
REACTORS, KINETICS, AND CATALYSIS

Dynamics of Flow and Diffusion of Adsorbing
Gases in Al O and Pd-Al O Pellets2 3 2 3

Meltem Dogan and Gulsen Dogu¨
Dept. of Chemical Engineering, Gazi University, 06570 Maltepe, Ankara, Turkey

A nonisobaric pulse-response technique was proposed for the simultaneous analysis
of flow and diffusion of adsorbing tracers in porous solids. Relati®e contributions of

(®iscous flow, Knudsen flow, surface flow, and effecti®e diffusion of adsorbing hydrogen
) ( )and carbon dioxide and inert helium tracers in alumina and Pd-alumina pellets were

e®aluated. Hydrogen permeability was shown to increase by Pd impregnation into alu-
mina, due to the contribution of surface flow, especially at low temperatures. The tortu-
osity factor, corresponding to the ®iscous and Knudsen flow, was found to be less than
the tortuosity factors e®aluated from effecti®e diffusi®ities obtained from isobaric pulse-
response experiments.

Introduction
Gas transport in porous solids depends on the nature of

the diffusing gases, pore structure of the solid, temperature,
and pressure. Combined diffusion and viscous flow, observed
under nonisobaric conditions, is rather complex, involving
Knudsen diffusion, molecular diffusion, surface diffusion, and
viscous flow.

In the early literature, a number of models were derived to
explain the gas transport mechanism in porous substrates.
Diffusion and viscous flow in a fine capillary were analyzed

Ž .in the early studies of Scott and Dullien 1962 , Evans et al.
Ž . Ž .1962 , Wakao et al. 1965 , and Nicholson and Petropoulos
Ž . Ž .1975, 1978, 1981 . Allawi and Gunn 1987 reported a nice
review of the earlier studies, and compared the predictions of
the dusty gas model with some experimental data obtained in
a steady-state Wicke-Kallenbach-type diffusion cell, under
nonisobaric conditions. Darcy’s equation was generally used
in describing the viscous flow term in porous solids. More

Ž .recently, Beuscher and Gooding 1998 used a similar model
to describe the transport of binary gas mixtures through
porous membrane supports.

Knudsen diffusion, molecular diffusion, viscous flow, sur-
face diffusion, and capillary condensation may contribute to
the transport of gases through porous membranes. Contribu-
tion of the surface diffusion to the transport of adsorbing
gases may become significant at low temperatures. The per-

Žmeabilities of several gases H , N , O , Ar, He, H S, CO ,2 2 2 2 2
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.and C H in a silicon-based membrane tube were investi-3 6
Ž .gated by Li and Hwang 1992 in the pressure range of

170�446 kPa and in the temperature range of 25�700�C. The
gas permeability including Knudsen flow and surface flow,
decreased with increasing temperature because of the de-
crease of the surface concentration of the adsorbate, while
total permeability increased with an increase of pressure, be-
cause of increased surface concentration.

The permeability of a specific gas through a porous solid
Žmay be improved by surface modification Okubo and Inoue,

.1988; Miller and Koros, 1990 . Impregnation with a metal salt
Žis the most common method of modification Champagnie et

.al., 1992 . By such surface modification, permeability of a
specific gas through the porous solid may be improved. Also,
pore-size distribution of the solid may be altered by such a
surface modification. Another application of such a modifica-
tion is to improve the catalytic activity of the solid. Palladium
is the most popular metal used in surface modification to im-
prove the permeability and separation factor of hydrogen as

Žcompared to other gases Chai et al., 1992; Konno et al.,
.1988 .

In recent studies, Pd impregnated silica andror alumina
Ž .and Pd-alumina or silica composite membranes were rec-

ommended, especially to improve hydrogen separation
ŽOkubo and Inoue, 1988; Lee et al., 1994; Uemiya et al., 1997;

.So et al., 1998; Itoh et al., 2000; Goto et al., 2000 . It is well
known that hydrogen dissolves in Pd to a remarkable degree
and diffuses through the metal. This process was expected to
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be increased by the increase in temperature and hydrogen
Ž .pressure Goto et al., 2000 . Hydrogen absorption in Pd and

its permeation was found to be appreciable, especially at
temperatures over 200�C. The diffusion coefficient of hydro-
gen within the Pd metal was estimated to increase from 5.5�
10y11 m2rs to 9.2�10y10 m2rs with an increase in tempera-

Ž .ture from 40�C to 200�C Goto et al., 2000 . On the other
hand, one expects a significant surface diffusion of hydrogen
on the Pd metal surface, especially at low temperatures. The
decrease in the adsorbed concentration of hydrogen with an
increase in temperature will cause a decrease in the contribu-
tion of surface diffusion at higher temperatures. More re-

Ž .cently, in our previous study Dogan and Dogu, 2003 , signifi-
cant enhancement of hydrogen diffusivity was reported at low
temperatures due to the contribution of surface diffusion in
Pd-impregnated alumina pellets.

