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Strong intraparticle diffusion resistance was observed and the apparent effectiveness 
factors were measured for the hydrogenation of 3-hydroxypropanal (HPA) to 1,3-pro- 
panediol (PO) over Ni/SiO,/Al,O, catalyst pellets at 45 to 80°C and 2.60 to 5.15 
MPa in a stitred reactor with a spinning basket. A mathematical model was proposed to 
describe the intraparticle diffusion and to estimate the effective diffusion coeficients of 
HPA, PD and hydrogen under reaction conditions by a maximum likelihood function of 
the apparent effectiveness factors of HPA and PD. The calculated concentration distri- 
butions of HPA, PD and hydrogen in catalyst particles reveal an excess of hydrogen at 
80°C and higher temperatures, but an excess of HPA at 45°C. It results in a weak 
dependence of the consumption formation rate of HPA and PD on the partial pressure 
of hydrogen at high temperature. 

Introduction 
The heterogeneous catalytic hydrogenation of 3-hydroxy- 

propanal (HPA) formed by the hydration of the acrolein (Ac) 
is an important process to produce 1,3-propanediol (PD), a 
potentially attractive monomer for polymers (Arntz et al., 
1991; Unruh et al., 1992). The process can be carried out in a 
slurry reactor or a trickle-bed reactor. Catalyst pellets instead 
of powder have to be used to overcome difficulties caused by 
the separation of the catalyst from the liquid phase in a slurry 
reactor or to avoid a large pressure drop in a trickle-bed re- 
actor. In this case the intraparticle diffusion resistance must 
be considered to model the hydrogenation of HPA. 

Investigations of intraparticle diffusion in the hydrogena- 
tion of a-methylstyrene over Pd-Al,O, (Satterfield et al., 
1968, 1969), of crotonaldehyde over Pd/y -Al,03 (Kenney 
and Sedriks, 19721, of isopropanol over Raney-Ni (Lemcoff 
and Jameson, 1975), of styrene over O.5%Pd/A1,O3 
(Kawakami et al., 19761, of glucose and butynediol over 
Ni/SiO, (Turek et al., 1983; Turek and Winter, 1990) have 
been reported in the literature. However, these studies only 
involved the intraparticle diffusion of hydrogen because it was 
thought to be the rate-controlling step. The tortuosity factors 
of hydrogen in the literature vary from 1.6 to 7.5, depending 
on experimental conditions. The intraparticle diffusion in hy- 
drogenation of HPA with Ni/SiO,/Al,O, cylindrical catalyst 
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particles has not yet been investigated. It is the purpose of 
this article to measure or estimate the effective diffusion co- 
efficients of HPA, PD, and hydrogen under reaction condi- 
tions. 

Several methods have been used to measure the effective 
diffusion coefficient, for instance, the classic method of Wicke 
and Kallenbach (1940, the dynamical adsorption method of 
Ruthven (1984) and Shah and Ruthven (1977), the effective- 
ness factor-Thiele modulus method of Turek et al. (1983) 
and Haag et al. (19811, and the NMR pulse-field gradient 
method of Pfeifer (1976). Except for the effectiveness 
factor-Thiele modulus approach, these methods cannot be 
easily applied to measure the effective diffusion coefficient 
under reaction conditions. The effectiveness factor-Thiele 
modulus approach has been applied only to a simplified sys- 
tem (for example, to a first-order reaction and large Thiele- 
modulus, e.g., greater than 3). An alternate method is intro- 
duced in this article to solve this complicated problem. In 
principle the effective diffusion coefficients can be estimated 
by a maximum-likelihood function of apparent effectiveness 
factors calculated by either experimental results of intrinsic 
and effective kinetics or a mathematical model. The intrinsic 
kinetics of the hydrogenation of HPA has been studied by 
Zhu (1995) and Zhu et al. (1996b). For measurements of ap- 
parent effectiveness factor the hydrogenation of HPA was 
carried out over Ni/SiO,/Al,O, catalyst pellets in a spin- 
ning-basket reactor under conditions that did not include the 
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Figure 1. Experimental equipment. 
CTI, CT2 cooling tubes 1 and 2; CWR: cooling water re- 
turn; CWS: cooling water supply; El,  E2: thermocouples 1 
and 2; H: electrical heater; M: motor; PI: pressure indicator; 
R: autoclave; T turbine impeller; TI: temperature indicator: 
TIC: temperature indicator controller. 

