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Abstract--Effective diffusivities and counter-diffusivities of coronene and porphines dissolved in 
organic solvents were measured in alumina and silica alumina catalyst supports. The measured effective dif- 
fusivity was in the range of 10 -It --10 -l~ m2/s and the counter-diffusivity, 10 -15-  10-14 rl~/s. 

Very small values of counter-diffusivities indicated that the flux of adsorbate desorbed was greatly decreas- 
ed by the flow of desorbate formed in the opposite direction. Experimental results showed that diffusivities of 
porphines in aluminas increased with strength of adsorption. One of the possible explanation for this result 
was that the strongly adsorbed molecules have the shielding effect on diffusing molecules through pore fluid. 

INTRODUCTION 

The intraparticle diffusion in catalyst supports has 
been the subject of a number of investigations on 
catalytic reactions. Since porous catalysts are manufac- 
tured by impregnation on a support by solutions con- 
taining the active metal ions, the structure of the support 
influences the final catalytic porperty. Studies on the dif- 
fusion within catalyst supports [1-5], therefore, have 
gNen valuable information in analyzing the reaction 
rate on porous supported catalysts. Particularly, in the 
liquid-phase reaction such as the hydrodesulfurization 
to remove sulfur-containing polyaromatic compounds in 
heavy oils, the intraparticle diffusion should be con- 
sidered since it is usually the rate-controlling step. 

When the transport of molecules is controlled by the 
pore diffusion through the pore fluid, the mass transfer 
rate is affected sensitively by the ratio of the molecular 
dial-neter to the pore diameter, ~.(=dm/dp). Chantong 
[1] reported that effective diffusivities of aromatic com- 
pounds in aluminas decreased exponentially with the 
increase in ,~, indicating the strong steric hindrance and 
the hydrodynamic drag. Seo and Massoth [2] studied the 
effect of temperature and pressure on the effective dif- 
fusivity in the same system. They showed that the tem- 
perature dependency on the effective diffusivity was 
significant, while the effect of pressure was negligible up 
to 70 atm. 

In catalytic reactions, there are always two flows in 
pores; reactants diffuse into catalyst particles and pro- 
ducts formed diffuse out. From the physical point of 

* 7o whom all correspondence should be directed. 

view, therefore, the use of effective diffusivity for analyz- 
ing the kinetic data is not likely to be adequate in 
systems where reactions occur within porous particles. 
This situation has been called as "counter-diffusion" [3]. 

This paper describes a method to determine the 
counter-diffusivity in porous catalyst supports. Counter- 
diffusion runs were carried out by measuring the 
amount of coronene and porphines desorbed after a 
desorbate such as acetone or pyridine was iniected into 
the reactiori vessel. Counter-diffusivities of coronene and 
porphines in alumina supports were determined by ap- 
plying the analytical solution of counter-diffusion model 
to the experimental uptake data. In this study, the effects 
of the temperature, the diameter ratio (h), the adsorbate 
or desorbate concentration and the strength of adsorp- 
tion between molecules and supports will be also 
studied to ascertain the mechanism of diffusion and the 
interaction between diffusing molecules and pore walls. 

THEORETICAL DIFFUSION MODELS 

Pore Diffusion Model 
For combined diffusion and adsorption in the sphe- 

rical particle, the mass balance equation for a solute 
may be represented by the following equation [4]: 

OC~=D~(O~C~+ 2 8 C ~  Oq 
ot ~ V~7-) -p57 (1) 

Initial and boundary conditions are: 

(I. C. ) C~=Co at t =  0 for 0 < r < R  (2) 

OC~ 
( B . C . ) - - ~ r - = 0  at r = 0 ,  t > 0  (3) 



! 74 G. Seo and H. Moon 

a c ,  a C .  
\ " ( ~ t - ) = - 4 / r R 2 N , , D ~ ( - 0 ~ r ' )  at r=J{, t > 0  

(4) 

If the adsorption isotherm is linear, the apparent dif- 
fusivity can be defined as follows: 

D ~:= D ~/(p K + e ) (5) 

where K is the adsorption equilibrium constant. 
Then, Eq. (1} can be rewritten by: 

a C'~= Do ( a~C~+ 2- OC,) (6) 
a t  Or ~ r a r  

The solution of Eq. (6) was presented in the literature 
[6]. 

q '~ 6a (a4-1) exp( -qn2v)  
--~= 1 - Z (7) 
q~ n=~ a2qn z + 9 a  4- 9 

where c, isCJ(C,-C .)and ris a dimensionless time defin- 
ed as: 

r = D ~,t/R 2 (8) 

q. in Eq. (7) are roots of the foIlowing transcendental 
function: 

tan qn=3qn/(3+aq, . , )  {9) 

Here, we did not deal with non-linear adsorption 
isotherms. In the case of non-l inear isotherms, 
numerical solutions are available [1]. 

