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Liquid-Phase Diffusion and Adsorption of 
Pyridine in Porous Silica-Alumina Pellets 

The adsorption and effective diffusivity of pyridine dissolved in heptane were 
measured in silica-alumina pellets using a specially developed single-pellet con- 
tinuous-flow diffusion cell. The measured diffusivities varied between 0.43 X 10-9 
and 3.25 X mzs-l; the temperature dependence of the diffusivities indicated 
that both pore volume diffusion and surface diffusion play a role in the mass 
transfer. 
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The heterocyclic nitrogen compounds present in fossil-fuel 
liquids like shale oils, petroleum and coal liquids cause problems 
such as catalyst poisoning during processing and formation of 
excessive nitrogen compounds during the combustion of the 
final products. Their removal by hydrodenitrogenation in 
multiphase reactors or possibly by liquid-phase adsorption in 
a packed column is, therefore, essential. 

Mass transfer effects such as bulk diffusion in the pores and 
adsorption accompanied by surface diffusion on the pore walls 
of catalysts have a major influence on the efficiency of these 

removal processes. I t  is, therefore, important to establish the 
magnitude of the effective diffusivities and adsorption coeffi- 
cients in these systems by either predictive or experimental 
methods. The available predictive methods for determining 
effective diffusivities are not adequate in systems where ad- 
sorption and surface diffusion are important and experimental 
methods must therefore be used. This paper describes a novel 
way to determine effective liquid-phase dif fusivities in porous 
solids by measuring the transient response in a single-pellet 
continuous-flow system. 

CONCLUSIONS AND SIGNIFICANCE 

Using the developed method, the effective diffusivities of 
pyridine in the porous silica-alumina materials were measured 

Correspondence concerning thls paper should be addressed to D S van Vuuren 

to an estimated accuracy of about 20%. Advantages of the 
technique are: sampling is easy (even at elevated temperatures 
where evaporation of the liquids can cause experimental dif- 
ficulties); only small amounts of fluid are required; there is no 
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particle attrition; and a porous body with an ideal geometry (a 
plane sheet) is used. 

Positive and negative changes of the measured effective 
diffusivities with increasing temperature were observed and 
explained by the contribution of surface diffusion to the net 
effective diffusion. Since the surface transport enhances the 
effective diffusivity by a factor equal to the product of the sur- 
face diffusivity and the adsorption equilibrium coefficient, 

temperature increases can either have a positive or a negative 
effect on Ihe effective diffusivity. This is because the surface 
diffusivity increases and the adsorption equilibrium coefficient 
decreases with temperature. The surface coverage has a similar 
influence #on the effective diffusivity when the adsorption sites 
are heteroenergetic because under these conditions the surface 
diffusivity increases and the adsorption coefficient decreases 
with coverage. 

INTRODUCTION 

Effective diffusivities of dissolved liquids in porous solids are 
normally determined by using stirred vessels as batch adsorhers 
or desorbers. The porous solids act as an adsorbent and from the 
rates of uptakc or release of the dissolved substance the diffusivity 
can bc: calculated (Crank, 1970). Despite the usefulnm of this type 
of arrangement, several other methods have been developed be- 
cau.se of sampling problems, large amounts of solvents normally 
required, evaporation of liquids, attrition of solids, and the irregular 
shape of the porous particles (Kotter et al., 1975; Midoux and 
Charpentier, 1973; Ammons et a\., 1977; Furusawa and Smith, 
1974; Shibuya and Uraguchi, 1977). Since no technique is com- 
pletely trouble-free, the development and evaluation of alternative 
methods are important. 

Dynamic Wicke-Kallenhach diffusion cell arrangements havc 
been successfully applied to determine gas-phase diffusivities 
(Rurghardt and Smith, 1979), but are not of great value in liquid- 
phase studies because of the stringent pressure control which is 
necessary when working with liquids and because of the lengthy 
experimental times. By closing or removing one chamber from such 
a dynamic septum diffusion cell arrangement, the necessity for 
pressure control is avoided. In this study one chamber was removed. 
The arrangement can thus he classified as a single, open-chamber, 
dynamic Wicke-Kallenbach diffusion cell or as a plane-sheet sin- 
gle-pellet continrious-flow stirred tank. 