The moment analysis in chromatography has been applied
to measure the transport rate and adsorption parameters in
porous solids. In earlier articles, this method was applied to

Žbeds of porous solids Schneider and Smith, 1968; Cerro and
.Smith, 1970; Dougharty, 1972 . More recently, the adsorption

of sulfur dioxide on molecular sieve 13X and activated car-
bon was investigated in a packed column using the noniso-

Ž .baric pulse chromatographic technique Kopac, 1999 . A sim-
ilar technique was used to evaluate effective diffusion coeffi-

Ž .cients in a macroreticular resin catalyst Oktar et al., 1999 .
In the single-pellet moment technique developed by Dogu

Ž .and Smith 1975, 1976 , the interpellet mass transfer and the
axial dispersion effects were eliminated. This technique was
used by a number of investigators for the evaluation of effec-
tive diffusivities, adsorption equilibrium, and rate constants
and reaction rate constants in porous solids. Intraparticle
forced convection effects might have a significant influence

Ž .on catalyst diffusivity measurements Rodrigues et al., 1982 .
Ž .Dogu et al. 1989 investigated viscous flow and diffusion of

nonadsorbing gases in porous solids by the modified single-
pellet moment technique. The Darcy coefficient, together
with effective diffusion coefficients, was determined for an
inert tracer.

In the present study, the moment theory was developed for
nonisobaric conditions for an adsorbing gas, and used for the
evaluation of effective diffusivities and contributions of vis-
cous flow, surface diffusion, and Knudsen flow on the perme-
ability of gases such as hydrogen, carbon dioxide, and helium
in alumina and in Pd-impregnated alumina pellets.

Method and Theory
Nonisobaric pulse-response experiments were carried out

with the dynamic version of the Wicke-Kallenbach type of a
diffusion cell. The diffusion cell used in this work is shown in
Figure 1. For the evaluation of transport parameters, a pulse
of adsorptive or inert tracer was injected into the carrier gas
flowing through the upper chamber of the diffusion cell, and
the response peaks were obtained at the exit stream leaving
the lower chamber, using a thermal conductivity detector. It

Žwas shown in the literature Dogu and Smith, 1975; Dogu et
.al., 1989 that the mass-transfer resistance between gas and

the pellet surface was negligible in this system. Pulse-re-
sponse experiments were carried out at different pressure
differences between the upper and lower faces of the pellet.

Figure 1. Diffusion cell.

Details of the method and justification of the assumptions
Žwere reported in previous publications Dogu and Smith,

.1975, 1976; Dogu et al., 1989; Kopac et al., 1996 .
The experimental values of the zeroth and first moments

were obtained from the response peaks using the following
equation

�
nm s C t t dt ns0, 1, . . . . 1Ž . Ž .Hn

0

At nonisobaric conditions, the differential mass balance for
Ž .transport of the diffusing component i adsorbing gas within

the pellet is

� y � 2 y � yi i i
�q � K sD y� 2Ž .Ž .p e 2� t � z� z

for small variations of total concentration across the pellet.
Here, the term � contains the contributions of viscous flow,
Knudsen flow, and surface diffusion flow

y� PŽ .
� s

L

2 D � Ka � 1 D � 	 s pK A
� q q 3Ž .ž / ž /8
 � P � P�® k s^ ` _ ^ ` _ ^` _

viscous flow Knudsen flow surface diffusion flow

The viscous flow contribution can also be expressed as

y� P a2� 1 y� P CŽ . Ž . o
� s s 4Ž .® ž /L 8
 � L 
®

where C is the Darcy coefficient. For porous solids with smallo
pores, at low pressures Knudsen flow may become the pre-

Ž .dominant transport mechanism Keizer et al., 1988 . The pa-
rameter 	 that appears in the Knudsen flow term was de-

Žrived from the dusty gas model Allawi and Gunn, 1987;
.Beuscher and Gooding, 1998 and may be expressed as

D qDAB K B
	s 5Ž .

D qD q D yD yŽ . Ž .AB K A K B K A A
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For a pure component, 	 becomes unity. However, for a bi-
nary system with low concentration of A it may be approxi-
mated as

D qDAB K B
	s ; dilute system 6Ž . Ž .