external mass-transfer resistance. At this condition the con- 
centration-time profiles of HPA and PD were measured at 
different temperatures and pressures. On the other hand, a 
mathematical model describing the apparent effectiveness 
factors must be developed before the effective diffusion coef- 
ficients can be estimated by a multiresponse regression 
method. 

Experimental 
Equipment 

The experimental apparatus is shown in Figure 1. It con- 
sists of a 2-L spinning-basket reactor (R) with the basket fixed 
on the shaft 1 cm above the four-blade turbine impeller (T) 
driven by a variable speed motor (M), a temperature control 
system (two thermocouples E l  and E2, a cooling tube CT2, 
an electric heater H, an electronic temperature controller 
TIC), and a pressure control system (a pressure reducer PR 
and three pressure indicators PI). 

Materials 
The catalyst pellets were supplied by Sud-Chemie AG. 

Their physical and chemical properties were measured and 
are shown in Table 1. A 10 wt. % aqueous HPA solution was 
used. Its composition was reported by Zhu (1994). Linde Co. 
supplied the 99.99 wt. % hydrogen. 

Experimental procedure 
In an experiment 20 g catalyst pellets were placed in the 

basket and then the basket was fixed to the shaft. A 1.0-L 
aqueous HPA solution was fed into the autoclave. The exper- 
imental setup was flushed with nitrogen after the autoclave 
was sealed. The autoclave was heated to the desired temper- 
ature by stirring, and then purged with hydrogen without stir- 
ring, and finally pressurized to the desired pressure. Before 
the motor was started again, the first sample was taken. Hy- 
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Table 1. Chemical Composition and Physical Properties 
of the Catalyst Pellets 

Chemical Composition Physical Properties 
Component wt. 95 Form Cylindric 

Ni 50-52 Size 
SiOz 25 Bulk density 600 kg/m3 
A1203 10 Particle density 1,430 kg/m3 
Others 13-15 Surface area 209 m2/g 

- 

0.8 x 3-8 mm 

Average diameter of (nm) 
Micropores 0.8 
Mesopores 3.9 

drogenation was carried out at constant temperature and 
pressure. The samples were taken within a certain reaction 
time interval after purging the sample tube. To avoid errors 
caused by the change of solution volume, the total amount of 
samples was less than 20 mL. Each sample was analyzed by 
gas chromatography (DAN1 8521-A with FED 651.1). 

Results and Discussion 
Experimental results 

The gas-liquid-solid mass-transfer resistance can be ig- 
nored at an agitation speed higher than 400 L/min if the 
other reaction conditions are as follows: amount of catalyst, 
20 g/L; temperature, I 85°C; and pressure, 2 2.5 MPa. This 
has been verified by increasing the agitation speed to 500 
L/min without any effect on the reaction process. 

Besides two homogeneous side reactions (Eqs. B and C), a 
heterogeneous catalytic main reaction and a side reaction oc- 
cur simultaneously in the hydrogenation of HPA over 
Ni/Si0,/A1,03 catalyst pellets (Zhu, 1995; Zhu et al., 1996a). 
They are expressed as: 

Main reaction 

cat. 
HPA+ H, - PD. (A) 

Side reactions 

HPA+PD‘*Acetal+H,O (B) 

HPA + Ac + H,O (C) 

HPA+ Ac - 4-Oxa-1.7-Heptandial. (D) 

