
FK = 
F p  = 
Fs = 
g =  K =  
1, = 

Nwe = 
p ,  p' = 

Q =  u, = 
u, = 

U~ = 

VF = 

P, PI = 

UR, = 

p .= 

kinetic force, dynes 
excess pressure force, dynes 
interfacial tension force, dynes 
acceleration of gravity, 980 cm./sec.2 
numerical coefficient 
system length parameter, as defined by Equation 

Weber number 
pressure in continuous and dispersed phases, re- 
spectively, dynes/sq.cm. 
volume flow rate of dispersed phase, cc./sec. 
jetting velocity, cm./sec. 
dispersed phase average velocity through the 
nozzle, cm./sec. 
average rise velocity of drop over first drop 
diameter of rise, cm./sec. 
steady state rise velocity of drop, cm./sec. 
drop volume, cc. 
continuous phase viscosity, g./( cm.) (sec.) 
densities of continuous and dispersed phases, re- 
spectively, g. /cc. 

(4) 

u = interfacial tension, dyne/cm. 
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Kinetics of Physical Adsorption of Propane 

from Helium on Fixed Beds of 

Activated Alumina 
AUGUSTE E. RIMPEL, JR., DAVID T. CAMP, JOHN A. KOSTECKI, 

and LAWRENCE N. CANJAR 
Camegie Inst i tute  of Technology, Pittsburgh, Pennsylvania 

The kinetics of physical adsorption of propane from helium on fixed beds of activated 
alumina at 30°C. and a t  atmospheric pressure was studied. Two grades of activated alumina 
with the same average pore size distribution but different pore size distributions were used. 
Gas concentration, flow rate, and adsorbent particle size were also varied. The rate of inter- 
nal diffusion controlled the adsorption process and was best described by Ficks' equation for 
unsteady state diffusion into a sphere. The internal diffusion appeared to be by a pore diffu- 
sion rather than by a surface diffusion mechanism. 

The purpose of this research was to investigate the 
kinetics of an adsorption system in which one component 
was adsorbed from an inert carrier gas in a fixed-bed sys- 
tem. Once accurate adsorption rate data were obtained, an 
attempt was made to correlate these data with rate models 
that have been proposed in the literature. The system 
used here consists of propane as the adsorbate, helium as 
the inert carrier gas, and activated alumina as the ad- 
sorbent. 

T H E O R Y  

surface; (3)  fluid phase pore diffusion into the interior of 
the particle; and (4) solid phase internal diffusion into the 
interior of the particle. In many cases, only one of these 
mechanistic steps controls the overall rate of adsorption. 

If external mass transfer is the controlling mechanism, 
the rate of adsorption is described by (15) 

kg a,, RT 
( C  - C * )  (1) 

whereas for the case where surface reaction is the con- 
trolling mechanism, it is described by (12, 13) 

During the adsorption of a component from a fluid pass- 

of adsorption can be a function of any of the following 
mechanisms: (1) external mass transfer from the bulk 
fluid phase through the layer around the Particle 
to the exterior surface of the particle; (2)  surface reaction 
or the dynamics of the adsorption process at the fluid-solid 

ing through a bed of adsorption particles, the overall rate ( 2 )  

If internal diffusion is the mechanism, the 
transfer can be by two different mechanisms. For the case 
of fluid phase pore diffusion, the transfer rate is described 
by (15) 

Auguste E. Rimpel, Jr., is at Arthur D. Little Inc. Cambridge Massa- 
chusetts. Lawrence N. Canjar and David T. Camp ;re at the Uhiversity 
of Detroit, Detroit, Michigan. John A. Kostecki is with Shell Develop- 
ment Company, Emeryville, California. 
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TABLE 1. PHYSICAL PROPERTIES OF ALCOA ACTIVATED ALUMINA whereas for the case of adsorbed layer diffusion, it is de- 
scribed by (15) 

