Reactors, Kinetics and Catalysis

One-Sided Single-Pellet Technique for Adsorption
and Intraparticle Diffusion

Timur Dogu
Dept. of Chemical Engineering, Middle East Technical University, Ankara, Turkey

Nail Yasyerli and Giilsen Dogu
Dept. of Chemical Engineering, Gazi University, Ankara, Turkey

Ben J. McCoy and J. M. Smith
Dept. of Chemical Engineering, University of California, Davis, CA 95616

The one-sided single-pellet dynamic technique introduced in this article is shown to
be a very effective and simple method for the analysis of adsorption and diffusion in
porous solids. Moment expressions are presented for reversible and irreversible adsorp-
tion processes. Since the adsorption equilibrium constant is the only unknown parame-
ter in the first moment expression, this parameter can be evaluated from a single set of
pulse-response experiments. This technique to evaluate the adsorption equilibrium con-
stant is illustrated using ethylbromide as tracer. It is also shown that for a very strongly
adsorbing tracer, such as 1,2-dichloroethane in soil, modified moment expressions de-
rived with a semiinfinite boundary condition are necessary unless a criterion developed

in this work is satisfied.

Introduction

Gas chromatographic techniques were frequently used for
the investigation of adsorption and diffusion in packed
columns. In one of the earlier studies, Schneider and Smith
(1968) improved gas chromatography theory and showed that
the effective diffusivities and adsorption equilibrium con-
stants could be obtained from the pulse-response experi-
ments conducted in packed-bed systems. The method is based
on the fact that the moments of the response peaks at the
exit of the system are functions of the transport, adsorption
rate, and adsorption equilibrium parameters. For packed-bed
systems the moment expressions include the intraparticle rate
parameter as well as film mass transfer and axial dispersion
coefficients.

Dogu and Smith (1975, 1976) developed a single-pellet
chromatographic technique for the study of intrapellet rate
processes. In this dynamic method, the Wicke—Kallenbach-
type diffusion cell was used. The major advantage of the sin-
gle-pellet technique over bed chromatography is the elimina-
tion of interpellet effects and the related parameters (Mof-
fatt, 1978; Burghardt and Smith, 1979; Baiker et al, 1982;
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Dogu et al.,, 1987, 1991). This technique was later modified to
investigate diffusion in porous solids having a bidispersed
pore size distribution (Dogu and Ercan, 1983) to determine
the rate parameters for noncatalytic fluid—solid reactions
(Dogu et al., 1986) and to analyze viscous flow and diffusion
in porous solids (Dogu et al., 1989; Lu et al., 1992).

In more recent studies, the technique was extended to
sorption and migration of volatile organic pollutants in soil
(Dogu et al., 1993; Cabbar et al., 1994). In this technique, the
first moment expression contains both effective diffusivity and
the adsorption equilibrium constant for adsorbing tracers.
The measurement of the adsorption equilibrium constant
from the first moment data requires an independent evalua-
tion of effective diffusivity, either by conducting inert pulse-
response experiments from which the tortuosity factor was
evaluated or by calibrating the zeroth moment values (Cab-
bar et al., 1994).

In the present work, a new one-sided single-pellet system
was proposed for easier evaluation of adsorption characteris-
tics. This new system was originally designed to investigate
adsorption and migration of volatile organic pollutants in soil,
although the application is not limited to such studies. As
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Figure 1. One-sided single-pellet sorption cell.

discussed in this article, this new procedure can be applied to
any case where adsorption and diffusion in a porous solid is
to be evaluated.

Method and Theory

The one-sided single-pellet adsorption cell is shown in Fig-
ure 1. In this system, the upper end face of the pellet is ex-
posed to the flow of an inert gas. The cell is designed so that
the chamber above the pellet can be assumed as perfectly
mixed. A pulse of a tracer is injected into this chamber and
the response peak was detected by using a suitable detector
(TCD) placed in the exit stream.

Theoretical expressions are derived for the moments of the
response peak for reversibly and irreversibly adsorbed and
for inert tracers. For an adsorbing tracer, the conservation
equation applied to the pellet is

3*C;
e Pl @
Here, N; corresponds to the adsorption rate, N; expressions
are given in Table 1 for equilibrium, reversible, and irre-
versible adsorption. In all these cases linear adsorption proc-
esses are considered. This assumption is generally justified
for dilute mixtures (Dogu and Smith, 1976; Cabbar et al,
1994; Dogu et al., 1993).