The concentration-time profiles of reactants and products at 
different temperatures and pressures were measured. Values 
of apparent effectiveness factors vi of component i were de- 
termined according to the definition (Eq. 1) 

in the following way: the concentration Cj (i = HPA and PD) 
was at first expressed as a power-series function of the reac- 
tion time ( t )  C1,; = Zai,t’ ( j  = 0, . . . , 41, whose coefficients 
were determined by linear regression. Then the apparent 
rates of formation R,, ( i  = HPA and PD) were calculated by 
abstracting the contribution (calculated by a combination of 
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Eqs. 3 to 7, eg., r3 - r -3  + r4 is the contribution of side reac- 
tions C and D to the rate of formation of the component 
HPA) of homogeneous side reactions from the derivative of 
the concentration CJC, with respect to time t ,  where C, is 
the catalyst concentration. 

The intrinsic rates of formation Ri (i = HPA and PD) were 
calculated at the same reaction conditions by Eqs. 2 com- 
bined with the intrinsic kinetic model (Eqs. 3 to 7) 
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The rate r, of the reactions j ( j  = 1, 2, 3, -3, 4) can be writ- 
ten as 

r j  = k,C,,, r - 3  = k-3CAc (5) 

r 4 =  k4CAcCHPA (6) 

AH1 
K ,  = K,,  exp ( - =), (7) 

where k, ( j  = 1, 2, 3, -3, 4) are the intrinsic reaction-rate 
constants; K ,  ( i  = 1 -H2,  2-HPA) are the adsorption equilib- 
rium constants of H, and HPA, C, (i = HPA, PD, Ac) are 
the concentrations of component i. The preexponential fac- 
tors KOi and k,, the activation energy AEi of reaction j ,  
and the desorption enthalpy AHi of component i are shown 
in Table 2. They were estimated by minimizing the sum of 
the squared differences between the measured and calcu- 
lated concentrations of HPA and PD. Besides the accurate 

mxa P=4.00MPa - P5.15MPa 
T-318K 

0.04 . , , , , , , , . . . , , . . . . . , . , . 1 . . . . . ,,.5 
0.0 b.S 1 .o 

Concentration of HPA ( mol I I ) 

Table 2. Estimated Parameters of the Intrinsic Kinetics 

k 0 .  KO, AE, AH,  
i/i Lz/mol.s.g L/mol kJ/mol kJ/mol 
1 1.545 X 10’ 1.785 X lo4 55.589 - 13.844 
2 6.110X 10” 0.6988 104.06 4.046 
3 2.278 x 109 - 

-3 6.739 X lo’ - 
4 2.207 X 10’’ - 

- 93.390 
53.256 - 

- 173.68 

Source: Zhu, 1995; Zhu et al., 1996a. 

measurements of the concentration-time profiles, a good in- 
trinsic kinetic model is very important for obtaining good val- 
ues of the apparent effectiveness factors (for details, see Zhu 
et al., 1996a). 

The measured apparent effectiveness factors of HPA and 
PD at different temperatures and pressures are shown in Fig- 
ures 2 and 3. Intraparticle diffusion resistance is strong in the 
hydrogenation of HPA over the catalyst pellets because the 
apparent effectiveness factors are much less than 1. Further- 
more, the apparent effectiveness factors of HPA, PD, and 
hydrogen are different from each other and strongly de- 
pendent on the temperature and the concentrations of HPA 
and hydrogen. They decrease when the temperature in- 
creases from 60°C to 80°C. However, a positive effect of the 
temperature was also observed in the range of the HPA-con- 
centration, 1.25-1.36 mol/L, between 45°C and 60°C (see 
Figure 3). This can be explained by a simplified Eq. 8 

dq  d q  dDe d q  dk +-- ( 8 )  - = - - 
dT dDe dT d k d T ’  T,I= q ( c s ,  k ,  0,); 

where k is the reaction rate constant and D, the effective 
diffusion coefficient. In general 

dDe dk 
(9) 

dq 

d o e  
- - - 0 0 - ;  dk o<-<-.  dT dT 

It is therefore possible that the value of the derivative of the 
apparent effectiveness factor with respect to the temperature 

11111L3 P=4.00MPa 
n MAM P=5.15MPa 

T =  318 K 

O.O.,, 
0.0 0.5 1 .o 1.5 

Concentration of HPA ( mol I I ) 

Figure 2. Apparent effectiveness factors of HPA and PD at different pressures. 
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Figure 3. Apparent effectiveness factors of HPA and PD at different temperatures. 

is positive, that is, the apparent effectiveness factor increases 
with temperature. 

