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Adsorption rates were measured by a transcient method for nitrogen on beds of porous 
Vycor glass particles. Nitrogen was adsorbed, from a low concentration in helium, at liquid 
nitrogen temperature. 

Equations are presented for the concentration as a function of time and position in the bed, 
based upon surface adsorption, pore diffusion, or external diffusion controlling the overall 
process. Analysis of the data with these results indicates that the surface adsorption is  a very 
rapid process and that pore processes determine the rate for particles larger than 0.01 cm. in 
radius. The effective pore diffusivity was determined to be 0.04 sq. cm./sec. The predominant 
contribution to the diffusivity is a surface mechanism rather than diffusion in the gas within 
the pores. 

Adsorption rates on porous solids are of significance in 
separation processes, such as drying and hydrocarbon 
fractionation, and in heterogeneous catalytic reactions. 
Measured from concentrations in the fluid surrounding 
the porous particle, these rates reflect the relative resist- 
ances of the adsorption step on the solid surface, diffusion 
in the pores including surface diffusion, and diffusion 
(external) from the outer surface of the particle into the 
fluid stream. For physical adsorption activation energies 
are only a few thousand calories (per gram mole), so 
that diffusion resistances may be the controlling factor 
in establishing the measured rate. Little work has been 
done apparently to compare these three resistances in a 
quantitative fashion. However Geser and Canjar (10) 
have obtained data, for the low-temperature adsorption 
of methane in hydrogen on activated carbon, which sug- 
gest that the surface rocess is of negligible resistance 

present paper is to analyze quantitatively adsorption data 
by comparison with rate equations based upon the three 
steps in the overall process. In this way the controlling 
resistance can be ascertained. 

A transient method was used to measure low-tempera- 
ture adsorption rates for nitrogen on Vycor glass. Since 
the effect of particle size on the resistance of each of the 
three steps is different, the diameter of the Vycor parti- 
cle was the major variable in the experimental work. 

The results of comparing theory with experiment show 
that the pore processes controlled the rate for the authors’ 
system. Hence the data could be used to evaluate an ef- 
fective diffusivity for nitrogen in Vycor. A secondary ob- 
jective of the work was to compare this diffusivity with 
results obtained from direct diffusion measurements. This 
procedure provided some information on the importance 
of surface diffusion. 

In the experimental procedure a mixture of nitrogen 
and helium was passed through a fixed bed of Vycor par- 
ticles, and the concentration of nitrogen leaving the bed 
was measured as a function of time. To relate these re- 
sults to the surface and pore processes requires equations 
which express the concentration as a function of time and 
position, first for a single particle in the bed and second 
for the bed as a whole. Edeskuty and Amundson (7 ) ,  
Rosen (16 ) ,  and Thomas (20)  have treated the mathe- 

with respect to the di P usion steps. The objective of the 

matical aspects of the problem when pore resistances are 
significant, and their work has been valuable in inter- 
pretating the data. In the next section equations are given 
for three cases, corresponding to surface adsorption, pore 
processes, and external diffusion controIling the overall 
process. 

THEORETICAL DEVELOPMENT 

Imagine a packed bed of spherical particles (radius = 
a )  of length zo maintained at constant temperature and 
through which flows a nitrogen-helium system, of nitro- 
gen concentration Co, at a constant velocity u. The system 
is at a temperature such that no adsorption occurs until 
time t = 0 when the temperature is reduced to -196°C. 
(liquid nitrogen temperature). 

The interparticle concentration C in the bed is related 
to the time and bed length by the expression 

u ( $ )  + E B F + R = O  ac - 
In equation (1) radiaI and longitudinal diffusion terms 

are not included since they are negligible and R is the 
overall rate of nitrogen adsorption per unit volume of bed. 
The boundary conditions are 

- 

‘c=C=O at t = O  Z > O  ( 2 )  

C = C o  at z = O ,  t > O  (3 )  

Ir=0 

where c and 7 are the intraparticle concentrations in the 
pore space and on the pore surface, respectively. 

