profiles 
of metal deposit thickness, E p  and concentration xm as a function 
of reduced time 8 and position [. Pseudosteady-state Equation (Eq. 
11) was solved first using a finite difference scheme with 75 to 150 
nodal - points, depending on the value of rt. The metal concentration 
Xm was then employed to obtain revised values of the diffusivity 
g from Eq. 22, from Eq. 14, and tP from Eq. 16. The results were 
substituted back into Eq. 11. The computations were continued 
until the shell boundary reaches the center of the particle or the 
pore mouth becomes plugged. In solving Eq. 14, the two terms on 
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Figure 3. Shell boundary change with time due 10 demetaiilzation (7 = 

0.05). 
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L r = 0.075 

REDUCED TIME, e 
Figure 4. Shell boundary change with time due to demetaliization (T = 

0.075). 

the right side were evaluated in the domain between (1 + &)/2 and 
in order to avoid difficulties in numerical differentiation to 

obtain the gradient d X m / d t  at 4' = 1. At short times, 8 was cal- 
culated for a chosen inward progression of the boundary &. 

Results for Partially Poisoned Pores 

Figures 2,3, and 4 show how the shell boundary ri varies with 
reduced time in plots of 4; us. 8. Figure 2 displays the effect of the 
Thiele modulus $m for a constant value of the constant (7) of 0.025 
Figures 3 and 4 are for 7 = 0.05 and 0.075, respectively. These 
figures illustrate the effect of the two parameters on complete 
partial poisoning and pore plugging. For example, in Figure 2 the 
curves for +m = 3 and 4.5 show that ri becomes zero before (at 
lower values of 8) pore plugging occurs. Pore plugging is assumed 
when the pore radius rp is equal to the size of the organometallic 
molecule. Figures 2-4 are for a molecule size of 0.1 of the initial 
pore radius, that is, rm = 0.1 rp0. Integrating Eq. 16 at the pore 
mouth where xm = Cm/Cmo = 1, there is obtained 

[ p = L 1 - %  (27) 
TPO 

For rp = rm = 0.1 rpo, Eq. 27 gives 8 = 0.9. Hence, rm/rp,  = 0.1 
is equivalent to a reduced time, 8, of 0.9. Since ri = 0 for curves of 
4m = 3 and 4.5 (Figure 2) at 8 values less than 0.9, complete partial 
poisoning occurs prior to pore plugging. For these conditions the 
catalyst still has some demetallization (and desulfurization) activity 
beyond the time for which ri = 0. In contrast, the curves for $m = 
6 or 9 in Figure 2 reach 8 = 0.9 before & = 0 (or ri = 0). Hence pore 
plugging and complete loss in catalyst activity occurs prior to 
complete partial poisoning. This is also evident from the fact that 
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Flgure 5. Metal deposit profiles (for f,,,/rpo = 0.1). 
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the curves become horizontal (no further change in rf with time) 
at finite values of &. Analogous results could be obtained for any 
choice of the value of r,. 

Comparison of the curves in Figure 2-4 for the same $,,, (for 
example, 4, = 4.5) shows that the value of r has a strong influence 
on the time for complete surface poisoning and whether or not this 
time is less than that for pore plugging. Equation 25 shows that the 
value of r depends upon the catalyst porosity and density and the 
chemical and physical properties 90, M,, p,; 7 can be considered 
a surface poisoning parameter, equal to the ratio, t , / t f i  The time 
t, is the time that would be required to cover the entire pore surface 
with the minimum concentration 90. The time t f  is that corre- 
sponding to the amount of metal deposition necessary to fill the 
entire pore volume with metal deposit. 

Figure 5 shows the decrease in pore radius, plotted as rp/rpo, with 
increasing distance along the pore toward the pore mouth. The 
figure is for 7 = 0.025, corresponding to Figure 2. The curves for 
6,  = 3.0 and 4.5 show again that complete surface poisoning oc- 
curs prior to pore plugging, rp/rp, > 0.1, at the pore mouth ( r / rO,  
= 1.0). For 4, = 6.0 and 9.0 pore plugging occurs (rp/rpo = 0.1) 
at the pore mouth. 