EXPERIMENTAL 

Materials 

Four silica-alumina samples designated SAW, SA40, SA60 and SA70, 
containing 0,40.60 and 70 mass % silicon dioxide respectively, were pre- 
pared from aluminum isopropxide and tetra-ethoxysilane following the 
prncedurr of Hoiixhet et al. (1976). Pyridine dissolved in n-heptane was 
used as a model solution. 

Adsorption Equilibria 

Snlutions of pyridinc in n-heptane were introducrrl into flasks cuntaining 
accurately weighed amounts of powdered silica-alumina. The well-stop- 
pered flasks werr equilibrated for more than 24 hours in a constant tem- 
perature bath while being shaken grntly. After equilibration the pyridine 
concentration in the supernatent was measured with a Cary 219 ultraviolet 
spectrophotomctrr that had prcvinusly heen calibrated. The adsorbed 
pyridine concentration was finally calculated using a mass balance. 

Effective Diffusivities 

Details of the diffusion cell assembly arr  shown in 1:igtire 1. Figure 2 is 
a flow diagram of the system. 

To prevcnt attrition by the stirrer the silica-alumina powder was p r r . 4  
into the pellet holdrr so that the exposed top surface was slightly below the 
samplr holdrr rim. The stirrer was a glarc-covered magnetic follower driven 
externally by a rotating magnet. 

A descending pyridine concentration step function was produced by 
initially circulating a pyridine in heptane solution through the cell until 
equilibrium was achieved. This normally took four days for the first ex- 
periment on a pellet, one day for duplicatr experiments, and two days for 

experiment; where the temperatures were changed. The flow was then 
changtd to a pure heptane flow by a low dead volume valve. 

The diffusion cell temperaturo was controlled by immersing the cell in 
a glycerine 3ath which was temperature controlled by a surrounding water 
bath. The ttmperature variation during a run was less than 0.5 K .  

The concentration of pyridine in the effluent as a fiinction of time was 
measured H i t h  a flow-through CV detector from a Perkin-Iher  LC-GT 
liquid chromatograph and recorded on a chart recorder. 

Modelling of the Experimental Rig 

A m a s  bilance over the free (:ell volume gives 

while a differential mass balance over a pellet increment gives 

0 T 03, 

Figure 1. Details of single-pellet dlfhslon cell. 
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Figure 2. Dlffuslon cell flow diagram. 
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TABLE 1. PELLET PROPERTIES 

Mean Pore 
Surface Area Radius 

Catalyst m2/kg Porosity m 

SAW1 217 0.48 2.3 
SA002 217 0.58 3.4 
SA401 23 1 0.57 4.0 
SA601 297 0.55 3.1 
SA701 205 0.57 5.1 

TABLE 2. FREUNDLICH PARAMETERS OF PYRIDINE ADSORPTION 
ISOTHERMS 

Sample Temp. a - 
303 K 0.044 

SAW 318 K 0.042 
333 K 0.034 

303 K 0.046 
SA40 318 K 0.035 

333 K 0.034 

303 K 0.059 
SA60 318 K 0.058 

333 K 0.053 

303 K 0.051 
SA70 318 K 0.046 

333 K 0.035 

P 
0.4854 
0.5930 
0.6801 

0.2933 
0.2485 
0.2566 
0.2218 
0.2521 
0.2609 
0.2679 
0.2753 
0.2309 

Assuming instantaneous equilibrium adsorption and a linearized ad- 
sorption isotherm (see experimentally determined adsorption isotherms) 
it follows that 

CA = KAC + B. (3) 

Substitution of Eq. 3 in Eqs. 1 and 2 gives 

and 

where DEFF = DP + PKADS (4) 

and K p  = c + ~ K A .  

The boundary conditions are: 

and 

c = c ,  x = L  

dC - = o ,  x = o .  
dX 

FOF a descending step function the initial conditions are: 

c = c = co, t = 0, 

CA = KACO + B ,  t = 0 ,  

and c, = 0,  t > 0. 
Transforming the effluent concentration from the time domain to the 

Laplace domain gives 

and 

36 - 
32 - 

28 - 

24 - - 
m J 

318 K 

333 K 

4 t  
I I 1 I 

0 so too I50 

C ( I d 6 k g / k g 1  . 
Figure 3. Adsorption on SA60. 

The excessive tailing and the nonlinearity of the adsorption isotherm 
precluded the use of moment analysis (Ramachandran and Smith, 1978), 
and Eq. 5 was therefore inverted to the time domain using a numerical 
technique (Weeks, 1966) and the effective diffusivity evaluated by a linear 
Taylor differential correction least squares technique (McCalla, 1967). 