The local rate of adsorption on the pore surface is as- 
sumed to be proportional to the concentration c of nitro- 
gen in the gas and to the bare surface of the adsorbent. 
If 9 is the concentration of nitrogen on the solid surface, 
expressed per unit mass of adsorbent and S the surface 
per unit mass, the bare surface per unit mass is given by 
1 
- S (4. -7). Here 9. is the total adsorption capacity 
4- 
corresponding to a monomolecular layer of nitrogen on 
the surface. The rate of desorption in similar terms is pro- 

Page 246 A.1.Ch.E. Journal March, 1964 



1 -  

4 .  
portional to the occupied surface, or - q S .  Hence the net 

local rate of adsorption a t  a point on the pore surface, per 
unit mass of adsorbent, is 

(4) 

where k is the rate constant for adsorption per unit sur- 
face divided by 4.. The concentration q a n d  c a r e  func- 
tions of r (particle radius) when pore resistances are im- 
portant and independent of r when they are not import- 
ant. 

At equilibrium conditions, and for c = Co, Equation 
(4) gives the equilibrium value of 9- as follows: 

- KqmCo 
q o  = (5)  1 + KCo 

When the concentration Co is low enough, the equilibrium 
relationship between To and Co is linear. That is Equation 
(5) becomes 

In the experimental work of this study the concentration 
Co was small enough that this expression was valid. For 
other concentrations in the linear range the equilibrium 
equation takes the form 

- 
q o  = Kqm C o  = XeCo 

- - 

q = XeC ( 6 )  

Surface Adsorption Rate Contiolling 
The solution for the concentration as a function of time 

at  the exit of the bed ( Z  = z0)  for the case of irreversible 
adsorption was obtained by early investigators (5, 18). 
For reversible adsorption the net rate as given by Equa- 
tion (4) is a function of time but uniform throughout the 
pore surface, since the concentrations c and 7 are con- 
stant. Converted to a basis of a unit volume of bed this 

rate R for the particle is given by the expression 
- 

( 7 )  

The solution of Equations ( 1  to 3) and (7) was pre- 
sented by Thomas (19) and converted into a more useful 
form by Hiester and Vermeulen (12). Their result may 
be written as 

- _  c O - l +  
C 

1 (for linear equilibrium 
P1 = 

KCo + 1 P1 = 1 
ZOCB 

(11) 
kSq.zopB 

Pz = 
U 

Pore Diffusion Processes Controlling 

For this case the rate R must be expressed in terms of 
the geometrical properties of the particle and then com- 
bined with Equation (1) to obtain the concentration C 

- 

= f ( t )  at  z = zo. The rate can be written in terms of an 
effective diffusivity Di as follows: 

The number of spheres per unit volume of bed n is given 

(13) 

by 
- 3 ( 1 - € B )  3 0 B  - -- n =  

4na3 4na9pp 

Combining these expressions one gets 

The gradient in Equation (14) can be determined by 
differentiating the function c = f ( t ,  T )  for the particle. 
The differential form of this function is obtained from a 
mass balance of nitrogen on a spherical shell of the parti- 
cle of radii T and r + Ar. The result is 

- - 

aq (15) = CP- + pp-  
dC 
at at 

where the effective diffusivity Di is dependent upon the 
pore structure as well as surface and gas diffusion. 

Since pore diffusion processes are assumed to be con- 
trolling, local equilibrium exists between gas and pore 
surface. Hence Equation (7) relates 7 and Combining 
this with Equation (15) one gets 

Di 
C P  4- Aepp 

(16) 

Edeskuty and Amundson (7) solved the problem repre- 
sented by Equations (l), (2),  ( 3 ) ,  (14), and (16) in- 
cluding the effect of external difFusion resistance. This 
was handled by the boundary condition 

Their solution in terms of the Laplace transform of C ( 8 ,  
x )  is 

L [ ~ ( x ,  e )  1 = A e - S e  c(x, e)de = - e - y ( s ) s  
co en 

S (18) 
where 

(19) 
sinW(s) - W ( s )  cosW(s) 