D qDŽ .AB K A

For strongly adsorbing gases, the contribution of surface dif-
fusion to � might also be significant, especially at low tem-
peratures and at high pressures. The tortuosity factors � , � ,® k
and � corresponding to the viscous flow, Knudsen flow, ands
surface diffusion terms are not necessarily equal to each
other. In particular, � was expected to be different than thes
viscous and Knudsen flow tortuosity factors. As a first ap-
proximation, the � and � terms may be taken to be equal.® k

As was shown in our previous work, the surface diffusion
of hydrogen becomes significant in Pd-alumina pellets at low

Žtemperatures even for an isobaric system Dogan and Dogu,
. Ž .2003 . The effective diffusion coefficient in Eq. 2 may be

Ž .expressed Okubo and Inoue, 1988 as

� KD� 1 p s
D s q 7Ž .e 1 1� �sq

D DK A AB

The adsorption of the tracer was assumed to be reversible
and intrinsically rapid so that the gas and adsorbed concen-
trations were in equilibrium at any time. The initial and
boundary conditions assumed for the system are similar to

Ž .that of Dogu et al. 1989

ts0 y s0 0F zFL 8Ž .i

zs0 y s f t 9Ž . Ž .i

� yi
zsL A yD q� y sF y 10Ž . Ž .e i i zs Lž /� z zs L

Ž . Ž .Here, f t is the tracer input function pulse input , F is the
lower stream flow rate, and A is cross-sectional area of the
pellet. The zeroth and first absolute moment expressions were
determined from the solution of Eq. 2 in the Laplace domain

�f eŽ .o
m s 11Ž .o FL Sinh �

Cosh �q y�ž /AD �e

where

� L
�s 12Ž .

2 De

f s lim f ; zeroth moment of input function 13Ž . Ž .o
s™ 0

�q � K L2m Ž .p1

 s s
 y
 s1 1e 1 fm 2 Do e

Sinh � FL � Cosh �ySinh �
q y� 3ž /ž /� AD �e

� 14Ž .
FL Sinh �

Cosh �q y�ž /ž /AD �e

Ž .Here, the first absolute moment for the pellet 
 is the1
Ž .difference in the first absolute moments of response 
1e

Ž .and injection-pulse functions 
 . The limiting form of the1 f
Ž .first moment expression for large values of the flow rate F

can be expressed as

2�q � K L Cosh � 1Ž .p

 s y 15Ž .1 22 D � Sinh � �e

Ž .For the isobaric conditions �™0 , Eqs. 11 and 14 reduce
to the following forms, respectively

fo
m s 16Ž .oo FL

1q
ADeo

A
3 D qF2 eož /�q � K LŽ . Lp


 s 17Ž .1o A6Deo D qFeož /L

where the second subscript o denotes the isobaric condition.
Equation 17 is similar to the form reported in the early work

Ž .of Dogu and Smith 1976 .

Experimental Work
In this study, aluminum hydroxide was produced analyti-

cally by the reaction of aluminum nitrate with urea at 90�C
for 20 h. Aluminum hydroxide was fired at 1200�C to obtain
alumina powder in alpha-form. XRD diffraction patterns
Ž . Ž .PW-3040 Philips confirmed alpha-alumina Figure 2 . Alu-
mina powder was mixed with Pd solution prepared by dissolv-
ing palladium chloride in hydrochloric acid. The solution
concentration was adjusted to obtain a product that consisted
of 3.1 g Pd for 100 g powder. After drying, reduction was
made at 650�C for 10 h in a hydrogen atmosphere. XRD
diffraction patterns of Pd-impregnated alumina are also
shown in Figure 2. The diffraction intensities were found to
decrease with Pd impregnation. Pellets of 2.5 cm in diameter
and 1 cm and 0.2 cm in length were prepared by pressing the
powder into the mold. Pure alumina pellets were also pre-
pared at the same dimensions and almost at the same poros-
ity. Alumina powder prepared in this work showed better
pelletizing properties than commercial alumina powder. The
physical properties of the pellets are given in Table 1. As is
seen in Table 1, the mean pore radius of the Pd-alumina pel-
let is much higher than that of the pure alumina pellet. SEM

Ž . Ž .photographs LEO 435 VP verified this result Figure 3 .
ŽThis work is the continuation of our previous work Dogan

.and Dogu, 2003 where isobaric diffusion results were re-
ported. In the present study, dynamic experiments were car-
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Figure 2. XRD diffraction patterns of pure alumina and
Pd-alumina powders.

ried out at nonisobaric conditions. Nitrogen was used as the
carrier gas with hydrogen and helium tracers, while helium
was chosen as the carrier gas with a carbon dioxide tracer.
The inlet volumetric flow rate of the upper stream was kept
at 1.17 cm3rs. The lower stream flow rate was changed from
1.2 cm3rs to 6 cm3rs, while pressure drop values across the
pellet were kept at the adjusted values with a valve placed at
the exit of the upper stream. The pressure of the tracer gas
was adjusted to be the same as the pressure of the carrier gas
in the upper chamber of the cell. Before entering the cell,
the tracer gas was also preheated to the specified tempera-
ture of the experiment.