The effective diffusivity, De, was determined by an 
usual roethod. At first, q/q,, should be evaluated from 
Eq. (7) for a certain value of r. Then, the time, t, was 
determined from experimental uptake curves so that 
q/q.  has the same value. After obtaining some sets of r 
and t, a plot of vagainst t could be prepared. This plot 
should yield a straight line if the intraparticle transport 
follows the pore diffusion model, Figure 1 shows such a 
plot for a diffusion run with tetra-phenylporphine. The 
apparent diffusivity could be obtained from the slope of 
the plot using a/east-square method. Finally, the effec- 
tive diffusivity was evaluated from the apparent dif- 
fusivity by using Eq. (5). 
C o u n t e r - D i f f u s i o n  M o d e l  

In counter-diffusion runs, the preadsorbed aromatic 
compound was desorbed by injecting a certain amount 
of desorbate into the vessel. Acetone and pyrMine were 
used as desorbates since they have very small molecular 
size and strong adsorptivity to aluminas. Thus, the 
desorbate diffuses fast into pores and the desorption of 
aromatic compounds on the pore surface takes place in- 
stantly. The following assumptions were made in the 
mathematical modelling of the counter-diffusion [7]. 

i) Since the desorbate has a strong adsorptivity and 
diffuses very fast into pores, the desorption of 
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aromatics occurs instantly within the particle. 
ii) The initial concentration of aromatic compounds 

desorbed inside the particle may be caicuIated 
as follows: 

4 
C 0 ~  (qev--qre)/(~ N o r r m s ~  } (10) 

Under these assumptions, the material balance equation 
on the aromatic compound within the particle may be 
written as follows: 

a c ,  D r 2 0 C ,  (11) 

initial and boundary conditions are: 

( I .C . )  C r - C o  at t = 0  for 0 < r < R  (12) 

(B. C. ') c)Cr= 0 at r=  0, t > 0 (13) 
Or 

V OC~ ( a c , )  

at r ~ R ,  t >  0 (14) 

C t = C ,  at t =  0 (15) 

Equation (11) can be solved analytically by the similar 
method used by Crank [6]. The solution is expressed as: 

C ~ - C I =  I - L :  6 a ( a , + l )  exp(-qn:r) (16) 
C ~ - C I  ~ ~ a 2q~-}-9a §  

In this case, a is defined as C~/(Co-C~) and r is  D~- dR 2 & 
The counter-diffusivity, D~, was obtained by the same 
procedures described previously. 

EXPERIMENTAL 

A d s o r b a t e s  a n d  A d s o r b e n t s  
Adsorbates used here are reagent grade coronene 
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Table  1. Physical  properties of adsorbents .  

175 

Aluminas Silk:a- ahlminas 
[rC 1 UC 2 D** M** S A - I 3  SA-23 

Surface area* >< 10 ', m'/kg 280 220 

Average pore diameter*, nm 5 9 

Part icle  density, kg/m'  1080 900 

Porosi ty 0, 76 0.90 

245 320 400 ,i20 

9.8 7.2 9 6 

1210 1220 700 920 

0.73 0.71 0.81 0.70 

* Data were provided from manufacturers 
** from Chantong and Massoth '= 

and tetra-phenylporphine (TPP) manufactured by the 
Tokyo Kasei Co. and octa-ethylporphine (OEP) by Man- 
Win Co. The critical molecular diameters of coronene, 
TPP and OEP are 1.11, 1.9 and 1.53 nm, respectively. 
Solutions were prepared by resolving a certain amount 
of adsorbates in n-hexane and cyclohexane which are 
not adsorbed strongly on alumina [1]. The solvents were 
pretreated with calcined molecular sieves 5A to remove 
water and other impurities. 