Di 
kfa 

(2-1) s i n W ( s ) - - ~ ( s ) c o s ~ ( s )  

and 

For the case considered in this section, external d 8 u -  
sion is neglected, so that Equation (19) reduces to 

3 p~ Di 
Y(s)  =- [W(s) cot W(s) - 11 (21) 

CB p p  a2 

The desired solution is the inverse transform of Equation 
( 18), which may be written as the contour integral 

In Equations (18) and (22) x and e are new variables 
related to distance z and time ( t )  as follows: 
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Rosen ( 1 6 )  has simpmed the evaluation of Equation 
( 2 2 )  by transforming it into a real integral which may be 
represented by the following equations: 

-=- C ( x , e )  co 2 7 r  I +“s.* 
a% (25) 

exp(- pH~l(A)sin[at%~ - ~ x H D ~ ( A ) ]  
A 

where the integration parameter A, HDI(A), H D , ( A ) ,  a, 
and y are 

A (sinh 2 A  + sin 2AY 
Hnl(A) = - 1  (26)  cash 2 A  - cos 21 

A (sinh 2A - sin 2A) 
(271 

H D 2 ( X )  = cosh 2A - cos 2A 

The approximation in Equation (28) is justified since the 
ratio e P / A e p p  is less than 0.001 for the experimental con- 
ditions of this study. Rosen’s functions, Equations (27)  
and (28) ,  are bounded; both approach zero as ap- 
proaches zero and become - 1 and A, respectively, at 
high values of A. 

The important feature of these equations is the group 
Di/a2. The value of Equation (25) is sensitive to small 
variations in this group, indicating that particle size has 
a strong effect on C ( x ,  0 )  provided pore diffusion is im- 
portant. Numerical evaluation of Equation ( 2 5 )  is con- 
sidered in another section. 

External Diffusion Controlling 
For this case equilibrium is established between c and 

4 as given by Equation (6). Also the rate of adsorption R 
is determined by the concentration difference (-d - C) 
between the particle surface and the gas stream. This can 
be expressed in terms of the mass transfer coefficient at 
the surface kr: 

m - 

- 3 P B  kf ( C - F )  ( 3 0 )  
- - 

R=n4Wa2kf  (C-C)  =-- 
PP a 

where the last equality is obtained by using Equations (6) 
and ( 1 3 ) .  The value of kf can be estimated from empiri- 
cal correlations of packed bed data such as that of Hougen, 
Gamson, and Thodos (9). Their results may be  written in 
the form 

kf = - ( N R ~ )  -0.51 ( N s c )  - z /3  

where B is a constant equal to 1/1.82 for modified Reyn- 
olds’ numbers less than 350. 

Equations ( l ) ,  ( 2 ) ,  ( 3 ) ,  and (30) were solved by 
Anzelius ( 1  ) , Schumann ( 1 7 ) ,  Furnas ( 8 ) ,  and more re- 
cently by Pigford and Marshall ( 1 4 ) .  The result is 

(31) 
U 

B 

Fig. 1. Schematic diagram of apparatus. 

where 

( 3 3 )  3 p B  (NRe) -0.51 (Nsc) 4 3  
41 = - 

a B  PP 

3u 
( N R e )  ( N S c )  -2’3 (34  j u q 1  - 

4z=----- 
po he p p  Ae Ba 

Equation (32) is compared with the data in another 
section. 

EXPERIMENTAL 
A shell sorptometer with some modifications (2)  was used for 

both the equilibrium and kinetic studies. Figure 1 is a flow 
diagram of the apparatus. Nitrogen and helium (both of 99.99 
wt. % purity) entered the apparatus at constant flow rates, 
maintained by automatic pressure control valves (2 )  and lengths 
of restricted-diameter tubing (3). Each gas was passed through 
a separate bed (1) of silica gel to remove small amounts of 
residual water. After mixing at point 0 the gases flow throu h 
a cold trap (5) at liquid nitrogen temperature and thence to 8 e  
reference side of the detector cell (6). The detector consisted of 
a four filament (tungsten) thermal conductivity cell. The cell 
was of the straight up, convection type with a time lag of 2 to 3 
sec. The entire cell was contained in a constant-temperature 
water bath. Leaving the cell the gas mixture enters a precooler 
bed (7-1) consisting of 3 cm. of 470-p diam. glass beads (non- 
porous). Immediately after the precooler is the sample bed 
(7-2) of Vycor glass particles. Both beds are in glass tubing 
having an inside diameter of 0.460 2 0.005 cm. Leaving the 
bed the gas enters the Sam le side (9) of the detector and then 
is discharged via the soap fiL meter ( 12). 