The mass conservation equation for the tracer in the upper
chamber of the single-pellet cell is written as

aC dc,
—FC,+ D,_,( @

i
— | A=V,—.
9z [,-¢ ! dt
For a finite pellet length, boundary and initial conditions

for Egs. 1 and 2 are expressed as

C;=C, at z=0 (foralls) (3)
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—=0 at z=1L (for all ¢} 4)
a9z

Cc,=C, at t=0 &)

C;=0 at =0 (forall z). ©)

Further discussion of these boundary conditions and the
solution of the problem with a semiinfinite boundary condi-
tion are discussed later.

Moment expressions for a finite pellet

Solution of Egs. 1 and 2 with the boundary conditions ex-
pressed in Eqs. 3-6 yields the following expression for the
Laplacian of C,.

S Cr
C,= 2
4" (D,A/FL)(mL)tanh (mL)+ st +1’

D

where m is defined in Table 1 for the different models, and =
corresponds to space time in the upper chamber (r =V, /F).

The moment expressions corresponding to the response
peak measured at the outlet of the top chamber of the one-
sided single-pellet cell were derived from the following defi-
nition of nth moment:

n

*° n.. dCA
m,,=[0t Cy di=(~D"lim—==.

®

Equilibrium Adsorption. If the adsorption of a tracer on
the porous solid is very fast, instantaneous equilibrium may
be assumed between the adsorbed and the gas phase concen-
tration in the pores. For such a tracer, zeroth (m,), first ab-
solute ( u,), and second central moment ( u’,) expressions are

my=C,7 ®

my AL
,LL1=;;;=T+T(€p+pPKi) (10)

Table 1. Adsorption Relations for Different Mechanisms

Adsorption
Mechanism N, m
e 12
Equilibrium aC; ( €, + p,K )
adsorption K;— ——————§
at D,
. 1%
Reversible  gp, n; (e, + p,K)s + e,,(K,-/k,,)s2
adsorption — =k, | C;,— —
at K, D,[(K;/k,)s+1]
Irreversible ppk,+ €, v
adsorption k,C; _
De
es\”
Inert — ( I;e )
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The first moment expression derived here for equilibrium
adsorption (Eq. 10) was shown to be in agreement with the
limiting form of the expression derived by Burghardt and
Smith (1979) for the two-sided single-pellet system, corre-
sponding to the zero downstream carrier gas flow rate and
zero lower chamber volume.

Experimental values of the moments are determined from
the observed response peaks by the numerical integration of
Eq. 8. These moment values include contributions due to all
dead volumes in the injection and detection lines. Especially
for nonadsorbing and weakly adsorbing tracers, relative sig-
nificance of retention times in the dead volumes might not be
negligible as compared to the retention time in the sorption
cell. In order to make corrections for these contributions, it is
proposed to repeat pulse-response experiments with an im-
permeable Teflon plate placed over the pellet. For such a
system, the moment expressions become

my, =C,7 12
My =T (13)
o =12 (14)

The corrected, first absolute, and second central moments
for the tracer were then evaluated taking the difference of
the moments obtained without and with the Teflon plate
placed over the pellet. With this procedure all the contribu-
tions of dead volumes to the moments were eliminated. The
corrected and rearranged moment expressions for equilib-
rium adsorption are

AL
/“Llc‘:#’l—“lt:T(ep*—ppKi) (15)

2 AL3 K) (1
—M—(F)' 16)

Y= “,20 - I‘l’%c _2TI‘L16 = —5 D

e

In Eq. 15 the only unknown in the corrected first-moment
expression is the adsorption equilibrium constant. In princi-
ple, p,K; may be evaluated from the slope of u;, vs. (1/F)
data.

With the value of p,K; from the first-moment analysis, ef-
fective diffusivity can be evaluated from the second-moment
data using Eq. 16.

Reversible Adsorption. If the adsorption process is re-
versible but not fast enough to achieve instantaneous equili-
bration, the second central moment expression becomes,

2 (AL
3\ D,

+[CALY (e, + p, K + 2V, (ALY, + p, KD| (/P (17)

Ki
. = (e, + ppK‘.)2+2LppK,-k—A (1/F)
a
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The zeroth and first absolute moment expressions found
for reversible adsorption are the same as the corresponding
expressions obtained in equilibrinvm adsorption. The adsorp-
tion equilibrium constant, K;, may again be determined from
the first moment data. The effective diffusion coefficient, D,,
and adsorption rate constant, k,, appear in the second-mo-
ment expression as unknown parameters so that, the slope of
Y vs. 1/F relation contains both D, and k, as unknowns:

Y= :u‘IZC - l“'%c _ZT#’IC

AL?