Adsorbents are porous catalyst supports, aluminas 
and silica-aluminas. Aluminas, UC1 and UC2, were pro- 
vided by the United Catalyst Inc. and aluminas, D and 
M, by the Kaiser Aluminium Co.. Silica-aluminas, SA-13 
and SA-23 were provided by the Davidson Chemical Co. 
The physical properties of adsorbents are shown in 
Table I. The pore volume and the density were 
measured by the helium-mercury penetration method. 
Adsorbent particles used were passed through a 35 
mesh sieve and retained on a 65 mesh sieve (Tyler 
screen). The arithmetic average of the two sieve open- 
ings was taken as the particle diameter. The average 
particle diameter was 0.315 x 10 -3 m. 
Diffusion Experiments  

The diffusion runs were conducted in the stirred 
batch vessel similar to that used by Seo [7]. The vessel 
was made of stainless steel and four fixed baffles spaced 
evenly around the circumference. The agitation was 
achieved with a teflon rod connected to a variable speed 
motor. The solution temperature inside the vessel was 
controlled by inserting the vessel into a constant 
temperature water jacket. The water in the jacket was 
circulated by a Haake circulator held at a given 
temperature. The solution temperature was maintained 
at a certain value within + 0.5K. A known weight of the 
alumina was calcined at 823 K for 18 hours in the muffle 
furnace. The calcined alumina was then transfered in- 
to solvents in order to prevent moisture uptake. The 
solution of a certain concentration was put into the 
vessel and, at a designated starting time, the alumina in 
solvent was transfered into the solution in the vessel 

and the stirrer was operated. Liquid samples were taken 
periodically to monitor the change in concentration of 
the solution by using a hyperdermic syringe. The con- 
centrations of the samples were measured with a UV-VIS 
spectrophotometer at wavelengthes of 328 nm for cor- 
onene, 512 nm for TPP and 500 nm for OEP. In the 
counter-diffusion runs, a desorbate was injected into the 
vessel after the equilibrium of porphine between the 
solution and the adsorbent has been reached. The in- 
jected amount of acetone as a desorbate was about 
0.5x10-6m 3, an excess amount for desorbing preadsorb- 
ed aromatic compounds. 

RESULTS AND DISCUSSIONS 

External mass  transfer 
Since the model used here has the assumption that 

the external mass transfer resistance is negligibly small, 
we had better check the effect of agitation speed on the 
adsorption rate. The effective diffusivity becomes nearly 
constant at agitation speeds above 800 rpm. We con- 
ducted, therefore, all diffusion or counter-diffusion runs 
at 850 rpm. The external mass transfer coefficient, k,,, 
can be estimated from the initial concentration decay in 
the batch [8]. 

k~= _v In IC,/Cl) (17) 
t 

As soon as the diffusion run started, the concentrations 

of an adsorbate were monitored periodically for about 
10 minutes, k,, was calculated from the plot of In(C,/C~) 
against t. At 850 rpm, k~ estimated from Eq. (17) was 
1.8xl0-Sm/s and the particle Sherwood number, Shp 
(2Rk,n/D~, ~), was 79. Since Shp was greater than 50, we 
supposed that the overall mass transfer was controlled 
by the intraparticle diffusion according to the criterion 
proposed by Neretnieks [9]. 
Effective Diffusivity 

Figure 2 shows the fractional uptake of TPP on 
alumina UCI at 298K. To obtain the effective diffusivity 
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by applying the diffusion model to the experimental 
data, u should be calculated from the equilibrium con- 
centration. Effective diffusivities measured in alumina D 
by varying the initial concentration of TPP are shown in 
Table If. The change in De is not significant in the con- 
cetration range of 16.4-28.8 • l0 -~ kg/m 3 of TPP. In most 
of sorptive diffusions, the effective diffusMty has a 
considerable concentration depencence since the sur- 
face coverage varys with the bulk concentration. 
However, when the interaction between adsorbate and 
adsorbent is very strong, the molecules adsorbed on the 
surface are immobilized so that the surface diffusion 
does Rot contribute to the effective diffusion. The weak 
concentration dependence of De reveals that the diffu- 
sion of TPP in alumina D is controlled by the pore diffu- 
sion rather than the surface diffusion [10]. 