A sensitivity test showed that the response is insensitive to 41 for the ex- 
perimental times used in this study, the reason probably being that 
tanh(416)  tends to its asymptotic value of unity. Equation 5 can therefore 
be approximated by 

1 
S ( p )  N - (6) 

Equation 6 can be inverted analytically using the complex inversion 
formula and integrating along a suitable Bromwich contour in the complex 
plane (Appendix). Three solutions exist, depending on the value of 42. 
Because 0 < $2 < 2 only the solution for this case is given, viz: 

P P(1 + P + 4 Z d i )  * 

where 

(7) 

and w(z)  = e+erfc(--iz) 

Although it is not convenient to use Eq. 7 in computations, the equation 
was of value to check the accuracy of the numerical inversion technique. 
This was found to have an accuracy of more than three decimal digits. 

RESULTS AND DISCUSSION 

Pyridine was chosen as the model component because it is a 
common constituent of fossil-fuel liquids and has an intermediate 
basicity (p& = 8.75) thus preventing irreversible adsorption on 
highly acid silica-alumina surfaces. 

Properties related to the pore structure of the experimental sil- 
ica-alumina samples are given in Table l. The specific surface areas 
were determined by nitrogen adsorption, and approximate 
porosities and mean pore radii calculated using the densities of ideal 
mixtures of y-alumina and silica. 

The equilibrium adsorption isotherms of pyridine on SA60 are 
shown in Figure 3. The shapes of the adsorption isotherms on the 
other samples are similar. Therefore only the parameters of the 
Freundlich equations (cA = ad) which best describe the isotherms 
in the “least-squares” sense are given in Table 2. 
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TABLE 3. DIFFUStVITtEs DETERMINED BY TIME DOMAIN FITTING 

Run Temp. Flow Rate Partition Diffusivity 
No. Pellets Porosity K 10-9 m3.s-1 Coeff. 10-9 mZ.s-1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 

SAW1 0.48 303 

SAW2 0.58 303 

318 

333 
SA40 0.57 303 

318 

333 

303 

318 

333 

303 

318 

333 

SA60 0.55 

SA70 0.57 

Since the experimental adsorption isotherms do not have the 
same form as the Langmuir isotherm at low concentrations (the 
Langmuir isotherm reduces to a linear isotherm at low concen- 
trations), it follows that the adsorption sites on the silica-alumina 
surfaces have a distribution of energies. Sips 1950 showed that for 
gas adsorption on a heteroenergetic surface, the Freundlich iso- 
therm corresponds to adsorption on a surface with a distribution 
of energies approaching a negative exponential function at high 
energies of adsorption. 

To apply the equations modelling the diffusion cell system, the 
adsorption isotherms were linearized. Between concentrations of 
about 30 and 120 X kg/kg linearization of the isotherms is a 
reasonable approximation (Figure 3) .  An estimate of the effect of 
this linearization on the experimental effective diffusivity showed 
that an error less than 20% results. 

3.578 
8.819 
8.263 
8.384 
8.599 
8.533 
5.169 
7.359 
7.530 
9.493 
6.288 

4.244 
4.309 
7.409 
7.500 
5.888 
4.836 
4.291 
2.991 
8.033 
8.347 
6.570 
7.109 
4.255 
3.831 

6.638 

315 
330 
178 
190 
149 
165 
102 
175 
194 
204 
164 
176 
156 
161 
148 
172 
200 
205 
174 
172 
134 
141 
133 
142 
106 
109 

1.90 
2.07 
3.25 
2.84 
2.75 
2.74 
3.20 
1.07 
0.71 
0.74 
0.53 
0.45 
0.43 
0.45 
1.52 
1.27 
0.86 
1.03 
1.00 
0.76 
1.43 
1.36 
1.35 
1.25 
1.43 
1.29 

The diffusivities for all the runs are summarized in Table 3. All 
the measurements under different conditions were duplicated 
except in the case of the diffusivity measurement for SA60 at 333 
K. The duplications show good repeatability, generally better than 
20%. Since the duplications were normally done after only one day 
of re-equilibration, which might have been too little, more em- 
phasis should be placed on the first measurements. 