D,

2

3

K;
(ep+ppKl-)2+2ALppK,»k— 1/F), (18)

In principle, it may be possible to evaluate D, and k, in-
dependently from the slope values of Eq. 18 by conducting
experiments with pellets having different lengths.

Inert Tracer. Moment expressions corresponding to an in-
ert tracer may be obtained by taking K, as zero in Egs. 10, 11
and 16. In this case, effective diffusivity appears as the only
unknown in the rearranged second-moment expression (Eg.
16).

Irreversible Adsorption. In the case of irreversible adsorp-
tion, the zeroth-moment data becomes very useful. The ratio
of zeroth moments obtained with and without the imperme-
able plate placed over the pellet was expressed as

m DA
o (L-)(ZL)tanh(ZL)+ 1, (19)
mg FL
where
2
_ [ Peke
Z_( = ) , 20)

In the case of reversible adsorption the mg,/m, ratio be-
comes unity. The slope of m,/m, vs. 1/F relation contains
the Thiele modulus for irreversible adsorption (ZL).

For irreversible adsorption, the corrected and rearranged
first moment expression becomes

(7]
Mie T

(4

L

F+( )(ZL)tanh(ZL)], 21)

LAe, 1
T=( 5 )[1-—tanh2(ZL)+(ZL) tanh (ZL)]

(DeA
L

Equation 21 shows a linear relation between 1/, and F. In
principle, effective diffusivity and adsorption rate constants
can be evaluated by the simultaneous analysis of zeroth- and
first-moment data.

)'r(ZL)tanh (ZL). (22)

AIChE Journal



Table 2. Chemical Composition of the Clay

(Montmorillonite)
wt. % wt. %
SiO, 70.82 MgO 322
TiO, 0.41 CaO 0.32
Al, O, 15.86 Na,O 1.31
Fe,O, 2.56 Ignition loss 5.50

Carbon content: 0.05%.

Experimental Work

One of the most important factors in the design of this new
single-pellet sorption cell is to have perfect mixing in the
chamber above the porous pellet. To achieve this, the inlet
gas stream is introduced tangentially into the cylindrical
chamber from four different points and the outlet is taken
from the center (Figure 1). Circulation of carrier gas im-
proves mixing in the chamber. To check the mixing character-
istics a set of initial pulse-response experiments was carried
out by covering the upper surface of the pellet with an imper-
meable Teflon plate. Perfect mixing was closely approached.

Pulse-response experiments were then carried out in the
one-sided single-pellet unit with a natural clay pellet. Ethyl-
bromide was used as tracer and helium as the carrier gas.
Chlorinated and brominated volatile hydrocarbons are fre-
quently detected in the soil gas and migration of such hydro-
carbons in soil has significant environmental implications
(Smith and Jaffe, 1991; Aochi et al., 1992; Cabbar et al., 1994;
Miller and Pedit, 1992). Ethylbromide is a typical brominated
volatile hydrocarbon that has attracted attention in soil pollu-
tion studies.

The chemical composition of the natural clay used in the
preparation of the pellet is given in Table 2. The X-ray
diffraction analysis of dried and ethylene glycolated samples
indicated that the crystalline fraction of this clay is montmo-
rillonite. Cylindrical pellets of 3 cm in diameter and 0.41 cm
in length are prepared by pressing this clay into a ring-shaped
stainless steel mold. The pore and surface area distributions
of the soil pellets were determined using a Quantachrome 60
mercury intrusion porosimeter, a Micrometrics ASAP 2000
sorptometer, and a Micrometrics helium pycnometer. Physi-
cal properties of the pellet and the important dimensions of
the cell are summarized in Table 3.

The single-pellet cell was placed in a constant temperature
oven. Pulses of the adsorbing tracer (1 uL ethylbromide) were
then injected into the carrier gas stream flowing past the up-
per face of the pellet. Experiments were conducted at 40°C.

Table 3. Physical Properties of the Natural Clay Pellet

Surface area (BJH nitrogen desorption) 58.7 m%/g
Apparent density 1.21 g/em?
Porosity* 0.48

Total porosity 0.54
Pellet length 0.41 cm
Exposed area of pellet (4) 7.07 cm?
Vol. of upper chamber (V}) 7.43 cm?