Complete Surface Poisoning ( r l  = 0) 

After rf becomes zero, further catalyst deactivation will result 
solely from the decrease in pore radius, and accompanying decrease 

Equations 11, 12,28, 16 and 17 describe deactivation after rf = 
0 for the remaining life of the catalyst particle. During this period 
demetallization occurs throughout the pore at a reduced rate (with 
respect to fresh catalyst) determined by rate constant k, and the 
concentration C, along the pore. This concentration is reduced 
since the diffusivity decreases as a result of the decrease in r,. This 
decrease in D, is most severe at the pore mouth because the metals 
deposit will be greatest at this location. Equations 11, 12,28, 16 and 
17 are solved numerically for the profile of metal deposit thickness 
[, and concentration profile Xrn as a function of 6 and 4. 

Deactivation Results for All r, 

The rate of demetallization for all rr can be conveniently r e p  
resented by an activity ratio, or effectiveness factor r],(t). This 
ratio is the rate of organo-metallic entering the pore to the rate if 
there were no intraparticle diffusion resistance so that demetalli- 
zation was determined by k, and Cmo. In equation form 

or 

in diffusivity due to metah deposition. For this situation Eqs. 3 and 
8 are still applicable (Eq. 6 is no longer involved), but the boundary 
condition given by Eq. 5 is replaced by 

dcm - Oatr = 0 

With dimensionless quantities this last equation becomes 

~ m ( ~ ) = 3 J 1 t z t p x m d t +  h 3 I;,,, 2 ( t z -  dd?)i=ii+lt)12 

- 

(1 -t Ed/2 -- 
- id tztEplt,dt] (31) dr 

- 

d t  

Figures 6 and 7 show the activity for demetallization calculated 
from Eq. 31 for various Thiele moduli and surface-poisoning pa- 
rameter (7) values. Comparison of the two figures indicates that 

-- xm - 0 at t = 0 (28) 

or 

REDUCED TIME, 8 

Flgure 6. Demelailizallon activity as a function of lime (T = 0.025). 

AlChE Journal (Vol. 30, No. 5) 

!? 
FE 

1 .a 

1 .o 

0.8 

0.6 

0.4 

0.2 

0 
0 0.2 0.4 0.6 0.8 1.0 

REDUCED TIME, 8 

Figure 7. Demelallizalion activity as a function of lime (T = 0.075). 

September, 1984 Page 743 



T has a significant effect on activity at short times where surface 
poisoning is predominant. Thus, when T is large (Figure 7), for 
example, due to a larger 9* required for surface poisoning, the 
activity at a given time is larger than that for a low T (Figure 6). 
At long times where pore plugging is dominant T has little effect. 
In contrast +m, which reflects diffusion resistance, has a large effect 
over the complete range of 0. Values of the activity can be greater 
than unity since for rl > 0, the demetallization rate can be higher 
than that in the denominator in Eq. 29 which is based upon com- 
plete surface poisoning (ri = 0). 

DESULFURIZATION 

If the sulfur-containing molecules are smaller than those with 
metal atoms, the effective diffusivity 0, is expected to be larger 
than D,. Provided D, is much greater than D,, as suggested by 
Newson (1975), the Thiele modulus 4, for desulfurization would 
be independent of the extent of metals deposition and, therefore, 
would be constant with respect to time and position along the pore. 
In the quantitative treatment that follows this assumption will be 
made. Then the activity for desulfurization will decrease with time 
because the rate constant k, on surface covered by metals is less than 
bk, on the fresh surface, and because metals deposition reduces the 
catalytic surface by decreasing the pore radius. 

According to the foregoing concepts, the mass balance for the 
sulfur-containing molecules of concentration C, in the poisoned 
shell (rl 5 r 5 r,) may be written 

For the fresh catalyst in the core (0 5 r I r L )  the mass balance 
is 

The boundary conditions are 

C, = C,, at r = r, 

Cs,r(+ 0 = Cs.rl-0 at r = ri 

In dimensionless form, with 

Equations 32-37 become 

Equations 39-44 can be solved for the concentration profile of 
sulfur species, X, vs. (, (or C, vs. r )  at any time. In carrying out the 
solution, metal deposition (Eqs. 11, 14 and 16 or 11, 16) is solved 
simultaneously to find out how the pore radius varies with position 
5 along the pore and with time 0. Once the sulfur concentration 
profile has been determined, the activity ratio q,(t)  for desulfuri- 
zation can be calculated from the following equation: 
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Figure 8. Desuifurizatlon actlvity as a functlon of time (7 = 0.025). 

which in dimensionless form becomes 

Equation 45 shows how the HDS activity of the catalyst varies with 
time. The normalization in Eq. 45 is with respect to complete 
partial poisoning, that is, with respect to a reaction rate based upon 
metal-covered surface. Hence, vs( t )  can have values greater than 
unity. This will occur when the metal-covered shell is thin (ri only 
a little less than r,) so that most of the desulfurization takes place 
in the core of fresh catalyst for which the rate constant is bk,. 