Figure 2 shows a positive effect of the pressure of hydro- 
gen on the apparent effectiveness factors of HPA and PD in 
a wide range of HPA-concentration. At 45°C the higher the 
hydrogen pressure is, the greater the value of the apparent 
effectiveness factors. The increase of PD's apparent effective- 
ness factor with increasing hydrogen pressure is greater than 
that of HPA. So a high PD selectivity of catalyst particles is 
reached at high hydrogen pressure. However, the positive ef- 
fect of hydrogen pressure becomes less if the temperature 
increases, as shown in Figure 4. The difference in the rate of 
formation of HPA and PD is smaller at 60°C than at 45°C 
while the hydrogen pressure increases from 4.00 to 5.15 PMa. 

The complex effects of HPA and hydrogen concentrations 
on the apparent effectiveness factor may be explained by the 
intrinsic kinetics for hydrogenation of HPA and the intra- 
particle diffusion in the catalyst particles. In a simplified form 

of Eq. 2 (power law) the rates of HPA and hydrogen con- 
sumption are proportional to C&LAPnZ, but the rates of dif- 
fusion are proportional only to C,,, or P. So the apparent 
effectiveness factor increases with hydrogen pressure or HPA 
concentration if nl < 0 and n2 < 0, otherwise the reverse is 
true. In other words, whether the apparent effectiveness fac- 
tor increases with the concentration of HPA and hydrogen 
depends on the values of nl and n2. In the hydrogenation of 
HPA the values of nl and n2 may vary from negative to posi- 
tive. 

With respect to intraparticle diffusion, hydrogen is in ex- 
cess in the catalyst pellets at high temperatures (described in 
the following sections). Due to the increase in the hydrogen 
concentration at elevated pressure, the reaction rate of HPA 
speeds up in catalyst particles. However, the apparent effec- 
tiveness factors would be decreased. The product of the reac- 
tion rate and the apparent effectiveness factor is therefore 
only weakly dependent on the hydrogen pressure. 
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The difference in apparent effectiveness factors between 
HPA and PD seems to be the result of side reactions. 

Since the apparent effectiveness factor is not a constant for 
a complex reaction system, effective kinetic models such as 
power-law or hyperbolic models, whose parameters are esti- 
mated by a regression in the data measured with catalyst par- 
ticles, are in principle empirical, as they are based on a con- 
stant apparent effectiveness factor. Such an effective kinetic 
model is not reliable for processing scale-up, as its parame- 
ters may vary with a change in catalyst particle size or reac- 
tion conditions. Instead, the method described by Zhu (1995) 
and Zhu et al. (1996a), where the effective diffusion coeffi- 
cients are used as a model parameter, should be applied to 
model the reaction processes with strong intraparticle diffu- 
sion. 

Model for apparent eflectiveness factor 
When the catalyst particles in the reaction system do not 

differ from each other, the apparent effectiveness factors vj 
of component i can be calculated by the apparent effective- 
ness factors for one catalyst particle, defined as 

Equations 11 and 12 can be derived by the mass balance of a 
cylindric catalyst particle, assuming that mass transfer through 
the external surface at both ends of the cylindric particle and 
the homogeneous side reactions in catalyst particles are neg- 
ligible. If the apparent effectiveness factor is less than 0.35, 
this simplification causes an error of approximately 2% for 
the catalyst particle size listed in Table 1. The concentration 
C,,, on the external surface of the catalyst pellets can be re- 
placed by the concentration in the liquid phase if the external 
mass transfer resistance is negligible. 