Table II1 shows that effective diffusivities of cor- 
onene, TPP and OEP in three different aluminas. The ef- 
fectiw~ diffusivity in UCI was measured to be less than 
those in UC2 and D. From the fact that the group pa- 

Table  2. Ef fec t ive  d i f fus iv i t i e s  of T P P  in a l u -  

mina D at  298 K versus in i t ia l  concen- 

trat ions  of  T P P .  

Initial concentration of 
TF'P • 10', kg/m' 

Effective diffusivity (De)* 
• 10'~ m2/s 

16. 4 

20. 1 

28. 8 

1.9 

2.0 

1.8 

* in cyclohexane 

Table  3. Ef fec t ive  d i f fus iv i t i e s  of aromat ic  

compounds  in cyc lohexane  with d i f -  

f erent  a luminas .  

Compound Dbxl0 '~ Alumina X(=d,,/ De• ~ De/ 
m'/s d o ) m'/s DbE 

UC 1 0. 38 1.0 0.40 

T P P  4.37 UC 2 0. 21 1.8 0.57 

D 0. 19 2.0 0.63 

UC 1 0.31 1.0 0.40 

OEP 4.36 UC 2 0. 17 1.8 0. 57 

D 0. 16 1. 8 0.57 

Coronene 7. 45 D 0. 11 2. 9 0. 53 

Db was estimated from tile Wilke-Chang equation [15] 

rameter, De/Db e, increases as the ratio of molecular 
diameter to pore diameter decreases, it can be stated 
that the intraparticle diffusion may be restricted by the 
steric hindrance and the hydrodynamic drag. Chantong 
and Massoth (4). reported similar results on the effect of 
~- on the effective diffusivity in aluminas. For 
coronene,the value of De is in accord with that measured 
by them while the values of De of TPP and OEP are 
somewhat large. This discrepancy seems to come from 
the nonlinearity of adsorption which is assumed in this 
study. Table Ill also represents an interesting result, the 
group parameter, De/Db~ for TPP similarto that for 
OEP even though the critical molecule diameter of OEP 
is less than that of TPP [43. This fact may be explained 
by the twisting of the benzene rings of TPP in order to 
reduce the repulsion force between the benzene tings. 
The real size of TPP in solution, therefore, would be 
smaller than its critical value. 

Fig .  3. 

1.0 

0.5[  �9 

0 
o . . . . . .  do 0 600 12 0 1800 2400 3 0 

Time, s 

Desorption curves of T P P  from alumina  

D af ter  inject ion of  ace tone  at 298K: [7] 

�9 : 5 • 10- 'm'  and �9 : 1x 10- 'm' of 
a . c e t  o n , e .  

September .  1985  



Diffusion in Porous Catalyst Support 177 

~" 3 �84 

E 

0 I , i i I 
0 600 1200 1800 2400 3000 

Time, s 

Fig.  i. Plot  of r aga ins t  t for counter-  d i f fus ion  

data  of coronene from alumina UCI  at 

298K.  

C o u n t e r - D i f f u s i v i t y  
When an aromatic compound in bulk solution is in 

equilibrium with that in the adsorbent, the injection of a 
desorbate makes the preadsorbed aromatics desorb and 
diffuse out from the interior to the outer surface of the 
particle. Figure 3 shows the remained amount of TPP 
after acetone was injected. In the case that 0.5 x 10 -6 m3 
of acetone 'was injected, the amount desorbed for 5 
minutes was 34% of the total uptake and 65% for 
25minutes. Futhermore, the amount desorbed for 25 
minutes was 47% for the injection amount of 0.1xl0 -~ 
m3 This observation proves that the diffusion of acetone 
into pores is very fast comparing with TPP and the 
desorption of TPP from pore surfaces occurs instantly, as 
mentioned in an assumption in the theoretical section. 
The fact that TPP was desorbed negligibly in free 
solwmts also supports such an assumption. 

In measuring the counter-diffusivity by applying the 
counter-diffusion model to the experimental run data, 
the initial concentration in the particle, at first, should 
be calculated. This concentration was calculated from 
the desorbed amount. As shown in Fig. 4, a plot of r 
against t should yield a straight liae for the counter- 
diffusion run when the pore diffusion is dominant. The 
line must pass the origin theoretically, but it deviates 
positively from the origin. This deviation means that the 
arrival of desorbate molecules at pore walls takes a few 
minutes because the time was started from the injection 
of desorbate. However, the counter-diffusivity can be 
determined easily regardless of the deviation because 
lhis method does use only the slope of the line. 