(4) 

where the i subscript refers to point conditions in the in- 
terior of the adsorbent particle. If both diffusion mechan- 
isms are significant, for the case of linear equilibrium, the 
transfer rate is described by (8) 

Dp + PB KD, ( a29i + 2 aqi ) - dqi 
c + p~ K dr2 r d r  at 

All of these internal transfer models are  of a diffusional 
nature. Rate models of a more kinetic nature, similar to 
the external mass transfer model, have also been postu- 
lated. Although it is realized that these models will only 
be approximations to the more rigorous diffusional model, 
their advantage is their mathematical simplicity. The fol- 
lowing kinetic models have been postulated in the litera- 
ture (3, 4,f4): 

( 5 )  - -- 

Glueckauf model 1: 

Glueckauf model 2: 

Vermeulen model: 
(902 - 92) 

29 
(,Z)% = Kv1 

where the rate constants K G ~ ,  and Kyt are related to  
the surface diffusion coefficient D, in the following way: 

EXPERIMENTAL CONDITIONS 

The system chosen for this investigation consisted of ad- 
sorbing propane from helium on fixed beds of activated alu- 
mina. Three levels of propane concentrations were used, 
0.84, 2.24, and 4.49 mole %. Grades H-151 and F-1 of Alcoa 
activated alumina were used. A summary of the physical 
properties of these two grades of adsorbent is given in Table 
1. Although the two grades of adsorbent had approximately 
the same average pore diameter, they had significantly dif- 
ferent pore size distributions. Grade H-151 had a very narrow 
distribution of pore diameters about its average pore diam- 
eter, while the distribution curve for grade F-1 was very 
broad. Experimental data were taken with three different 
particle sizes of the grade H-151 adsorbent, 10-12, 12-14, 
and 14-16 US. mesh, but only one particle size, 10-12 U. S. 
mesh, of the grade F-1 adsorbent. A summary of the experi- 
mental conditions used in this study is shown in Table 2. 

Experimental Apparatus 
The experimental equipment used in this study consisted 

of cylinders of prepared gas mixtures, the gas feed system, an 
adsorption vessel containing the adsorbent and measuring ele- 
ments, a multiposition concentration measuring system with 
associated programming equipment, a constant-temperature 
bath, and the necessary piping and valves. A drawing of the 
experimental apparatus is shown in Figure 1. The adsorption 
vessel was fed from gas cylinders of helium and prepared 
mixtures of propane in helium. The gas from the two cylinders 
was first passed through separate barium oxide desiccators 

F-1 
Pore volume, ml./g. 0.30 

Pore volume larger than 
30 A. diameter, ml./g. 0.16 

Average size pore in 30 
to 90,000 A. range 600 

Surface area 210 

Pore diameter, A., average 45 

Vol. of adsorbent 
and unfilled pores, 

ml./g. 

Pore size distribution 
F- 1 0.475 

HELIUM 

PROPAN 
HELIUM 
MIXTURE 

H-151 

O,+IIICCATOR 

0.48 
0.51 
0.56 
0.595 
0.63 
0.39 
0.45 
0.50 
0.56 

0.62 
0.65 
0.66 
0.67 
0.675 

0.60 

Grade 
H-151 

0.52 
40 

0.28 

42 
390 

Pore radius 
A. above which 

all pores 
filled with 
mercury 

16 
22 
80 

300 
5,000 

45,000 
14 
17 
20 
25 
30 

100 
350 
700 

18,000 
45,000 

WET TEST METER 

Fig. 1. Piping schematic. 

uu LTHERMISTOR 

SCALE 
MATERIAL 304 SS 

Fig. 2. Adsorption vessel detail. 

to remove any trace quantities of water vapor. I t  then flowed 
through % in. 304 stainless steel tubing to the gas selector 
switch, metering valves, a rotometer, and then into the ad- 
sorption vessel which was immersed in a constant-temper- 
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ature bath at 30°C. The gas was heated to the bath tem- 
perature by approximately 20 ft. of tubing before entering 
the adsorption vessel. 