*This value from mercury intrusion porosimeter corresponds to pores
having radii larger than 1.75 nm.
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Figure 2. First absolute moment data for ethylbromide
at 40°C (L = 0.41 cm).

wq, values correspond to first absolute moments obtained
with an impermeable Teflon plate covering the upper sur-
face of the pellet.

Results and Discussion
Results of ethylbromide experiments

Moments of the experimental response peaks were deter-
mined by the numerical integration of Eq. 8. The first abso-
lute moment ( u,) data obtained (with ethylbromide) at dif-
ferent flowrates are illustrated in Figure 2. On the same fig-
ure, first absolute moment data corresponding to the top
chamber of the cell (data obtained with an impermeable
Teflon plate placed over the pellet), u,,, are also shown. The
results show a linear relation between w; and 1/F as indi-
cated by Eqs. 10 and 13. These moment values also include
the contributions due to dead volumes at the injection and
detection lines. By taking the difference of w, and w,, such
contributions cancel out. By the evaluation of the slope of
1. vs. 1/F curve from the least square fit, the adsorption
equilibrium constant of ethylbromide was determined using
Eq. 15 as p,K; = 23.1 at 40°C. This result indicated that eth-
ylbromide is mildly adsorbed.

Second moments obtained for the same tracer are illus-
trated in Figure 3. Results indicate that the second moments
of the system with an impermeable plate covering the pellet
are negligible compared to the second-moment values ob-
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Figure 3. Second central moment data for ethylbromide
at 40°C (L =0.41 cm).
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Figure 4. Second moment analysis: Y vs. 1 /F, for eth-
yibromide at 40°C (L = 0.41 cm).

tained in adsorption runs. The second-moment data are rear-
ranged and the values of the parameter Y (Y = u,, — u?, —
27u,,) are evaluated. A lot of Y as a function of 1/F gave the
expected linear relation (Figure 4). Considering an equilib-
rium adsorption process, effective diffusivity of ethylbromide
was determined to be 0.057 cm?/s from the slope of Y vs.
1/F relation (Figure 4) using Eq. 16. This value is close to the
effective diffusivities of some other halogenated volatile hy-
drocarbons reported in soil (Cabbar et al., 1994). For in-
stance, the effective diffusivity value reported for
monochloroethane is 0.028 cm?%/s for a soil pellet having a
macro porosity of 0.36 (total porosity 0.49).

This technique allows the evaluation of adsorption equilib-
rium constant from the first moment data. Since p,K; is the
only unknown in the first moment expression, data analysis
becomes very simple. This is an advantage of this new one-
sided single-pellet technique over the conventional single-
pellet technique (Dogu and Smith, 1976). In that procedure
the first-moment expression contained both the adsorption
equilibrium constant and the effective diffusivity for an ad-
sorbing tracer.

Discussion of the finite pellet boundary condition

If the adsorption equilibrium constant of a tracer is large,
then a long tail of the response peak is expected. Precise
detection of this tail is limited by the measuring sensitivity of
the detector. For such a case, the adsorbing tracer may not
penetrate all through the pellet (until z = L) within the dura-
tion, ¢,, of a pulse-response experiment. This would be the
case especially if the pellet is long. For a pellet of infinite
length the first moment should also approach infinity as indi-
cated by Eq. 15.

The penetration time through the pellet may be character-
ized by the first moment of the response peak that would be
measured if a detector had been placed at z= L. For a re-
versible adsorption process, this first-moment expression ( u,,
at z= L) derived with the finite pellet boundary condition
becomes

m, L* e, + p,K;
mp=(—) =M1+-2—(l—5£—* S X))
z=1L

€
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This expression was obtained by the solution of Egs. 1-6 in
the Laplace domain for C; (L) and the moment definitions
given in Eq. 8. In Eq. 23, u, corresponds to the first moment
of the response peak measured at the outlet of the sorption
cell (Eq. 10). The duration of a pulse response experiment
(#,) should be significantly larger than the value of K1, N
order to obtain meaningful results with the finite peliet
boundary condition. The criterion to be used for the finite
pellet boundary condition may be expressed as

(4 —p)) > — 5 24

L? €, + pp K,
*5)
According to Eq. 24 it is advisable to use short pellets in
pulse response experiments in the one-sided sorption appara-
tus. For the experimental results reported in the previous
section with ethylbromide, the righthand side of Eq. 24 be-
comes 35 s. In all these experiments, the lefthand side of the
inequality expressed in Eq. 24 was higher than 160 s, so that
the criterion is justified.