The small nitrogen flow rate wa9 measured with an especially 
accurate rotameter ( 4 )  in the line prior to the mixing point 
( 0) .  The electromotive force from the cell is fed to the potenti- 
ometer recorder (11) through the attenuator (10). At maximum 
senyitivity 1 millivolt (mv.) corresponded to full scale (10 in.) 
deflection on the recorder. All the connecting gas lines were 
made of %-in. copper tubing. The capillary restriction for 
nitrogen was 0.01-in. I.D. stainless steel tubing, and for helium 
various sizes of glass capillaries were used, depending upon 
the flow rate. For calibration a known amount of pure nitro- 
gen could be introduced into the apparatus via the 0-tubing 
(8)  connected to the main line. 

A possible source of error in the work is diffusion of nitro- 
gen in the tubing (also 0.460-cm. I.D.) between the detector 
(9)  and the exit of the Vycor bed (7-2). The concentration 
given in the equations in the preceeding section refer to the 
exit of the bed. Hence any change in concentration between 
this point and the detector introduces an error. The magnitude 
of this diffusion was measured and the results are discussed 
in the Appendix.* It is shown there that the dispersion error 
is negligible under the experimental conditions employed, ex- 
cept possibly for the bed of smallest particles of Vycor ( a  = 
0.0099 cm.) where the overall rate is very high. 

C 

co Tabular material has been deposited as, document 7821 with the Amer- 
ican Documentation Institute, Photoduphcation Service, Library of Con- 
gress, Washington 25, D. C., and may he obtained for $1.25 for photo- 
prints or for 35-mm. microfilm. 

e-qlzJo ( 2 i d ( q i z )  (92t) d (q i z )  

(32) 
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Fig. 29. Equilibrium adsorption curve. 
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TABLE 1. PROPERTIES OF VYCOR GLASS 

Surface area, S 
Void volume, V 
Void fraction, ep 

Avera e pore radius,; 

Particle density", pp 
True gr ensity, p 

* Supplied by manufacturer. 

141 sq. m./g. 
0.177 cc./g. 
0.256 

1.95 g./( cc.) 
1.45 g./( cc.) 

25A (. = 2V/S) 

TABLE 2. PROPERTIES OF VYCOR BEDS 

Particle size Void 
Bed U.S. sieve Average fraction Bed density (Dduz)' 
no. range radius, a, cm. €B PB, g./(cc.) s e - 1  

1 10-14 0.0793 0.447 0.802 6.35 
2 16-20 0.0463 0.447 0.802 18.7 
3 40-60 0.0151 0.447 0.802 176 
4 60-80 0.0099 0.447 0.802 407 

*Based upon Di = 0.04 sq. cm./sec. 

Properties of Vycor Gloss 
The nitrogen adsorption isotherm for the Vycor used is 

shown in Figures 2u and 2b. These data were obtained in the 
sorptometer with the sample at  liquid nitrogen temperature. 
From the experimental data surface area, void volume, and 
related properties were determined. The results are given in 
Table 1. The isothem is of type IV [classification of Brunauer 
( S ) ]  suggesting that the pore size distribution is relatively 
narrow up to approximately p / p o  = 0.6 and that only a 
limited number of molecular layers (n) of nitrogen are ad- 
sorbed up to this pressure ratio. Calculated adsorption data 
based upon the general Bennett-Emmet-Teller equation ( 6, 
1 3 )  are shown in Figure 2a for n = 1, n = 2, and n = co, 
The enlarged plot of the low range of the data shown in 
Figure 2b indicates that the equilibrium curve [Equation (6) ]  
is linear up to p / p o  of 0.01. 