Nonisobaric experiments carried out with helium and car-
bon dioxide tracers were performed at 40�C, while experi-

Figure 3. SEM photographs of pure alumina pellet and
3.1% Pd-alumina pellet.

ments with hydrogen tracer were achieved at three different
temperatures, namely, 40�C, 130�C, and 200�C. Nonisobaric
experiments were carried out in a pressure-drop range of 2.8
kPa to 22.9 kPa across a pellet of 1 cm length. The repro-
ducibility of the experimental results were justified by repeat-
ing most of the experiments at least twice.

The first absolute moment values of the response peaks
contain contributions of the dead volumes. To obtain dead-

( )Table 1. Physical Properties of the Pellets Used in This Work After Dogan and Dogu, 2003

Pure Alumina 3.1% Pd-Alumina
Physical Property Pellet Pellet

Ž .Porosity mercury porosimeter 0.63 0.62
2 Ž .BET surface area, m rg nitrogen adsorption 44 24
Ž .Mean pore radius, nm mercury porosimeter 28 80

� Ž .Tortuosity factor � 3.17 6.05

� Ž .Evaluated from isobaric inert tracer experiments at 40�C Dogan and Dogu, 2003 .
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volume corrections, a set of pulse-response experiments were
carried out with two pellets of the same porosity and with

Ž .different lengths 1 cm and 0.2 cm . Differences in the first
moments were used for the evaluation of effective diffusivi-
ties. The first absolute moment values for the pellet were
then calculated using these diffusivity values in Eq. 17. From
the differences between the experimental and calculated first
moments, dead volume contributions were evaluated. All the
experimental first absolute moment values were corrected for
the dead-volume contributions. Corrected first absolute mo-
ment values reported in this article were then used in the
evaluation of transport parameters.

Results and Discussion
Diffusion and flow parameters of helium tracer in alumina
and Pd-alumina pellets

The dimensionless group � , which is proportional to the
ratio of viscous flow to diffusion fluxes, was evaluated from
the zeroth moment data of helium tracer obtained at differ-
ent pressure gradients. The ratio of zeroth moments obtained
at isobaric and nonisobaric conditions can be expressed from
Eqs. 11 and 16 as

FL Sinh �
Cosh �q y�ž /m AD �oo es 18Ž .

FLmo �1q ež /ADeo

ŽFor large values of flow rate, F, this ratio reduces to Dogu
.et al., 1989

m D sin h �oo eos 19Ž .�m D � eo e

The experimental values of the ratio m rm obtained foroo o
the helium tracer at different pressure drops are shown in
Figure 4. Figure 4 showed that m rm values did not changeoo o
appreciably by increasing lower stream flow rates. The di-
mensionless parameter � was then evaluated using Eq. 19
and the data presented in Figure 4. Equations 18 and 19 also
contain D and D , which correspond to effective diffusivi-eo e
ties in isobaric and nonisobaric conditions, respectively. The
tortuosity factor of the pellets evaluated from isobaric diffu-
sion experiments and the pore-size distributions were re-

Ž .ported in our previous article Dogan and Dogu, 2003 . The
physical properties of the pellets and the tortuosity factors
Ž .� are summarized in Table 1. Using the pore structure data,

( )Figure 4. Variation of m rrrrrm with respect to loweroo o
(stream flow rate for helium tracer Ts40�C,

)Ls1 cm .

the effective diffusivities were then evaluated at different
pressures using Eq. 20

� 1
D s 20Ž .e 1 1� q

D DK A AB

( )Table 2. The Values of D , � , and � at Different Pressure-Drop Values for Helium Tracer Ts40�Ce

Pure Alumina Pellet 3.1% Pd-Alumina Pellet
�s0.63 �s0.62

6 2 5 6 2 5� P, kPa D �10 , m rs � � �10 , mrs D �10 , m rs � � �10 , mrse e
�0 3.5 0 0 3.3 0 0