The penetration length (L*) of a tracer within the pellet
may be defined as the distance from the top surface of the
pellet where the first moment of the tracer within the pellet,
W1, is equal to the duration of a pulse-response experiment,
(tﬁ. An expression for L* may be written by taking u, s=Hh
in Eq. 23:

*

2t, - u)D, 1
_[(1 1) e] ) (25)

| (e, + KD

For long pellets it may be difficult to satisfy Eq. 24, unless
the duration of each pulse-response experiment (¢,) is very
large. This problem becomes more important for tracers hav-
ing large adsorption equilibrium constants.

For a very strongly adsorbing tracer and in a system where
pellet length is sufficiently long a semi-infinite pellet assump-
tion becomes more realistic and the boundary condition writ-
ten in Eq. 4 should be replaced by

C;»0 for z-ow (26)

With this boundary condition, time-domain solution of Egs. 1
and 2 gives the following expression for C,:

C,
c,
U, exp (Ui t) exfe (= U tY2) — U, exp (U2t) exfe (- U, t¥2)
w,-Uu,) ’
1 2 (27)
where
oo B (B _1)" 28)
e (e
U B B _1)” Q9
o2\ o
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and
B=[D/¢,+ p, K> 4/V,. (30)

Considering the difficulties in precise measurement of the
tail of the response peaks for very strongly adsorbing tracers,
modified moments are defined by taking the upper limit of
the integral in the definition of moments (Eq. 8) at a finite
time ¢, instead of infinity. Such modified moment expres-
sions then become

*
my

[O c, dt

=

exp (U22t1)[erf(U2t1)1/2+1] 1
U2 U1U2

exp (UPt))erf (Uyt?) +1]
U

It

31D

-2V (U, - Uy) 1
m’{‘=ft‘CAtdt= 1/12 2 12 +
™ U, U -0,

0
o 1 1 exp(UZt)(UR, — Dlerf (Ut +1]
———+
vl us U
exp (U#1,)(UZt, — Dlerf (U t12) +1]
- o . (32)
2

The duration of a pulse-response experiment was denoted
by ¢, and it can be arbitrarily selected. For instance, it may
be selected as the time required to reduce the concentration
to 1% of the maximum of the response curve. The modified
moment expressions obtained for this case are much more
complex than the moment expressions obtained with finite
pellet boundary conditions. Analysis of the adsorption data
using Eqs. 31 and 32 is illustrated with data obtained using a
strongly adsorbing tracer (1,2-dichloroethane) in a longer pel-
let.

Strong adsorption (semiinfinite pellet) experimental
results obtained with 1,2-dichloroethane

In a previous study (Cabbar et al., 1994) it was shown that
1,2-dichloroethane was very strongly adsorbed on a different
type of clay. In the present article, this volatile hydrocarbon
was selected to illustrate sorption data analysis with the semi-
infinite boundary condition. For this purpose a longer pellet
with the same physical properties was prepared from the same
soil. Pulse-response experiments were conducted at 40°C in
the one-sided single-pellet apparatus. Experiments were also
repeated with an impermeable Teflon plate placed over the
pellet.

Sorption results showed long tails of the response peaks,
which also indicated strong adsorption of this tracer. The ex-
perimental values of the first moments of the response peaks
are illustrated in Figure 5. The duration of each pulse-re-
sponse experiment, ¢; was selected arbitrarily. The tail of the
response curve approaches to zero at t,. Due to this arbitrary
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selection of ¢, first moment values showed some scatter. Ex-
perimental values of corrected first moments and ¢, values
are listed in Table 4.

The first absolute moment values obtained for 1,2-dichlo-
roethane were found to be about 7 times larger than the first
absolute moment values determined with ethylbromide. Us-
ing the modified moment expressions (Egs. 31 and 32) the
value of the parameter B defined by Eq. 30 was evaluated for
each data point. The average value of B was found as 2.17.
With this average B value, calculated first absolute moments
(from Egs. 31 and 32) are plotted as a function of corre-
sponding experimental, u,., values in Figure 6. The scatter-
ing of the points is much less than the scattering of first-mo-
ment data shown in Figure 5. This is due to the use of ¢,, in
the evaluation of first absolute moments. Results reported in
Figure 6 indicated that the experimental first-moment values
and the calculated values with an average B value agreed
reasonably well. Using B =2.17 in Eq. 29 the product of ad-
sorption equilibrium constant with the effective diffusivity was
determined as

D, p,K; =5.06 cm’/S.