Equation 45 or 46 is applicable when 0 < rf < r,. After rf be- 
comes zero further desulfurization occurs only on metal-covered 
surface. Then Eqs. 39,41 and 44 determine the sulfur concentra- 
tion profile in the pore. The activity ratio, or effectiveness factor, 
is calculated from the expression 

(47) 

Figures 8 and 9 display the desulfurization activity ratio vs. re- 
duced time for the same values of the time constant (7) for partial 
surface poisoning as used in Figures 6 and 7. The results shown are 
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Figure 9. Desulfurlzation activity as a lunciion of time (7 = 0.075). 

Page 744 September, 1984 AlChE Journal (Vol. 30, No. 5) 



3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0 0.2 0.4 0.6 0.8 1.0 

REDUCED TIME, e 
Figure 10. Effect of rate-constant ratio 6 on desulfurization activity (complete 

surface poisoning prior to pore plugging). 

for 4, = 1 and b = 4, corresponding to a relatively small amount 
of intraparticle diffusion resistance for the sulfur-containing 
molecules and a desulfurization rate on the metal-covered surface 
one fourth of the rate on the fresh surface. The curves in Figures 
8 and 9 are of the same general form as those in Figures 6 and 7. 
Both show a sharp drop in activity at low times followed by a nearly 
linear fall at higher 6' where ri has reached zero, corresponding to 
complete surface poisoning. 

The drop in activity for metals deposition (Figures 6 and 7) is 
steeper than that for desulfurization (Figures 8 and 9) because of 
the shell model assumption for demetallization. That is, the dem- 
etallization rate constant on the fresh catalyst is very large with 
respect to that (k,) on the partially poisoned surface. In contrast, 
the two desulfurization rate constants employed for Figures 8 and 
9 differ but fourfold. The effect of the ratio, b, of rate constants on 
the curves for desulfurization activity is shown in Figure 10. These 
curves are for the case of complete surface poisoning preceding 
pore-mouth plugging; that is, ri becomes zero before r,, = r,. For 
b = 9 the fall in activity is steeper than forb = 1 or 4, and the shape 
of the curve approaches more closely that for demetallization. Note 
that the activities become independent of b at long times. Deac- 
tivation at these times, when all the surface has been covered with 
metals, depends on the rate constant k, and not on bk,. 

Figure 11 illustrates, for chosen values of +,, 4, and T, activity 
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Figure 11. Effect of rate-constant ratio 6 on desuifurlzatlon activity (pore 

plugging prior to complete surface poisoning). 
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Figure 12. Effect of Thieie Modulus 4, on desulfurization actlvlty (complete 

surface poisoning prior to pore plugging). 

curves when pore-mouth plugging occurs before complete surface 
poisoning (before r, becomes zero). Comparison of Figures 10 and 
11 suggests that when pore plugging occurs first, the catalyst may 
have a higher activity over the entire lifetime than a catalyst for 
which complete surface poisoning occurs first. Figure 11 is for 4, 
= 6, while in Figure 10 4m = 4.5 because a higher value is neces- 
sary in order that pore plugging occurs first. Thus Figure 3 shows 
that pore plugging occurs first for 4, = 6 while for 4, = 4.5 
complete surface poisoning occurs first. 

Figure 12 describes the effect of the Thiele modulus for desul- 
furization on the decay in activity. The curves are for the case 
where complete surface poisoning occurs prior to pore plugging 
and are analogous to those in Figure 10. As 4, increases from 1 to 
6, Figure 12 shows that the initial drop in activity becomes much 
greater. When 4, is large the desulfurization reaction occurs pre- 
dominantly in the outer shell of the catalyst. This is precisely the 
region where the metals are deposited first and, therefore, where 
the rate of desulfurization is the lowest. The values of 4, and 4, 
shown in Figures 8 to 12 were estimated from expected values of 
the parameters. 