Effective diffusivities and counter-diffusivities of cot- 

T a b l e  4. Effec t ive  di f fus ivi t ies  and counter-  

d i f f u s i v i t i e s  of T P P  in c y c l o h e x a n e  

with a luminas  D and M at 298K. 

Aluminas 
D M 

1.2 0.66 
Effect ive dif fusivity 

D e x l 0  '~ m2/s 

Coumer-dif  fusivity* 

D~c• m ' / s  
2.1 1.3 

* the injection amount of acetone 13. 5:x: 10 "m* 

T a b l e  5. C o u n t e r - d i f f u s i v i t i e s  of T P P  and C o -  

ronene w i t h  d i f f e r e n t  a m o u n t  of  d e -  

s o r b a t e  a t  298K. 

Diffusant Alumina Desor- Injection D,~r215 '~, 
(Solvent) bate amount m ' / s  

XlO ~,m' 

T P P  

0.05 4, 9 

UC 1 Acetone O. 10 5.2 

(n-hexane) 0, 50 5.3 

1.00 4.5 

Pyridine O. 50 4.7 

T P P  

0.10 1.2 

M Acetone 0.50 1.4 

(cyclohexane) Pyridine 0, 50 1.8 

Coronene UC 1 

(n-hexane) Acetone 0. 230 7.0 

onene and TPP in two different aluminas are shown in 
Table IV. The counter-diffusivities are about 10 -s times 
the effective diffusivities. The big differences in dif- 
fusivmes can not be easily explained at present, but 
the possible explanation is the effect of bulk flows form- 
ed in ~he opposite direction in pores. This has been call- 
ed as "counter-diffusion effect" and "diffusional in- 
terference" [11]. To ascertain the effect of desorbate on 
the counter-diffusivity, the injection amount and the 
type of desorbate were changed and the measured 
counter-diffusivities are shown in Table V. When 
pyridine was used as a desorbate, there are not any 
significant differences. Futhermore, we expected that 
the injection amount greatly affected the counter- 
diffusivity. However, counter-diffusivities did not vary 
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Fable 6. Effective diffusivities and counter-dif-  

fusivities* of TPP in n-bexane with 

different adsorbents at 298K. 

Adsor- Adsorbed amou- Remained D~• 10~ D,~x 10'~ 
bent nt of TPP amount after m'/s m'/s 

10~ kg/kg desorption 
x 10',kg/kg 

UC 1 22 0 1.4 4.7 

S A-13 35 21 t. 6 6. 4 

S A-23 50 25 2.2 9.5 

*The injection amount of acetorw was 0.5• ~ m' 
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Fig. 5. Uptakes  of T P P  on dif ferent  adsorbents 

at 298K. 

with the injection amount of desorbate while the 
amount of aromatic compounds desorbed increases con- 
siderably. The fast desorption rate mentioned previously 
is somewhat surprising even though the counter- 
diffusivity is very low. We suppose~ therefore, that the 
increase in the concentration gradient inside the particle 
is responsible for the fast diffusion rate. 

Effect of  Adsorption Strength and Temperature 
When molecules diffuse in fine pores, the steric hin- 

drance by pore walls has been important in the intrapar- 
ticle diffusion. However, the mutual interaction between 
molecules and pore walls should be also considered in 
the sorptive diffusion encountered here. Table V1 
shows effective diffusivities and counter-diffusivities of 
TPP in different aluminas and silica-aluminas wmcn 
have the the different strength of adsorption. Figure 5 

a~ 0"8~ ~ _ .  ~ 

~ o .  o o 

~ ' SA-23 
0. 4 C " SA-13 

o [ ]  �9 u c  1 
r 

ee 0. 

0 �9 12 I I I 

0 1200 2400 3600 4800 6000 
Time, s 

Fig.  6, Desorption curves of TPP from dif ferent  

adsorbents at 298K. 

Table 7. Counter-diffusivities* of TPP and 

OEP in cyelohexane with alumina 

UC 2 at different temperatures. 