Properties of Bed Vycor Particles 

Vycor glass obtained in cylindrical rods 36 in. in diameter 
was fractured, ground, and separated by conventional sieve 
analysis. Four separate fractions were studied and the proper- 
ties of these four beds are shown in Table 2. Before adsorp- 
tion data was taken, the Vycor was dehydrated by heating to 
18O0-22O0C. for 2 hr. in a stream of helium. 

Operating Procedure 
Before initiation of adsorption the precooler and sample bed 

were purged with the operating mixture of helium and nitrogen 
for about 30 miu. at room temperature. Then adsorption was 
initiated by immersing the beds in a liquid nitrogen bath. 
This instant was recorded as t = 0, and the adsorption curve 
was recorded as a function of time. Judging from the curve 
(for example, see Figure 3) the time required to approach 
thermal equilibrium was less than 5 sec. This time lag is of Fig. 26. Equilibrium adsorption curve, low range. 

DESORPTION CURVE ADSORPTION CURVE 

- TIME, t ,rec  - TIME, 1, rec 

Vol. 10, No. 2 

Fig. 3. Illustrative adsorption and desorption curves. 
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Fig. 4. Experimental dato ond computed results, intraparticle diffu- 
sion controls rate. 

negligible magnitude with respect to the time for adsorption. 
However in analyzing the data corrections were made for the 
holdup time in the volume between exit of bed and the reac- 
tor. The run was terminated after the exit concentration again 
attained the feed concentration. The type of curve obtained is 
illustrated in Figure 3 for a bed (length 2.25 cm.) made using 
particles 0.0793 cm. in radius. For this run the exit concentra- 
tion decreased to zero a few seconds after immersion of the 
bed in the liquid nitrogen bath. The breakthrough curve is 
observed to start at about 30 sec. and complete adsorption 
achieved after about 290 sec., at which point the exit concen- 
tration has returned to its initial value. Also shown in Figure 
3 is the corresponding desorption curve obtained when the 
liquid nitrogen bath was removed from around the bed. 

Scope of Doto 
The chief variable in the kinetic measurements was particle 

radius, although data for somewhat different bed lengths were 
also obtained. Breakthrough curves, similar to Figure 3, were 
measured for the following conditions: 

Temperature: -196°C. (liquid nitrogen) 
Vycor particle radius: 0.0793, 0.0463, 0.0151, and 0.0099 

cm. 
Flow rate: 183.1 cc./min. [at standard pressure and tem- 

perature (STP)]  or a superficial velocity of 18.5 
cm./sec. 

Total pressure: atmospheric 
Bed length: zo = 2.25, 2.70, and 3.15 cm. 
Nitrogen concentration: p / p o  = 0.01 & 0.0005 
Bed density: p~ = 0.802 g./cc.; void fraction, eg  = 0.447 

ANALYSIS OF DATA 

Figure 4 shows corrected adsorption results, obtained 
from data as illustrated in Figure 3 and plotted as C / C o  
vs. time. The experimental data for each particle size are 
indicated as circles and identified with the proper a value. 
In each case the bed length was 2.25 cm. (300 mg. of 
particles). The vertical line on the graph indicates the 
time ts required for C/Co to increase to unity, if the over- 
all rate of adsorption were infinite. This time is that 
needed for sufficient nitrogen to flow into the bed for the 
Vycor particles to reach equilibrium with a gas concen- 
tration of Co. Hence the following mass balance gives ts: 

- 
t s  (U co) Ac = P B  40 (Ac 20)  = PB Xe co Ac z o  

or 
p~ Xe zo (0.802) (1,260) (2.251 

&=-- - = 123 sec. 
U 18.5 

The data in Figure 4 show that the particle size has a 
significant effect on the slope of the breakthrough curves 
and hence on the adsorption rate. Also the overall rate is 
seen to be very rapid for the smallest particle; that is the 

data points for a = 0.0099 cm. form a curve very close to 
the vertical line. 