2.8 3.5 0.03 2.3 3.3 0.033 3.4
10.0 3.5 0.087 8.0 3.2 0.222 12.0
14.1 3.4 0.19 11.3 3.2 0.270 16.9
22.9 3.4 0.28 18.4 3.1 0.400 27.4

� Ž .D values are from Dogan and Dogu 2003 .e
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( )Table 3. Tortuosity � Values Evaluated from Eq. 3 for Pure©
Alumina Pellet with Different Tracers

Tortuosity

He in N H in N H in N H in N CO in He2 2 2 2 2 2 2 2
Ž . Ž . Ž . Ž . Ž .� P, kPa 40�C 40�C 130�C 200�C 40�C

2.8 1.77 2.78 2.44 2.61 2.47
10.0 1.74 2.66 2.36 2.45 2.37
14.1 1.70 2.57 2.32 2.40 2.33
22.9 1.62 2.46 2.20 2.30 2.24

The effective diffusivities evaluated by this procedure were
then used in Eq. 19, and � values were determined using the
zeroth moment data. For both pure alumina and Pd-alumina
pellets, the values of � , � , and D are tabulated in Table 2.e

Helium is a nonadsorbing tracer and consequently no con-
tribution of surface diffusion is expected. Assuming the same

Ž .tortuosity for viscous and Knudsen flow terms � s� , the® k
flow tortuosities of alumina and Pd-alumina pellets were

Ževaluated from Eq. 3 using the � values reported in Table
.2 , and the results were reported in Table 3. In these calcula-

tions, a dilute tracer assumption was made and 	 values were
Ž . Ž .evaluated from Eq. 6. For helium tracer A in nitrogen B

ŽKnudsen diffusivities and the average value of 	 average of
. y5values evaluated at different � P ’s were D s2.43�10K A

m2rs, D s0.92�10y5 m2rs, and 	s0.85, respectively.K B
Ž .Following a similar procedure, the tortuosity factor � of®

the Pd-alumina pellet was also evaluated using the � values
Ž .evaluated at different pressure drops Table 4 . For this pel-

let, Knudsen diffusivities and the average value of 	 value
were D s6.92�10y5 m2rs, D s2.62�10y5 m2rs, andK A K B
	s0.71, respectively. The tortuosity factor of the Pd-alumina
pellet, evaluated from the � values, was found to be about
1.7 times larger than the tortuosity of the pure alumina pel-

Ž .let. A similar result was obtained for tortuosity factors �
evaluated from effective diffusivities obtained using isobaric

Ž .pulse-response data Table 1 . It was interesting to note that
Ž .tortuosity factor values � evaluated from viscous and®
Ž .Knudsen flow, using Eq. 3 Tables 3 and 4 , were about half

Ž .of the tortuosity factors � evaluated from effective diffusivi-
Žties obtained from isobaric pulse-response experiments Ta-

.ble 1 . In isobaric pulse-response experiments, diffusion into
the dead-ended pores was also expected to contribute to the
effective diffusivity, which would increase the tortuosity fac-
tor. However, such contributions were expected to be negli-
gable in viscous flow.

Diffusion and flow parameters of hydrogen and carbon
dioxide tracers in alumina and Pd-alumina pellets

Both hydrogen and carbon dioxide tracers were expected
to adsorb on Pd-alumina and alumina pellets. Surface diffu-
sion might also have some contribution to the diffusivity val-

Ž .ues of the adsorbing components. Effective diffusivities Deo
and adsorption equilibrium constants of both of these tracers
obtained from isobaric pulse-response experiments in alu-
mina and Pd-alumina pellets were reported in our previous

Ž .work Dogan and Dogu, 2003 . The first moment expression
Ž .Eq. 14 or 15 contains the dimensionless parameter � , effec-
tive diffusivity D , as well as the adsorption equilibrium con-e
stant � K. As was discussed in the previous section, the ratiop

( )Table 4. Tortuosity � Values Evaluated from Eq. 3 for©
Pd-Alumina Pellet with Different Tracers

Tortuosity

He in N H in N H in N H in N CO in He2 2 2 2 2 2 2 2
Ž . Ž . Ž . Ž . Ž .� P, kPa 40�C 40�C 130�C 200�C 40�C

2.8 2.98 3.58 3.77 4.07 6.94
10.0 2.86 3.35 3.58 3.86 6.69
14.1 2.79 3.20 3.50 3.78 6.66
22.9 2.67 3.08 3.46 3.60 6.46

of zeroth moments obtained under isobaric and nonisobaric
conditions also contained the parameter � and the effective

Ž .diffusivities D and D Eq. 19 . Knowing the D and � Ke eo eo p
values from the isobaric dynamic experiments, the other two
unknowns, � and the D , were then evaluated from the si-e
multaneous analysis of the first absolute moment and zeroth
moment data using Eqs. 19 and 14. The zeroth moment data
and the corrected first absolute moment data obtained for
the hydrogen tracer at 40�C in Pd-alumina and in pure alu-
mina pellets are given in Figures 5 and 6, respectively. The
unknown parameters D and � were then determined frome
simultaneous analysis of these data and the results were sum-
marized in Table 5.