The adsorption vessel consisted of five adsorption tubes in 
a series each made of 1-in. I.D. 304 SS tubing with a wall 
thickness of YE in. The first adsorption tube was 14 in. long, 
while the remaining four were each only 7 in. long. The 
adsorption tubes were connected together by flanges gasketed 
in %-in. thick Neoprene rubber. Floating flanges, 0.688 in. 
thick, containing the assorted electrical leads to measure con- 
centration and temperature, were mounted between the ad- 
sorption tube flanges as shown in Figure 2. Before the gas 
left each adsorption tube, it was passed through a 2-ft.-long 
external cooler made of 3/16-in. O.D. stainless steel tubing to 
remove any possible heat of adsorption. I t  then passed through 
a gas humidifier column and a wet-test meter before being 
finally vented. 

Gas concentration measurements were made at the exit 
of each adsorption tube by using the thermal conductivity 
principle. Using a pair of thermistors mounted in a groove 
in the wall of the floating flange as the primary element of a 
thermal conductivity cell, a Wheatstone bridge circuit was 
constructed whose output was a measure of gas composition. 
The location of the thermistors in the groove introduced a dy- 
namic lag in the concentration measurement, but this lag 
could be represented as a combination of two linear lags, and 
the raw data were corrected for this effect. A single-point 
self-balancing recording potentiometer was used to make all 
output measurements from the Wheatstone bridges. Measure- 
ments were programmed with motor driven multicam switches 
and two pole relays so that a concentration measurement was 
taken at each measuring position every 10 sec. 

During this time, inert helium gas was passed through the 
adsorption vessel. When the system reached thermal equi- 
librium, the flow rates of the helium gas and the desired gas 
mixture were set using the rotometer. A bypass around the 
adsorption vessel permitted making this adjustment without 
disturbing the gas in the adsorption vessel. Helium was then 
passed through the beds at the desired flow rate. When the 
output readings on the recording potentiometer from the 
five measuring positions became constant, the gas selector 
switch was thrown, and the propane-helium mixture was 
introduced into the adsorption vessel a t  the same flow rate 
as the helium gas. At the same time, concentration measure- 
ments were begun to be taken at the five bed positions and 
recorded automatically on the recording potentiometer. The 
flow rate was measured by incremental timing with the wet- 
test meter. When the output readings from the five measur- 
ing positions leveled out to new constant values, the run was 
complete and helium gas was introduced into the adsorption 
vessel to remove the adsorbed propane in preparation for the 
next run. 

It was found that it was not necessary to reactivate the 
bed after each run since no noticeable decrease in capacity 
was found after performing many runs. Numerous runs could 
thus be performed with a given adsorbent at various flow 
rates and inlet gas mixture compositions. The original data 
are available from the library a t  Carnegie Institute of Tech- 
nology ( 9 ) .  

METHOD OF ANALYSIS 

Once experimental data are available in the form of 
concentration vs. time curves, that  is, breakthrough curves 

TABLE 2. EXPERIMENTAL CONDITIONS 

Adsorbent Series A & B 
H-151 
10-12 

Type 
Particle size (US. mesh) 
Mean diameter, ft. 0.00603 
Bulk density, lb./cu. ft. 49.62 
External void fraction 0.339 

Adsorbent weights, lb. 
Bed 1 
Bed 2 
Bed 3 
Bed 4 
Bed 5 

Bed 1 
Bed 2 
Bed 3 
Bed 4 
Bed 5 

Temperature, "C. 
Constant-temperature bath 
Wet-test meter 

Adsorbent depths, ft. 

Barometric pressure, Hg 

0.2220 
0.02228 
0.02285 
0.02285 
0.02280 

0.821 
0.0824 
0.0845 
0.0845 
0.0843 

29.8 
27.8 
28.81 (series A )  
29.14 (series B)  

The temperature rise in the adsorbent bed was measured 
with a copper-constantan thermocouple inserted into the first 
bed as illustrated in Figure 2. Preliminary measurements in- 
dicated, however, that the maximum temperature rise in the 
bed was less than 2"C., and thus the bed was assumed to be 
isothermal and no further temperature measurements were 
made. 