The experimental data for Run 15 and the corresponding pre- 
dicted curve are given in Figure 4. The deviations of the experi- 
mental data from the predicted curves were similar in all the ex- 
periments. Since the residuals between the experimental and 
predicted points are not randomly distributed around the predicted 
curve, it follows that the probable error owing to the linear ap- 
proximation of the adsorption equilibria is greater than the sta- 
tistical measurement errors. These were found to give a standard 

z 
0 

Q w 
N 

2 4 6 

DIMENSIONLESS TIME 
Figure 4. Experimental and predicted responses of Run 15. 

8 
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TABLE 4. ESTIMATION OF SURFACE DIFFUSION COEFFICIENTS 

Surf ace Surface Coverage4 
Pore Surface Transport 9% 

Run Tortuosity ' Restrictivity2 Diffusivity3 Diffusivity Total Beginning End 
No. Catalyst X x K ,  rn2-s-I rn2.s-' Transport ofRun of Run - 

1 SAW1 4.2 0.14 0.52 
3 SAW2 2.5 0.097 0.64 
5 
7 
9 SA40 2.6 0.083 0.68 

11 
13 
15 SA60 2.8 0.11 0.61 
17 
19 
21 SA70 2.6 0.065 0.74 
23 
25 

0.14 
0.44 
0.54 
0.63 
0.50 
0.61 
0.71 
0.40 
0.48 
0.56 
0.54 
0.67 
0.77 

5.6 
15.8 
14.9 
25.4 
1.1 
<O 
<O 
7.6 
2.7 
2.5 
6.6 
5.1 
6.2 

0.93 
0.86 
0.80 
0.80 
0.29 

<O 
<O 

0.74 
0.53 
0.44 
0.62 
0.50 
0.46 

6.6 
10.3 
7.6 
4.9 

16.0 
13.7 
12.7 
22.2 
18.4 
16.6 
24.4 
20.6 
16.9 

3.9 
4.2 
2.2 
1.3 
8.8 
8.3 
7.8 

14.9 
12.2 
11.3 
14.5 
12.9 
12.3 

1 x = rexp[Z(l/r - I)] (Probst and Wohlfahrt, 1979). 
s!K,  = 10-zh (Satterfield et al.. 1973). 
:ID - 
" Surface coverages were calculated assuming a pyridine molecule occupies 0.24 X 10-'smz 

P - K,DeuLKX/f. 

deviation of 10% compared to the estimated 20% error which re- 
sulted from the approximation. 

There are no data in the literature with which to compare the 
measured effective diffusivities given in Table 3. Since, to the 
author's knowledge, this is the first case where actual decreases in 
the effective diffusivity with increasing temperatures have been 
found, a comparison with existing theories is necessary to establish 
the validity of the results. 

Equation 4 gives the dependence of the effective diffusivity on 
the pore and surface diffusivities. Theoretically the pore diffusivity 
and the surface diffusivity increase and the adsorption coefficient 

.- n 
E 
a 

'\ 

Y 
c 

!2 

0 
a a 

Y 

z 
l- 

I- z 
W 
0 z 
0 
0 

I .5 

I .o 

0.5 

decreases with temperature. Depending on the magnitudes of the 
parameters either a decrease or an increase in the effective diffu- 
sivity can result with increasing temperature. Komiyama and Smith 
(1974b) proposed a theoretical model for surface diffusion. They 
related the surface diffusivity to the adsorption coefficient and the 
Gibbs free energy of activation for forming a vacant site. De- 
pending on the magnitudes of the various parameters of their 
model the product of the adsorption coefficient and the surface 
diffusivity can either increase or decrease with temperature. The 
observed data do not therefore contradict their theory. 

The diffusion cell response is not sensitive enough to the ratio 

- PREDICTED 

x EXPERIMENTAL 

I I I 1 

6 12 I8 24 

TIME ( lo2 s) 
Figure 5. Finite difference numeric prediction of Run 15. 
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of the pore and surface diffusivities to evaluate both diffusivities 
from the data. To separate these effects predictive methods for the 
pore diffusivity can be used. The pore diffusivity is a function of 
the porosity, the tortuosity and the restrictivity of the pellet. Using 
correlations for determining tortuosities by Probst and Wohlfahrt 
(1979), for restrictivities by Satterfield et al. (1973) and for bulk 
diffusion coefficients by King et al. (Reid et al., 1977), pore dif- 
fusivities were calculated from 

The surface diffusivities calculated from the experimental ef- 
fective diffusivities and Eqs. 4 and 8 are given in Table 4. The 
decrease of some of the surface diffusivities with temperature 
cannot be a result of experimental error or errors in the prediction 
methods alone. The only other explanation is the dependence of 
the surface mobility on the strength of adsorption and in turn the 
dependence of the strength of adsorption on surface coverage. 