The adsorption equilibrium constant of hydrogen on the
Pd-alumina pellet was found to be about 50 times larger than
the adsorption equilibrium constant obtained for pure alu-

Ž .mina at 40�C Table 5 . This is due to the strong adsorption
of hydrogen on palladium. At higher temperatures, the ad-
sorption equilibrium constant becomes much smaller. Due to
this high adsorption equilibrium constant of hydrogen ob-
tained at 40�C, surface diffusion was also expected to make a
contribution to the effective diffusivity for the Pd-alumina
pellet. In fact, the effective diffusivities evaluated from Eq.

Ž .20, using the tortuosity factor � found from the isobaric
helium tracer data, were found to be smaller than the experi-
mental values of effective diffusivities obtained for the hydro-
gen tracer in the Pd-alumina pellet, at 40�C. The surface dif-
fusivity of hydrogen was then evaluated as Dr� s3.0�10y7

s s
m2rs, using Eq. 7 for the hydrogen tracer in Pd-alumina. For
the pure alumina pellet and also for Pd-alumina pellet at

Ž .higher temperatures 130�C and 200�C , the surface diffusion
contribution was found to be negligible. For these cases, the
experimental values of the effective diffusivities and the cal-
culated values evaluated from Eq. 20 were quite close.

The tortuosity factor of alumina and Pd-alumina pellets
Ž .corresponding to the viscous flow term � were then evalu-®

ated from Eq. 3 using the data reported in Table 5. For hy-
drogen tracer in pure alumina, the Knudsen diffusivities, and
the average values of 	 were D s3.43�10y5 m2rs, DK A K B
s0.92�10y5 m2rs, and 	s0.78, respectively, at 40�C. Vis-
cous flow tortuosity factors evaluated from hydrogen tracer
experiments, in alumina and Pd-alumina pellets, at different
temperatures are reported in Tables 3 and 4, respectively.

A similar analysis was made for the carbon dioxide tracer
Ž .in helium at 40�C. The zeroth and first absolute moment
data obtained for the carbon dioxide tracer are given in Fig-
ures 7 and 8, respectively. The results of the simultaneous
analysis of first and zeroth moment data are presented in

ŽTable 6. A comparison of experimental and calculated from
.Eq. 20 effective diffusion coefficients were quite close, and it
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( )Figure 5. Variation of m rrrrrm with respect to loweroo o
(stream flow rate for hydrogen tracer Ts40�C,

)Ls1 cm .

was concluded that the surface-diffusion contribution was
negligible for carbon dioxide in both alumina and Pd-alumina
pellets. As is shown in Table 6, the adsorption equilibrium
constant of carbon dioxide on pure alumina was higher than
the adsorption equilibrium constant on Pd-alumina, which in-
dicated that carbon dioxide was mostly adsorbed on alumina
rather than on palladium.

Ž .Using the � values of the carbon dioxide tracer in helium
Ž .reported in Table 6, the flow tortuosity � of the pellets was®

evaluated from Eq. 3; the results are summarized in Tables 3
and 4 for pure alumina and Pd-alumina pellets, respectively.
For this case, Knudsen diffusivities of the carbon dioxide
tracer, helium carrier, and the average value of 	 were eval-
uated for the Pd-alumina pellet as 2.06�10y5 m2rs, 6.92�
10y5 m2rs, and 1.57, respectively.

Permeabilities of hydrogen, carbon dioxide, and helium in
alumina and Pd-alumina pellets

Ž .The flow tortuosity � values evaluated using pulse-re-®
sponse data of different tracers were found to be quite close

Figure 6. Variation of first absolute moments values with
respect to lower stream flow rate for hydro-

( )gen tracer Ts40�C, Ls1 cm .

to each other. As is shown in Table 3, an average � value of®
2.29 could be used for the pure alumina pellet. Using this �®
value, � values were calculated for helium, hydrogen, and
carbon dioxide tracers, and the results were compared with
the experimental � values in Figure 9. As is shown in this
figure the correlation between the experimental and calcu-

Ž 2 .lated � values is quite good R s0.94 . These results showed
that Eq. 3 is quite a good approximation of � in nonisobaric
diffusion experiments.