Experimental Procedure 

After the adsorbent had been activated in an oven, charged 
into the adsorption tubes, and the tubes connected, the ad- 
sorption vessel was placed in the constant temperature bath. 

Series C Series D Series F 
F-1 H-151 H-151 
10-12 12-14 14-16 

0.00603 0.00507 0.00427 

0.458 0.347 0.352 
56.12 48.94 48.56 

0.2583 
0.02566 
0.02503 
0.02554 
0.02569 

0.845 
0.0839 
0.0819 
0.0835 
0.0840 

29.8 
28.2 
29.16 

0.2331 0.2213 
0.02282 0.02282 

0.02278 0.02280 
0.02278 0.02280 

0.02279 0.02275 

0.874 
0.0856 
0.0855 
0.0856 
0.0855 

29.8 
30.0 
29.10 

0.836 
0.0862 
0.0861 
0.0861 
0.0859 

29.8 
23.0 
28.96 

a t  different bed lengths for the given system, there are 
basically two different approaches that can be used to de- 
termine which of the various proposed rate models best 
correlate the data. These two approaches will be called 
the differential and the integral approaches. Before illus- 
trating these two approaches, it is first necessary to write 
a material balance around a differential volume of a fixed 
bed. If the following conditions are  assumed-constant 
plug flow, isothermal conditions, negligible radical con- 
centration gradients, and  negligible longitudinal diffusion- 
the following material balance can be derived (7)  : 
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The term (aq/at) ,  represents the overall rate of adsorp- 
tion. 

In ap lying the integral approach, the different rate 

of adsorption mechanisms are substituted into the differ- 
ential material balance, and the equation is integrated. 
Some type of equilibrium relationship, usually a linear one, 
must be assumed in order to perform the integration. The 
breakthrough curves obtained from this integration are 
then compared with the experimental curves for different 
experimental conditions to test the applicability of the 
proposed model. However, since the integration of the 
differential material balance is quite complicated and must 
usually be done by numerical techniques, only a limited 
number of solutions are available for some rate models in 
the literature, and thus only these assumed rate models 
can be tested. 

The differential approach is an analysis procedure 
whereby more rate models can be tested. It is not neces- 
sary to integrate the differential material balance when 
using this procedure. The rate of adsorption is instead cal- 
culated by evaluating the two partial derivatives in the 
differential material balance (ac/at) ,  and (ac /dz )  from 
the experimental breakthrough curves. These two partial 
derivatives were calculated at the experimental data points 
along the third breakthrough curve, that is, the one after 
the third bed section, because the (dc /ez )  t term could be 
more accurately evaluated about this curve than any of the 
other four. Various rate models could then be tested 
against the rate of adsorption data obtained along the 
breakthrough curve for different experimental conditions 
to test their validity. Both this type of analysis and the 
integral analysis were applied to the experimental data. 

Both the integral and differential approaches also re- 
quire that equilibrium information be known for the ad- 
sorption system. This information was obtained from a 
graphical integration of the area above a breakthrough 
curve as shown below: 

models t p1 at are proposed to describe the different types 

The equilibrium amount adsorbed could also be evaluated 
from a graphical integration of the area under the adsorp- 
tion rate vs. time curve obtained from the differential 
analysis with the following equation: 

A comparison of the values obtained for the equilibrium 
amount adsorbed by these two methods provided an in- 
ternal consistency test of the experimental data. In most 
cases, these two values checked within a percentage dif- 
ference of 3%. 