Numerical solution 
Since the equations that describe the reaction rates are 

nonlinear, one cannot obtain an analytical solution of the dif- 
fusion equations (Eq. 11). However, Eqs. 11 and 13 can be 
transformed by differentiation 

(10) 
B U - F = O ,  

where Vp is the volume of a catalyst particle; and ci and c,,$ 
are the concentrations of component i ( i  = H,, HPA, PD) in 
the catalyst particle and on its external surface, respectively. 

The concentration Ci in the catalyst particles can be calcu- 
lated by solving the differential equations (a diffusion equa- 

where 

f i 1 7 f r 2 7  * . * t f r n - 1 - 1 - ~  2(n - 2) 
tion with reactions) 

d'C, 1 dCi 
dr? r dr ) f - -  = p  R i  i=H, ,HPA,PD,  (11) 

with boundary conditions A 0  
B =  ( 0  0 A 0 -'A] 

= 0 Cilr 'Rp = ci,s. (12) 
U=(Ul,U,,LJ3)' F = ( F 1 , F 2 , F 3 ) '  (16) 

0 0 0 0  0 
1 
2 

1 1 
4 4 

-1.5 1+-  0 

1-- -2 1+-  0 

1 1 
6 4 

0 1-- -2 1+- 0 

0 0 - 2  0 
1 1 

0 0 0 1-- -2 1+- 0 
21 21 

0 0 0 
1 

2(n - 1) 0 0 0 0 0 0 * 0 1-- . (17) 
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The numerical solution of Eq. 14 can be obtained by the fol- 
lowing iteration 

-9.0 : 

O E  -11.0 1 

C - 
-13.0 1 

-15.0 

1 

until the sum of the absolute error between Urn+ , and Urn is 
less than 0.001. 

Estimute of the egective difision coeficients 

were estimated by minimizing the objective function F 
Effective diffusion coefficients of HPA, PD, and hydrogen 

which can be derived from the maximum likelihood function 
of q, if the variables qiL are statistically uncorrelated and 
their probability distributions are Gauss distributions with the 
same standard deviation. Values of the apparent effective- 
ness factors q, for component i ( i =  2-HPA, 3-PD) were 
computed by the numerical integration of Eq. 18 combined 
with Eqs. 14 and a second-order Runge-Kutta method. 
A gradient method was used to minimize the objective 
function F .  

-7*0 1 

Table 3. Effective Diffusion Coefficients and Their 
Confidence Intervals ( r  = 95%) 

T P DEH2 X lo5 DrHPA X lo6 DePD X lo6 
(K) (MPa) (cm2/s) (cm2/s) (cm2/s) 
318 4.00 1.72k0.05 2.78k0.82 2.56k3.45 
318 5.15 1.50k0.03 1.63k0.33 1.53k0.89 
333 4.00 2.20k0.02 1.14k0.27 1.08k1.36 
333 5.15 1.33*0.02 1.14k0.20 1.11k1.67 
353 5.15 4.30 0.75 0.40 

The effective diffusion coefficients were estimated, respec- 
tively, at different temperatures and pressures to avoid diffi- 
culties in calculation. The linearized confidence intervals 
A Del were calculated by where t ,  is a value of the t-distribu- 
tion with a degree of freedom of 3 and 3n when cr = 0.05: 

ADe1=*,&= (3n - 1) L = H,, HPA, PD 

D = [ d , , ] = [ J J ' ] - '  i=H, ,HPA,  PD; 

(21) 

j = H,, HPA, PD (22) 

1 = H,,HPA,P. (23) 

All calculations were carried out by a Fortran program that 
we developed. The estimated effective diffusion coefficients 
and their linearized confidence intervals are given in Table 3 
and partly represented in Figure 5. 