Following a similar procedure, � values were also calcu-
lated for the Pd-alumina pellet. As is shown in Table 4, ex-
cept for carbon dioxide, � values evaluated from different®
tracers were also quite close for the Pd-alumina pellet. An
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average � value of 3.37 represents the tortuosities evaluated®
from dynamic experiments carried out with hydrogen and he-
lium tracers. As is shown in Figure 10, experimental and cal-

Ž .culated � values using � s3.37 in Eq. 3 agreed well for®
these tracers. However, a higher � value was obtained for®

Ž .carbon dioxide Table 4 . Consequently, the calculated � val-
Ž .ues using � s3.37 caused an overestimation. This is also®

seen in Figure 10.
As was mentioned before, in the calculation of flow tortu-

Ž .osity � from Eq. 3 using the experimental � values, a dilute®
system assumption was made and 	 values, which appeared
in the Knudsen flow term of Eq. 3, were evaluated accord-
ingly. In order to justify this assumption, the following crite-

Ž .rion should hold see Eq. 5

D yD yŽ .K B K A A �1 21Ž .
D qDŽ .AB K A

Ž .For helium and hydrogen tracers in nitrogen , the value on
the lefthand side of the inequality given in Eq. 21 is negative
and less than y0.25 y for the alumina pellet. ConsideringA
that a 5 cm3 pulse of tracer was injected into the nitrogen
carrier gas, y was also expected to be quite less than unity,A
and neglecting the concentration-dependent term of the 	

Ž .expression Eq. 5 is acceptable. However, for the carbon
Ž .dioxide tracer in helium carrier gas , the lefthand side of the

inequality given in Eq. 21 is positive and its value is about
0.55 y for the Pd-alumina pellet. These results indicate thatA
somewhat overestimated 	 values could be obtained for the
carbon dioxide tracer, especially in the Pd-alumina pellet. In
fact, the 	 value for this case was about 1.57, while for hy-

Ž .drogen and helium tracers in nitrogen carrier gas , estimated
Ž .	 values assuming a dilute system were around 0.8. With

this dilute system assumption both the D and � values be-e
come concentration independent and might cause some error
in the estimation of � from the experimental � values.®
Higher � values obtained with the carbon dioxide tracer in®
the Pd-alumina pellet might partly be due to this assumption.

Our results also indicated that the most significant term of
Ž .the � expression Eq. 3 was the Knudsen flow term.

The permeability of different tracers in porous solidsr
membranes are sometimes defined as

� C
2F s molrm s �Pa 22Ž .Ž .o , i � P

The average values of permeabilities evaluated at different
pressure gradients across the pellet, for hydrogen, carbon
dioxide, and helium tracers are reported in Table 7. The ra-
tio of hydrogen to carbon dioxide permeabilities evaluated at
40�C for Pd-alumina and alumina pellet are

F Fo ,H o ,H2 2s2.5; s4.2ž / ž /F Fo ,CO o ,CO2 2alumina Pd-alumina

However, the ratio of helium to carbon dioxide permeabili-
ties is about 3.0 for both alumina and the Pd-alumina pellet.
This result indicated the positive effect of Pd impregnation in
the alumina pellet to improve the separation of hydrogen from
carbon dioxide. For the alumina pellet, the permeabilities ob-
tained for hydrogen at different temperatures were about the
same. However, for the Pd-alumina pellet, hydrogen perme-
ability decreased with an increase in temperature. This result
also indicated the contribution of surface diffusion to the
permeability of hydrogen in Pd-alumina.

Conclusions
The nonisobaric pulse-response moment technique derived

for adsorptive tracers was shown to give detailed information
about the contributions of Knudsen flow, viscous flow, and
surface flow terms on the permeability as well as effective
diffusivity in porous solids, from a single set of experimental
results. It was shown that tortuosity factors evaluated from
the effective diffusivities obtained from isobaric pulse-re-
sponse experiments were somewhat higher than the tortuos-
ity factors evaluated from the viscous and Knudsen flow

Table 5. The Values of D , � , and � at Different Pressure-Drop Values for Hydrogen Tracere

Pure Alumina Pellet 3.1% Pd-Alumina Pellet
� �6 2 5 6 2 5� P, kPa D �10 , m rs � � �10 , mrs � K D �10 , m rs � � �10 , mrs � Ke p e p