Surface Adsorption Resistance 
Equation ( S ) ,  for the case of surface adsorption re- 

sistance controlling the overall rate, suggests no effect of 
particle size and hence cannot fit the data points shown in 
Figure 4. Equation (8) in this respect simply expresses 
the known fact that the surface area, in porous solids with 
large areas, is independent of particle size. Thus the data 
in Figure 4 indicate that the surface adsorption rate for 
nitrogen on Vycor particles is comparatively rapid. Hence 
the resistance of the surface process is negligible with 
respect to that of the other steps in the overall adsorp- 
tion, except perhaps for the case of the smallest particle 
( a  = 0.0099 cm.). 

External Diffusion Resistance 
Equation (32) gives C / C o  as a function of time for the 

case in which the external diffusion step controls the over- 
all process. Values of C/Co calculated from Equation (32) 
are shown in Figure 5 for the four particle sizes studied. 
Also shown on the figure, as circles, are the experimental 
data for the largest and smallest particles. I t  is clear that 
the observed effect of particle radius is much larger than 
that predicted from Equation (32). Also the overall rate 
for the smallest particle is greater (the line is nearly ver- 
tical) than the predicted line for this value of a. The op- 
posite result would be expected since the actual data in- 
clude the resistances due to pore processes and the sur- 
face rate. It is conchded that the mass transfer resist- 
ances predicted from Equation (31) are too high, pre- 
sumably owing to the low Reynolds number or small par- 
ticle size compared with the conditions for which Equa- 
tion (31) was determined. 

Pore and Surface Diffusion Resistances 
From the foregoing analysis it appears that the pore 

processes are an important resistance. If this step controls 
the adsorption rate, Equation (25) should fit the data. 
Furthermore the difhsivity Di should be constant with 
respect to particle size and bed length. Accordingly this 
hypothesis was tested in the following manner. 

1. Evaluation of Di. From the breakthrough data for 
the largest particle ( a  = 0.0793 cm.) the optimum value 
of Di was determined by comparison with curves calcu- 
lated from Equation (25). The computations were carried 
out with an IBM-1410 computer. The results are shown in 
Figure 6. The data agree well for Di = 0.040 sq.cm./sec. 
with an error range of about -+ 0.005 sq. cm./sec. 

2. Constancy of Di. With Di = 0.04 breakthrough curves 
were computed for the three other particle sizes from Equa- 
tion (25). The results are given in Figure 4, where the com- 

TIVE,  t , m  

Fig. 5. Computed breakthrough curve, external diffusion controls 
rate. 
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puted curves are compared with the experimental data. 
For all but the smallest particle size the computed and 
experimental results agree well, lending confidence to 
the value of Di and substantiating the hypothesis that pore 
resistances control the overall adsorption rate. For the 
smallest particle the agreement is not good. It may be that 
for these small particles the diffusion path length is too 
small for pore processes to control the overall adsorption 
rate. Also the rate is so high for this particle size that the 
accuracy of the data decreases. In addition diffusion in 
the line between detector and exit of bed could introduce 
a small error for this particle size (see Appendix) .* 

3. Effect of bed length. To test further the pore resist- 
ance hypothesis experimental data were obtained for 
Vycor beds of different length but all made with particles 
of radius a = 0.0463 cm. The data and computed results 
from Equation (25) are shown in Figure 7. In view of the 
random errors associated with repacking the bed and ac- 
curate measurement of its length the agreement is good. 

For the conditions of this study it is concluded that 
intraparticle diffusion processes control the adsorption of 
nitrogen on Vycor for particles larger than 0.01-cm. radius. 
It is now of interest to examine the numerical magnitude 
of the effective diffusivity in terms of surface and gas dif- 
fusion mechanisms. 