Evaluation of p,K; requires independent measurement of
the effective diffusivity. With the semiinfinite boundary con-
dition the second-moment expression becomes more compli-
cated, so no further attempt was made for the analysis of
second-moment data. The effective diffusivity of 1,2-dichloro-
ethane in nitrogen was reported as 0.022 cm?/s in a different
clay pellet of porosity 0.49 (Cabbar et al., 1994). Assuming
that the value of D, for our pellet is in the same order of
magnitude, the adsorption equilibrium constant, p,K;, was

220

A ¥, {experimentol)

200 & by (top chomber)

180

160 - s
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First absolute moment,H, (s)
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Figure 5. First moment data obtained with 1,2-dichloro-
ethane (T=40°C; L=1 cm).
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Table 4. First Moment Data Obtained with
1,2-dichloroethane™

Flow Rate t T
F,cm’/s s s
2.03 801 207.0
2.17 841 185.4
2.31 866 166.3
2.46 826 180.4
2.72 801 145.7
2.87 815 131.5
2.96 831 1374
3.15 851 156.6
3.58 671 103.2
3.92 811 127.2

*T=40°C; L=1cm.

estimated to be around 250. With these values of p,K; and
D,, the penetration length L’ is estimated from Eq. 25 to be
less than 0.4 cm in all the pulse-response experiments con-
ducted with 1,2-dichloroethane. Since pellet length was 1 cm
in these experiments, it was clear that finite pellet boundary
condition would not be appropriate for this set of experimen-
tal results.

Conclusion

The one-sided single-pellet technique introduced in this
article was shown to be an efficient and simple method for
the evaluation of the adsorption equilibrium constants as well
as the effective diffusivity with a finite pellet. For equilibrium
adsorption, adsorption equilibrium constant is the only un-
known in the first-moment expression (Eq. 15), and effective
diffusivity is evaluated from the second central moment (Eq.

200 -

160 -

O
120 o /

8or /
ol 7

Experimental first moments,H,.(s)

0 ] | t L1 1 i L i |
0 40 80 120 160 200
Calculated first moments M(s)
Figure 6. Calculated and experimental (corrected) first
absolute moments for 1,2-dichloroethane at
40°C,
Calculated with B = 2.17 using Eqs. 31 and 32.
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16). However, effective use of this technique requires that
the criteria stated in Eq. 24 should be satisfied. It is recom-
mended that the pellet length should be as short as possible.
For a pellet length of 1 mm adsorption equilibrium constants
of even very strongly adsorbing species could be satisfactorily
determined. In such experiments the tail region of the re-
sponse peaks should be carefully measured.

For very long pellets, the semiinfinite boundary condition
should be used in the derivation of moment expressions
(especially for very strongly adsorbing species). For this case,
the first-moment expression includes both adsorption equilib-
rium constant and effective diffusivity so that an independent
evaluation of D, is required.

For strongly adsorbing tracers, the modified moment defi-
nitions reduce the errors due to the tailing of the response
peaks. This idea could also be applied to packed bed chro-
matography. For very strongly adsorbing tracers the dimen-
sion of the porous adsorbent becomes very important. For
such tracers, penetration of the tracer to all points of the
adsorbent may not be possible within the timescale of a sin-
gle pulse-response experiment.

It is concluded that by selecting a sufficiently short peliet,
adsorption and diffusion of volatile tracers on any type of
porous sorbent can be effectively investigated using this new
one-sided single-pellet technique.
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Notation

C , =concentration of tracer in the upper chamber
C; =concentration of tracer in the pores of the pellet
C, =initial concentration of tracer in the upper chamber
F =flow rate of the carrier gas, cm’/s
L =pellet length, cm
m, =nth moment defined by Eq. 8
m, =modified zeroth moment defined by Eq. 31
m'; =modified first moment defined by Eq. 32
n; =adsorbed concentration of tracer, mol/g
s =Laplace variable, s™!
t =time, s
z =axial direction in the pellet
€, =pellet porosity
5, =second central moment for the upper chamber, s?
p, =pellet density, g/cm*
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