A number of authors have shown that the surface diffusivity 
decreases with increasing strength of adsorption (Satterfield et al., 
1973; Komiyama and Smith, 1974a,b). In this paper it has also been 
concluded that the adsorption sites are hetero-energetic and that 
the average energy of occupied sites should therefore be higher at 
lower surface coverages. The surface diffusivities are therefore not 
independent of concentration as implied by the model equa- 
tions. 

The diffusion runs were organized so that they had roughly the 
same initial pyridine concentration in the effluent. This led to lower 
initial and therefore lower average surface coverages for runs at 
higher temperatures. Lower surface diffusivities could therefore 
have resulted owing to this effect at higher temperatures. 

A finite difference numerical solution of the model equations 
using the experimental Freundlich adsorption isotherm and the 
pore and surface diffusivities as calculated in Table 4 for Run 15 
is given in Figure 5. The good agreement between the experimental 
and predicted curves show that the effective diffusivities as de- 
termined by the approximate linear model represent the experi- 
mental data adequately. 

NOTATION 

A 
a = dimensionless variable 
B = empirical constant 
b = dimensionless variable 
C 
ci 
Co 
c 

= pellet cross-sectional area, m2 

= concentration of solute in free cell, kg-m-3 
= concentration of solute in inlet stream, kgm4 
= initial concentration of solute in free cell, kgm-3 
= concentration of solute in pellet pores based on the pore 

volume. ke-m-3 
l "  

CA = concentration of solute adsorbed, based on 

DBULK = bulk liquid phase diffusivity, m W 1  
DEFF = effective diffusivity, m2.s-1 
D p  = pore volume diffusivity, m2-s-1 
DS = surface diffusivity, mW-1 
K = adsorption coefficient in Langmuir equation 
K A  = equilibrium adsorption coefficient, m3.kg-1 
Kp = partition coefficient 
Kr = restrictivity 
L = pellet thickness, m 
P = Laplace variable 
Q 
S 
t = time, s 
V 
10 

X = pellet coordinate, m 
z 

adsorbed per unit mass of pellet, kg/kg 

= volumetric flow rate, m3-s-1 
= Laplace transform of ~ ( 7 )  

= diffusion cell volume, m3 
= complex function, Eq. 7 

= complex variable, Eq. 7 

Greek Letters 

a 
P 

T x 
P 

$1 
$2 

X 

E 

7 

= empirical constant in Freundlich isotherm 
= empirical constant in Freundlich isotherm 
= pellet porosity 
= normalized concentration 
= ratio of critical solute molecular diameter to pore di- 

= pellet density, kg-m-3 
= dimensionless time 
= dimensionless parameter, Eq. 5 
= dimensionless parameter, Eq. 5 
= tortuosity 

ameter 

APPENDIX: ANALYTICAL INVERSION OF THE LAPLACE 
TRANSFOFlM 

The Laplace transform of the response to an ascending step input 
function can be approximated by: 

If $2 = 2, c r  if $2 > 2, Eq. A1 can readily be reduced to forms with 
known inverses (ErdBlyi, 1954). For the experimental conditions 
in this study $2 is normally less than two. The approximate inverse 
can be derived using the complex inversion formula: 

Integrating along the Bromwich contour shown in Figure A l :  

Because the contour is taken on the first branch of S ( p ) ,  there are 
no poles inside the contour. Therefore 

(A4) A S ( p )  epT d p  = 0 

y I  
amount 

Figure P i t  Bromwich contour for analytical inversion of the Laplace 
transform. 
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= -2ni (A61 
By substituting p with ueir = -u along E F  and with ue-1” = 

-u along HJ,  the integrals along EF and H J  reduce to: 

Note that along EF fi = i& and along HI* = - i G .  
Substituting u = x 2  into Eq. A7 gives: 

2xy e--t2 dt 

(A9) 
(Abramowitz and Stegun, 1965). 

Eq. A9: 
The following substitutions reduce Eq. A8 to the same form as 

------Im( - i&73f2n- w(a + ib) ) 
ab b - ia 

where 
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