The equilibrium curve determined from this analysis of 
the system is shown in Figure 3. The isotherm is not linear, 
but it could be described by the equation for a Langmuir 
type isotherm: 

where K1 and Kz are constants. 
The average amount adsorbed q at various points along 

the breakthrough curve could also be evaluated using 
Equation (13) if the upper limit of integration is changed 

TOTAL PRESSURE: I o t m  / l  

YOL PERCENT PROPANE IN FLUID PHASE 

Fig. 3. Equilibrium diagram for adsorption of propane on activated 
alumina. 

to the time corresponding to the given concentration point 
along the breakthrough curve. All of the above calcula- 
tions were performed on the Control Data G-20 Computer 
with GATE as the programming language. 

RATE MODEL TESTING 

The first step in the analysis of the kinetic data was to 
determine which step, if any, in the overall transfer proc- 
ess was the controlling one. As mentioned previously, the 
possible controlling steps were external mass transfer, sur- 

I I I I I I I I I I 1 

5 0.6 
" z 
8 
D 0.4 
Y " 
3 
0 w 

a 0.2 

i 
RUN WRTICLE DIAMETER 
AI .0060311. 
03 ,00507 ft. 

'0 20 40 60 t 80 100 120 140 160 180 200 
TlME.5ec. 

Fig. 4. Breakthrough curves for two runs with only different particle 
sizes. 

face reaction, fluid phase internal diffusion, and solid phase 
internal diffusion. 

Surface reaction was ruled out as the controlling mech- 
anism after the shape of the breakthrough curve, and con- 
sequently the rate of adsorption was found to vary with 
particle size as illustrated in a typical example shown in 
Figure 4. 

With a differential analysis, the external mass transfer 
coefficients kg were calculated along the breakthrough 
curves for all experimental runs. External mass transfer 
was ruled out as being the controlhg mechanism because 
the values of k, stayed relatively constant only for runs 
with diffuse breakthrou h curves and they also differed 

Gamson et al. (2) by at least a factor of 10. In addition, 
the coefficients calculated from runs made at constant 
Reynolds number with different particles sizes were not 
the same and the coefficients calculated from similar runs 
where only the pore size distribution of the adsorbent 

from the values obtaine % from the existing correlations of 
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Fig. 5. Kinetic internal diffusion models opplied to runs with diffuse 
breakthrough curves. 

particle was changed differed considerably. This evidence 
did not, however, rule out the possibility of a series mech- 
anism in which external mass transfer played a role. 

In evaluating the internal diffusion models, the approxi- 
mate kinetic types of models that have been previously 
described were first tested by using a differential analysis. 
The rate constant of Glueckauf's model 1, K C l ,  calculated 
along the breakthrough curve, stayed relatively constant 
only for runs with diffuse breakthrough curves. There was 
a significant downward trend in K G 1  on moving up the 
breakthrough curve. This trend became more pronounced 
for runs with steep breakthrough curves to the point where 
the model could no longer be considered adequate. These 
observations are illustrated in Figures 5 and 6 where Kcl 
is plotted vs. reduced concentration C/CO, for two typical 
runs with diffuse and steep breakthrough curves. Gluec- 
kauf's model 2 and Vermeulen's model were superior to 
Glueckauf's model 1 in representing the data by reducing 
or eliminating the decreasing trend in the rate constants 
as illustrated in the same figures. The rate constants ob- 
tained from all these approximate kinetic models, how- 
ever, showed an increasing trend with flow rate. Since no 
internal transfer mechanism should be a function of flow 
rate, this velocity affect was attributed to either the pres- 
ence of some external mass transfer resistance or to the 
inadequacy of the proposed models to take into account 
the different internal gradients within the adsorbent 
particle. 

If external mass transfer resistance is significant, its ef- 
fect is usually important only in the initial portions of 
the breakthrough curve for reduced concentrations less 
than 0.50 (1 ) . Thus, if internal transfer coefficients were 
calculated only from the upper portion of the break- 
through curves where external mass transfer resistance 
is negligible, these values should not show any velocity 
effects. A comparison of these calculated values showed 
that the velocity effect still existed, and thus, this effect was 
attributed to the inadequacy of the kinetic models, 

Glueckauf's model 1 was also tested by using an in- 
tegral approach with the solution of Hiester and Ver- 
meulen ( 6 ) .  Although the same approximate values were 
obtained for the rate constant, an exact fit could not be 
made between the experimental and theoretical solution 
curve over the entire reduced concentration range. I t  was 
thus not possible to isolate the velocity effect on the rate 
constants. No integrated solutions are available for the 
other two kinetic models. 