Temperature vs. Time Curves 

As mentioned, HDS plants are normally operated by increasing 
the temperature over the lifetime of the catalyst in order to 
maintain constant extent of desulfurization. It is of interest to dis- 
cuss how the constant-temperature single-particle model presented 
here might be used to predict temperature vs. time, constant ac- 
tivity, and curves. The calculational procedure is straightforward 
for a particular location in the reactor. The local rate of reaction 
may be written 

4 
3 

Rate = - nrz C,,[q,(t)ks] 

where qs( t )  is given by Eq. 45 or 47. In Eq. 48 the product [qs(t)]ks 
determines how the rate or activity varies with time. Curves similar 
to those in Figures 8,9 or 12 could be prepared for a range of values 
of the parameters 4,, 4, and b. To relate these results to temper- 
ature, the dependence of k,, k, and b, and diffusivities D, and 
D, on T would be necessary. Next, curves of q,(t)k,  vs. t would be 
made. Then for various times the values of 4, at constant [q , ( t )k , ]  
could be determined. Finally, the temperature associated with 4s 
would be noted from the data for the dependence of k, and 0, on 
temperature. If interphase (particle-fluid) mass transfer retarded 
the rate, interphase boundary conditions would be required to 
relate C, to the bulk fluid concentration of the sulfur-containing 
compound. 
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For an integral reactor, the procedure is more complex. Intrar- 
eactor mass conservation equations would need to be integrated 
after solving demetallization and desulfurization intraparticle 
expressions, Eqs. 3, 6, 8, 32 and 33. Again interphase boundary 
conditions might be required in order to obtain the sulfur species 
concentration in the bulk fluid phase. By this procedure sulfur 
concentrations in the reactor effluent could be calculated as a 
function of the several intraparticle, interphase and intrareactor 
parameters. Such results could be used to predict the temperature 
vs. time curves required for a constant fractional conversion of 
sulfur in the reactor feed. 
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NOTATION 

= ratio of desulfurization rate constant of the fresh core to 
that of the fouled shell 

= concentration of organo-metallic compounds in the liquid 
in the pores, m0l/m3; C,, = concentration at particle 
surface 

= concentration of sulfur-containing molecules in the liquid 
in the pores, m0l/m3; C,, = concentration at particle 
surface 

= effective diffusivity of the organo-metallic compounds, 
m2/s; D,, = diffusivity at zero time 

= effective diffusivity of sulfur containing species, m2/s; 
Ds, = diffusivity at zero time 

= molecular diffusivity of the organc-metallic compounds, 
mz/s 

= dimensionless effective diffusivity, defined by Eq. 22 
= rate constant for demetallization in the shell, m3/kgs 
= rate constant for desulfurization in the shell, rn3,’kg.s 
= molecular weight of metal deposit, kg/kmol 
= number of pores with length 1 per unit mass of catalyst, 

= concentration of deposited metals corresponding to a 

= radial position in catalyst pellet, m 
= catalyst particle radius, m 
= radius of the boundary between fouled shell and fresh 

core of catalyst particle, m 
= pore radius, m 
= pore radius at time zero, m 
= radius of organo-metallic molecule, m 
= absolute temperature, K 
= time constant for complete surface poisoning, defined 

= time constant for metal deposit to fill entire pore volume, 

= dimensionless concentration of organo-metallic com- 

= dimensionless concentration of sulf ur-containing mole- 

kg-1 

monolayer, kmol/kg 

by Eq. 26a 

defined by Eq. 26, s 

pounds, Cm/Cm, 

cules C,/Cs, 

Greek Letters 

a 

c 
X 

= number of deposited metal molecules per organc-metallic 

= porosity of catalyst particle 
= ratio of size of metal-containing species to the pore radius, 

molecule 

rm/rp 

p = apparent density of catalyst particle, kg/m3 
p, = density of metal deposit, kg/m3 
qm(t )  = relative activity of demetallization, defined by Eq. 29 
+m = Thiele modulus for demetallization defined by Eq. 24 
qJt)  = relative activity of desulfurization, defined by Eq. 45 
& = Thiele modulus for desulfurization, defined by Eq. 38 
,$ = dimensionless radial position in the pellet, r / r ,  
4, = dimensionless radius of the boundary, r ( / ro  
Q = dimensionless pore radius, rp/rp,  
T = ratio of time constants, t s / t f  
T~ = tortuosity of catalyst pellet 
0 = dimensionless time, t / t f  
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