Component Temperature,  K D~cx 10 '~, m~/s 

T P P  

OEP 

288 1.2 

298 1.5 

313 1.5 

288 1.2 

298 1.3 

313 1.5 

*']'he injection amount of acetone was 0.5 • 10-' m' 

and 6 show the variations of liquid phase concentration 
and uptake of TPP with respect to time, respectively, 
when the adsorber was charged with adsorbents having. 
different adsorption strength. According to adsorption 
experiments performed by conventional method [ 1], the 
strength of adsorption was in the order; U C I <  
SA13<SA23. The TPP-adsorbed silica-aluminas were 
changed to blue, showing the hydrogen coordinated 
complex of TPP [12]. Table VI shows that De and Dec in- 
creased in the order of the strength of adsorption. 
This result is contrary to the results obtained in the diffu- 
sion runs in zeolites [ 13, ! 4] and 'activated carbon [ l 0]. It 
has been known that effective diffusivities in zeolites 
with very fine pores decreases with the strength of ad- 
sorption since molecules are strongly adsorbed and the 
immobility of adsorbed molecules becomes a cause of 
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steric hindrance. Aluminas have usually larger pore 
sizes of about 10 nm. The immobility of molecules is not 
significant in aluminas since ~ is less than 0.25. Even 
though the increase in diffusivities with the strength of 
adsorption can not yet be firmly explained, one of the 
possible explanation is the shielding effect of adsorbed 
molecules. The molecules adsorbed on the pore wall 
make it possible to prevent the diffusing molecules from 
interacting with the pore wall. The possibility of surface 
diffusion was excluded because the porphines were ad- 
sorbed strongly on alumina and localized [1]. 

Counter-diffusivities of TPP and OEP in alumina 
UC2 at 288, 298 and 313 K are shown in Table VII. Dr 
increases slightly as the temperature increases, showing 
simiJ.ar increasing trend in D~, [2]. Figure 7 shows the 
desorption curves of OEP at different temperatures. The 
remained amount of OEP decreases as the temperature 
increases. Above 313 K, experiments could not give 
reproducible results because of minor impurities in 
solw~nts. 

CONCLUSIONS 

Effective diffusivities and counter-diffusivities of por- 
phines were determined by applying two diffusion 
models to the experimental data. The measured 
counter-diffusivity was about 10 -5 times the effective dif- 
fusivity. The possible explanation for such a decrease 
was the existance of counter-flows formed in the op- 
posite direction. The effectiw~, diffusivity was not affected 
by :he bulk concentration. This weak concentration 
d~, ,dence reveals that the pore diffusLon is predomi- 
nant in the intraparticle diffusion of aromatic com- 
pounds in aluminas. Measured counter-diffusivities in- 

creased in the order of UC1 <SA-13<SA-23, this is, in the 
order of the strength of adsorption. We suppose that the 
shielding effect of molecules adsorbed on the surface is 
the possible cause for the increase in diffusivity. 
The counter-diffusivities increased slightly as the 
temperature increased. This was similar increasing 
tendency in the effective diffusivity. 
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NOMENCLATURE 

C1 

Co 

Cr  

Ct  

C,~ 

Da 
De 
Dec 
d~ 
dm 
K 
km 
Np 
OEP 
q 
qn 
qeo 
qre 

q ~  

R 
' r  

Shp 
t 
TPP 
V 
G r e e k s  
cr 

p 

bulk concentration at t--0, kg/m3 
concentration in particles at t=0,  kg/m3 and 
hypothetical concentration after desorption 
concentration within particle at radius r, 
kg/m3 
bulk concentration at time t, kg/m3 
equilibrium concentration after adsorption or 
desorption, kg/m3 
apparent diffusivity, m2/s 
effective diffusivity, m2/s 
counter-diffusivity, m2/s 
average pore diameter, nm 
critical molecular diameter, nm 
equilibrium adsorption constant 
external mass transfer coefficient, m/s 
number of particles 
octa-ethylporphine 
adsorption amount, kg/kg 
roots of a transcendental equation, Eq. (7) 
equilibrium adsorption amount, kg/kg 
remained amount of adsorbate after desorp- 
tion, kg/kg 
adsorption amount at t = oo, kg/kg 
average particle radius, m 
radial distance, m 
Sherwood number 
time, s 
tetra-phenylporphine 
volume of bulk solution, m 3 

constant 
particle density, kg/m s 
porosity 
diameter ratio 
dimensionless time 
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