The diffusional models described by Ficks' equation for 
unsteady state diffusion into a sphere are more accurately 
tested by using an integral rather than a differential ap- 

I I I I I I I I I 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 If0 

REDUCED CONCENTRATION, CKo 
Fig. 6. Kinetic internal diffusion models opplied to run with steep 

breakthrough curve. 

proach. Rosen (10, 11) integrated the differential material 
balance for the case of linear equilibrium, assuming that 
internal diffusion is described by an equation of the form 
of Equation (4) .  He uses an effective diffusion coefficient 
which can be interpreted to include, however, both the 
effects of pore and surface diffusion. Rosen's solution ac- 
tually takes into account the effect of external mass trans- 
fer but a limiting case is that when internal mass transfer 
controls. Since the solution is limited to the case of linear 
equilibrium, it could only be applied to the 0.84 mole % 
propane data where it was possible to approximate the 
equilibrium curve by a straight line. 

On comparing the experimental breakthrough curves 
data with curves generated from Rosen's solution, an exact 
fit could be made over the entire reduced concentration 
range for most runs. The values obtained for the effective 
diffusion coefficient from Rosen's solution were also not a 
function of flow rate. These values are illustrated in Table 
3. The average value of the effective diffusion coefficient 
was 13.8 x lod8 sq.ft./sec. for the grade H-151 adsorbent 
and 58.1 x 10+ sq.ft./sec. for the grade F-1 adsorbent. 

It was now of interest to examine the numerical magni- 
tude of the effective Musivity in terms of the contribu- 
tions from the surface and pore diffusion coefficients. For 
the case of linear equilibrium, a comparison of Equations 
(4) and (5) shows these two equations to be equivalent 

TABLE 3. EFFECTIVE DIFFUSION COEFFICIENTS FROM 
ROSEN'S SOLUTION FOR 0.84% PROPANE MIXTURE 

Flow rate 
at 30"C., 1 atm., 

cu. ft./sec. 
0.001572 
0.001937 
0.002573 
0.002782 
0.003639 
0.001637 
0.001957 
0.002732 
0.001904 
0.002005 
0.002736 
0.003511 
0.001708 
0.001708 
0.002072 
0.002766 

D', x 108. 
sq ft./sec. 

14.3 
13.0 
14.0 
13.3 
13.6 
59.3 
54.2 
60.9 
12.0 
12.3 
13.2 
12.7 
15.2 
15.1 
15.4 
15.3 
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if 

(15) 
D p i - p ~ K D s  0 4  = 

Since in this work, e << p B K ,  it follows that 

E + P B K  

For the case of the grade H-151 adsorbent with the nar- 
row distribution of pore sizes about its average pore diam- 
eter of 40 A., the pore diffusion mechanism could be as- 
sumed to be by Knudsen diffusion. On calculating the 
Knudsen diffusion coefficient for the system and substi- 
tuting this value into Equation (16),  we found that the 
value of D P / p ~ K  was essentially equal to the value of the 
effective diffusion coefficient obtained from Rosen's solu- 
tion. This suggested that the predominant internal transfer 
mechanism was by pore diffusion rather than by surface 
diffusion. 

I t  is realized at this point that a critical assumption in 
the derivation of Equation (16) ,  which separates the 
effective diffusion coefficient into its pore and surface 
diffusion contributions, is that equilibrium exists at all 
times between the surface and fluid concentration in the 
pores of the particle. Since the average pore diameter of 
the adsorbent is of the order of 40 A., it may no longer 
be possible to apply the results of gross macroscopic equi- 
librium to this molecular scale. For this reason, the above 
separation of the effective diffusion coefficient into its sur- 
face and pore diffusion contributions may not be accurate. 
The correlation of the data in terms of the effective dif- 
fusion coefficient avoids this problem. 