Surface and Pore Diffusion 
The diffusivity Di determined above represents the com- 

bined contributions of two-dimensional surface diffusion 
on the pore walls (surface diffusivity Ds) and the usual 
gas diffusion in the pore volume (pore diffusivity D P )  . 
Glueckauf ( 1 1 )  and Barrer (3 ,  4 )  considered the quanti- 
tative description of surface diffusion, and Barrer wrote 
separate mass balance equations for each contribution. In 
a similar way one may write 

For the conditions of the present work it has been shown 
that equilibrium is reached between the nitrogen concen- 
tration on the surface 9 and that in the gas c, in accord- 
ance with Equation (6) .  With this restraint Equation 
i 35 becomes 

* See footnote on page 248. 

TIME, t , S ~ C  

Fig 6. Evaluation of intraparticle diffusivity Di. 
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Fig. 7. Effect of bed length on breakthrough curves. 

Addition of Equations (36) and (37) gives a combined 
equation in terms of the sum of the surface and gas dif- 
fusivities: 

- 
D ~ + ~ ~ x ~ D ~  a 2 C  2 at7 ac 

~p 4- Ae pp ( a r . + 7 r ) = t  (38) 

Barrer introduces a Henry’s law coefficient equal to Ae/S, 
where S is related to the average pore radius by 2V/y or 
2ep/pp. Also he considers diffusion in a single capillary 
rather than in a spherical particle of porosity e p .  With 
these two modifications considered Equation (38) is iden- 
tical to that proposed by Barrer. 

Comparison of Equations (16) and (38) shows that 
the measured diffusivity Di is 

D i =  Dp+ppAXeDs (39) 

Rao and Smith (15)  have measured diffusivities of sev- 
eral gases in the same Vycor glass used in this study, and 
the value for nitrogen at  20°C. is Di = 3.6 x lo-*. Barrer 
(3) estimates that 68% of this value is surface diffusion 
at room temperature. Hence the pore gas diffusivity Dp is 
estimated to be (1 - 0.68) (3.6 X 
sq. cm./sec. In Vycor with; = 2% the diffusion is of the 
Knudsen type for which the diffusivity is proportional to 
P2. Hence at  liquid nitrogen temperature D p  = 5.7 X 

sq. cm./sec. With Di = 0.04 sq. cm./(sec.) Equa- 
tion (39) shows the surface contribution is dominant at 
-196°C. Since p p  = 1.45 g./cc. and he = 1,260 cc./g., 
Ds can be approximated as follows: 

Di - Dp - 0.040 - 5.75 X 

or 1.1 X 

D s = - -  
PP he 1.45 (1,260) 

= 2.2 x lOV5sq. cm/sec. 

From this result and the value of Ds at 20°C. it is POS- 
sible to predict a rough figure for the heat of adsorption 
of nitrogen on Vycor in the low p / p o  region (that is mono- 
molecular layer). This was done by taking Xe and Ds as 
the following functions of temperature: 

(40) 

(41) 

On the assumption that E = 1,600 cal./g. mole as the 
activation energy for surface diffusion of nitrogen, as sug- 
gested by Barrer, AH calculated from Equation (39) ap- 
plied at 20°C. and at  liquid nitrogen temperature IS 
- 2,060 cal./g. mole. This appears to be a reasonable 
value for the heat of adsorption. 

Ar = heo exp (- h H / R T )  

Ds = A exp (- E / R T )  
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It is included that at low temperatures intraparticle 
diffusion is mainly of the surface type. Also the high value 
of Di = 0.04 sq. cm./sec. is due to the increase of the 
adsorption equilibrium constant with decrease in tempera- 
ture. 

ACKNOWLEDGMENT 

The authors would like to acknowledge the financial sup- 
port of the United States Army Research Office (Durham) 
through Grant #DA-ARO( D)-31-124-G191. 

NOTATION 

a 
C 
- of nitrogen-free helium) 
C 

of nitrogen-free helium) 
C, 
Di 

= average radius of Vycor particles, cm. 
= interparticle nitrogen concentration, g.moles/ ( cc. 

= intraparticle nitrogen concentration, g.moles/ (cc. 

= nitrogen concentration at bed inlet, g.moles/cc. 
= total effective diffusivity within particle, based 

upon the spherical area perpendicular to radial 
direction, sq. cm./ (sec.) 