The temperature has an obvious effect on the effective dif- 
fusion coefficients. The influence of pressure is, however, rel- 
atively weak, depending on the temperature. It can be ne- 

5.0 7 

4.0 I 

3.0 : 

* 105 H, 
DeHPA* 10' HPA 
DePD 10' PD 

solid line for polynorne 

-17.0 1 , , , ,~ , , , , , , , , ,~ , , , , , ,  ~ 

340 350 360 2.7 2.8 2.9 3.0 3.1 3.2 

l I T ' 1 0 0 0  ( I / K )  310 320 $39K) 
Figure 5. Effect of temperature on the effective diffusion coefficients of H,, HPA, and PD. 

A: solid line for D,, = D,,, (- A E , / R T ) ;  B: solid line for D,, = a" + a,T + n z T 2  + ... . 
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Figure 6. Apparent effectiveness factors: measured vs. 
Measured value 

glected at 60°C. The effective diffusion coefficient of hydro- 
gen is nearly proportional to the temperature. For HPA and 
PD it decreases with increasing temperature. Strong surface 
diffusion may result in such a temperature dependence of the 
effective diffusion coefficient on HPA and PD (Karger and 
Ruthven, 1986). The surface diffusion of PD occurs only on 
the inlet catalyst surfaces, since the term of the propanediol 
adsorption on active sites play only a very small role in the 
intrinsic kinetic model (Zhu, 1995; Zhu et al., 1996a). 

The large confidence intervals of the effective diffusion co- 
efficient for PD cannot be easily reduced since the rates of 
formation are not sensitive to the concentration of PD. The 
sensitivity of rates of formation to the concentration of reac- 
tants is less if the reactants are in excess in the catalyst parti- 
cles. Thus, the excess of reactants in catalyst particles should 
be avoided to obtain a good estimate of the effective diffu- 
sions coefficients. 
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calculated values of HPA and PD. 

0.4 

The model with the estimated effective diffusion coeffi- 
cients was applied to compute and predict the apparent ef- 
fectiveness factors of HPA, PD, and hydrogen. Figure 6 shows 
that relative errors in the calculated values when compared 
to the experimental values are less than 20% (except for a 
few points). Nevertheless, the results are much better than 
those obtained by other methods. Hence this method is suit- 
able to estimate the effective diffusion coefficients of hydro- 
gen, HPA, and PD in the hydrogenation of an aqueous 
HPA-solution. 

To determine the component that controls intraparticle 
diffusion, that is, which reactant is consumed fastest during 
diffusion from the external surface to the central part of the 
catalyst particles, the concentration distributions of HPA, PD, 
and hydrogen in the catalyst particles were computed at dif- 
ferent temperatures and pressures. The results are shown in 
Figures 7, 8, and 9 at different surface concentrations, C,, on 
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Figure 7. Profiles of H,, HPA and PD in a cylindrical catalyst particle at different surface concentrations on the 
outside of the particle (SOOC and 4.00 MPa or 5.15 MPa). 
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Figure 8. Concentration profiles of H,, HPA and PD in a cylindrical catalyst particle at different surface concentra- 
tions on the outside of the particle (333 K and 4.00 or 5.15 MPa). 
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the catalyst particles. C ,  varies with the reaction time; the 
longer the reaction time, the lower the surface concentration 
of HPA and the higher the surface concentration of PD. Fig- 
ure 7 shows that the concentration of HPA decreases rapidly 
at 80°C from the surface concentration, C,, to zero in the 
middle of the particle. At this temperature, excessive hydro- 
gen appeared in the particle even at the start of the reaction. 
However, this excess disappeared as the temperature in- 
creased, as shown in Figures 8 and 9, unless a high conver- 
sion of HPA was reached. 3-Hydroxypropanal became exces- 
sive at 45°C at a lower degree of HPA conversion. No reac- 
tant is in excess at 60°C unless the conversion of HPA reaches 
a high value. 

The results in Figures 7, 8, and 9 indicate that either hy- 
drogen or HPA or both of them can limit the hydrogenation 
rate of HPA, depending on the reaction conditions and de- 
gree of conversion of HPA or the reaction time. If the degree 
of conversion of HPA is low and its concentration in the liq- 
uid phase is high, one can assume that HPA is in excess in 
the catalyst particles. 