Since a general integral solution for the Fick diffusional 
model for curved equilibrium was not available at the 
time of this research work, the experimental data obtained 
at the two higher propane concentrations could not be 
tested. A recent publication, however, has presented such 
a solution for a range of Langmuir isotherms by stepwise 
numerical computations on a digital computer (8). 

CONCLUSIONS 

The adsorption of propane from helium on fixed beds 
of activated alumina under the conditions of this work is 
controlled by the internal mass transfer of molecules from 
the external surface of the adsorbent particle into the 
interior of the particle. Glueckauf's model 1, an approxi- 
mate kinetic model proposed in the literature, represents 
the data for runs only when the breakthrough curves are 
not steep. Glueckauf's model 2 and Vermeulen's model are 
superior to Glueckauf's model 1 in representing the data, 
but all these models have rate coefficients that are func- 
tions of flow rate, and thus do not adequately describe the 
experimental data. The data is best correlated by using 
the integrated solution of Rosen, which assumes that the 
internal mass transfer rate is described by Ficks' equation 
for unsteady state diffusion into a sphere. The effective 
diffusion coefficient is not a function of flow rate and was 
calculated to be 13.8 x sq.ft./sec. for the grade 
H-151 Alcoa activated alumina and 58.1 x sq.ft./ 
sec. for the grade F-1. The predominant internal transfer 
mechanism appears to be by pore diffusion rather than by 
surface diffusion. 
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NOTATION 

a, = adsorbent bed mass transfer area per unit volume 

of bed, sq.ft./cu.ft. 
A, 
b = particle radius, ft. 
c = gas phase concentration, 1b.-moles adsorbate/ 

co = inlet gas concentration, Ib.-moles adsorbate/cu.ft. 
c' = gas concentration in equilibrium with the ad- 

sorbate at the external surface of the adsorbent 
particle, Ib.-moles/cu.ft, 

= cross-sectional area of bed, sq.ft. 

cu.ft. 

D, 
D,  
D,' 
F 

K 

K1 
K z  
kl = rate constant, Equation (2 ) ,  cu.ft./(lb.-mole) 

kz = rate constant, Equation (2) ,  sec.-l 
k, = external mass transfer coefficient, 1b.-mole/( sq. 

Kcl = rate constant, Glueckauf's model 1, set.-' 
K G 2  = rate constant, Glueckauf's model 2, set.-' 
Kvl = rate constant, Vermeulen's model, sec.-l 
q = average adsorbate concentration on particle, 1b.- 

moles/lb. adsorbent 
q* = adsorbate concentration on particle in equilib- 

rium with adsorbate gas phase concentration at 
interface, Ib. -moles/lb, adsorbent 

= adsorbate concentration in equilibrium with c ,  
1b.-moles/lb. adsorbent 

= distance from center of adsorbent particle, ft. 
= gas constant, (cu.ft.) (atm.)/(lb.-mole) (OR.) 

= pore diffusion coefficient, sq.ft./sec. 
= surface diffusion coefficient, sq.ft./sec. 
= effective diffusion coefficient, sq.ft./sec. 
= volumetric flow rate of gas through bed, cu.ft./ 

= effective equilibrium constant, q*/c",  cu.ft./lb. 

= constant, Equation ( 14), cu.ft./lb. 
= constant, Equation ( 1 4 ) ,  cu.ft./lb.-mole 

sec. 

adsorbent 

(sec. ) 

ft.) (sec.) (atm.) 

q. 

r 
R 
t = time, sec. 
T = temperature, O R .  

WB 
z = bed depth, ft. 

= weight of adsorbent bed, lb. 

Greek Letters 

E 

,DB 

= external void fraction, cu.ft. void/cu.ft. bed 
= bulk density, lb. adsorbent/cu.ft. bed 
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