= effective diffusivity in the gas space of the pores, 
based upon the spherical area perpendicular to 
radial direction, sq. cm./ (sec.) 

= surface diffusivity on pore walls, based upon the 
spherical area perpendicular to radial direction, 
sq. cm./ (sec.) 

DNH = molecular diffusivity of nitrogen-helium system, 
sq. em./ (see.) 

Dz = axial diffusivity in tubing between exit of bed and 
detector, sq. cm./ (sec.) 

E = energy of activation for surface diffusion, cal./ 
(g. moIe) 

u = velocity of nitrogen-free helium based upon area 
of empty bed, cm./(sec.), this velocity is the 
same as that in the tubing between bed and de- 
tector 

Dt, 

Ds 

- 

AH = heat of adsorption, caI./(e. mole) 
H D ~ ,  H D ~  = Rosen’s hnctions giceen by ’Equations (26) 

and (27) 
i =  
K =  
k =  

kf = 

L =  
N R e  = 
NSC = 
n =  

imaginary quantity 
adsorption equilibrium constant, cc./ (g. mole) 
adsorption rate constant per unit surface area of 
pores, g. (cm.) / (g. mole) (sec.) 
external mass transfer coefficient based upon ex- 
ternal surface of particle and concentration driv- 
ing force, cm./ (sec.) 
length of U tube used for adding nitrogen, cm. 
modified Reynolds/number, (2a u p / p )  
Schmidt number, p / p  DNH 
number of layers of molecules of nitrogen ad- 
sorbed on Vycor surface - 

n = number of Vycor particles per unit volume of 

p / p o  = nitrogen pressure expressed as fraction of satura- 

Pi,P2,P3 = functions defined by Equations (9) to (11) 
q = intraparticle concentration of nitrogen adsorbed 

on pore surface, g.mole/(g. of adsorbent); qo is 
the concentration on adsorbent in equilibrium 
with gas concentration Co; q. is the total adsorp- 
tion capacity for monomolecular layer on adsorb- 
ent 

4 1 4 2  = functions defined by Equations (33) and (34) ,  
cm.-’ and set.-', respectively 

R = rate of adsorption at a point on the pore surface, 
g.mole/ (sec.) (g. of adsorbent) 

= overall rate of adsorption per unit volume of bed, 
g. mole/ ( sec. ) (cc. ) 

packed bed, ~ r n . - ~  

tion pressure, p / p o  
- 

- 
R 

T 

r 
S 
s 
t 

V 

W(S) = function of x defined by Equation (20) 
x = distance coordinate defined by Equation (23),  

Y(s) = function of s defined by Equation (21),  sec.-l 
z 

- 
z 

= radial distance from center of spherical particle, 

= average pore radius, 2V/S, cm. 
= pore surface area, sq. cm./(g. of adsorbent) 
= Laplace transform parameter for e, see.-’ 
= time, sec.; ts is the time corresponding to an 

= void volume of Vycor particle, cc./ (g. of adsorb- 

cm. - 

infinite rate of adsorption 

ent) 

sec.-l 

= axial distance in Vycor bed measured in direction 

= length of tubing measured from bed exit, cm.; zo 
of flow, cm.; zo total length of packed bed 

total length of tubing to detector 

Greek Letters 

CY = defined by Equation (28), sec.-‘ 
= defined by Equation (29), set.-' 
= constant in Equation (31) 
= integration parameter in Equation (25) 
= adsorption constant, Kq,, cc./g. 
= density of gas mixture, g./(cc.); p p  = Vycor par- 

ticle density, g./(cc.); PB = density of packed 
bed of Vycor particles 

= volume void fraction of bed (0.802); e p  = void 
fraction of Vycor particles 

= viscosity of gas mixture, g./(cm.) (sec.) 
= time coordinate defined by Equation (24),  sec. 
= concentration as a function of time at the exit of 

i 
ie 
p 

EB 

f*. 

e 
(b 

the bed, g.moles/ (cc.) 
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