Because of the strong intraparticle diffusion resistance the 
catalyst particles are not completely utilized. The utilization 
efficiency of the catalyst particles is about 50% at 45T,  but 
only 20% at 80°C. At higher temperatures, the effective dif- 
fusion coefficients of HPA and PD are much lower than their 
diffusivity (Zhu, 1995). This may result from a microporous 
diameter that is too small (its average value is 0.86 nm), which 
is nearly as large as the molecular diameter of HPA and PD 
(ca. 0.82 nm and 0.84 nm, respectively). To increase the ap- 
parent effectiveness factors of HPA and PD, one should use 
small catalyst particles or enlarge the catalyst microporous 
diameter. 

Conclusion 
A strong intraparticle diffusion resistance, which results in 

a 73-95% decrease in the consumption formation rates of 
HPA and PD, was observed in the hydrogenation of 10 wt. % 
aqueous solution of HPA over Ni/SiO,/Al,O, catalyst pel- 
lets at 45 to 80°C and 2.60 to 5.15 MPa. The apparent effec- 
tiveness factors measured by experiments or calculated by the 
mathematical model were used to describe this resistance. 
Because of side reactions, the apparent effectiveness factors 
of HPA and PD differ from each other. Their dependence on 
the temperatures and concentrations of HPA and hydrogen 
is complex. In general, greater apparent effectiveness factors 
are obtained at lower temperatures and reactant concentra- 
tions, but also at higher temperatures and reactant concen- 
trations. 

By using a multiresponse regression method to minimize 
the deviation in the calculated values of the apparent effec- 
tiveness factors from their measured values, the effective dif- 
fusion coefficients of HPA, PD, and hydrogen have been esti- 
mated. The calculated apparent effectiveness factors usually 
show a less than 20% relative error in comparison to their 
measured values. This method allows us to obtain the effec- 
tive diffusion coefficients at reaction conditions, even for a 
complex reaction system in which the intrinsic kinetics can be 
well described by a mathematical model. Its application may 
be limited because the calculations are expensive. To obtain 
a good estimate of effective diffusion coefficients the reac- 
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tion conditions must be selected so that no reactants are al- 
ways in excess. 

The concentration distributions of the reactants in catalyst 
particles show an excess of hydrogen at 80°C or at high HPA 
conversion. At 60 to 80°C the rates of formation of HPA and 
PD do not increase significantly when the partial pressure of 
hydrogen is increased. Instead, the small effective diffusion 
coefficients of HPA and PD are caused by small micropores 
of the catalyst particles. Therefore, intraparticle diffusion can 
be enhanced by enlarging the micropores. Small catalyst par- 
ticles should be used to enhance the hydrogenation of HPA. 
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Notation 
A =  matrix A in Eq. 17 
B =  matrix B in Eq. 14 
D =  matrix in Eq. 21 

D,, = effective diffusivity of component i, cm2/s 
d , ,  = diagonal element of the matrix D in Eq. 21 

f, =defined by Eq. 15 

H= Henry constant 1, MPa/mol 
J =  matrix in Eq. 23 
K =  adsorption equilibrium constant of component i ,  I/mol 
n = number of time interval in the numerical integration 
P= hydrogen pressure, MPa 
r=  r-axis in the cylindrical coordinate, cm 

R= gas constant, kJ/mol K 
R, = radius of the cylindric catalyst pellets, cm 

T =  temperature, K or “C 
t ,  = 1-distribution function 
(I= vector in Eq. 16 
u, = dimensionless concentration of component r ,  u, = C,/C,, 

u,, = dimensionless concentration of component i at point j (Eq. 

V, = vector for component i (Eq. 15) 

F =  vector F in Eq. 15 

= step length 

15) 

Greek letters 
cp = porosity of catalyst particle 
p= dimensionless polar coordinate 

p p  = density of the catalyst particle, g/L 
qu = apparent effectiveness factors of component i ( i  = H2, HPA, 

PD) as determined from experiments 
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