� �Ts40�C 0 5.0 0 0 0.13 7.6 0 0 6.97
2.8 4.8 0.04 1.9 6.8 0.09 4.0

10.0 4.7 0.06 6.8 6.1 0.14 14.4
14.1 4.5 0.12 9.6 5.3 0.28 20.3
22.9 4.0 0.19 15.6 5.8 0.19 33.0

� �Ts130�C 0 5.1 0 0 0.09 6.3 0 0 1.42
2.8 5.0 0.02 2.6 5.8 0.09 3.9

10.0 4.0 0.18 9.1 5.5 0.13 13.9
14.1 4.0 0.14 12.8 5.2 0.20 19.6
22.9 4.0 0.22 20.8 4.8 0.29 31.9

� �Ts200�C 0 5.3 0 0 0.06 6.4 0 0 0.60
2.8 5.2 0.03 2.7 6.0 0.11 4.1

10.0 4.5 0.16 9.8 5.8 0.14 14.6
14.1 4.5 0.18 13.8 5.3 0.23 20.6
22.9 4.3 0.22 22.3 5.2 0.27 33.5

Ž�. Ž .� , K and D values are from Dogan and Dogu 2003 .p e
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( )Figure 7. Variation of m rrrrrm with respect to loweroo o
(stream flow rate for carbon dioxide tracer T

)s40�C, Ls0.2 cm .

terms. This was attributed to the contribution of dead-ended
pores to the tortuosity, in the case of dynamic isobaric diffu-
sion experiments. Some enhancement of hydrogen perme-
ability was observed due to Pd impregnation in alumina pel-
lets. It was concluded that the surface flow contribution to

Figure 8. Variation of first absolute moments values with
respect to lower stream flow rate for carbon

( )dioxide tracer Ts40�C, Ls0.2 cm .

( )Table 6. The Values of D , � , and � at Different Pressure Drops for Carbon Dioxide Tracer Ts40�Ce

Pure Alumina Pellet 3.1% Pd-Alumina Pellet
�s0.63 �s0.62

� �6 2 5 6 2 5� P, kPa D �10 , m rs � � �10 , mrs � K De�10 , m rs � � �10 , mrs � Ke p p
� �0 1.2 0 0 1.00 0 0

2.8 1.2 0.0096 0.72 0.98 0.0158 0.97
10.0 1.2 0.0140 2.60 2.07 0.97 0.0500 3.50 1.50
14.1 1.2 0.0170 3.60 1.00 0.0200 4.90
22.9 1.1 0.0655 5.90 0.94 0.1100 8.00

Ž�. Ž .� , K , and D values are from Dogan and Dogu 2003 .p e
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( )Table 7. Permeabilities from Eq. 22 of Different Tracers in Pure Alumina and Pd-Alumina Pellets
7 2Ž .F �10 molrm s Pao

He in N H in N H in N H in N CO in He2 2 2 2 2 2 2 2
Ž . Ž . Ž . Ž . Ž .40�C 40�C 130�C 200�C 40�C

Pure alumina pellet 3.0 2.5 2.6 2.4 1.0
Pd-alumina pellet 4.4 5.5 4.0 3.6 1.3

(Figure 9. Experimental and calculated values of � from
Eq. 3, using � s� s2.29 for alumina pellet.v k

Figure 10. Experimental and calculated values of �
( )from Eq. 3, using � s � s 3.37 forv k
Pd-alumina pellet.

the permeation of hydrogen through Pd-impregnated alu-
mina was significant at low temperatures.

Acknowledgment
Ž .Research Grant from TUBITAK MISAG-143 and Gazi Univer-

sity Research Fund 06r2001-01 are appreciated. Discussions with
Professor Timur Dogu of Middle East Technical University were
more than helpful and highly appreciated.

Notation
asmean pore radius, m

Ascross-sectional area of the pellet, m2

Cstotal concentration, molerm3

C sDarcy coefficient, m2
o

D smolecular diffusivity of the molecule A in B, m2rsA B
D seffective diffusivity in nonisobaric condition, m2rse

D seffective diffusivity in isobaric condition, m2rseo
D sKnudsen diffusivity of A, m2rsK A
D sKnudsen diffusivity of B, m2rsK B

D ssurface diffusivity, m2rss
Ž .fsLaplace transform of the function f t

Ž .f t stracer input function
f sdefined in Eq. 13o
Fslower stream flow rate, m3rs

F spermeability, molrm2 s Pao
Ksadsorption equilibrium constant, m3rkg
Lslength of the pellet, m

m szeroth momento
m sfirst moment1

y smole fraction of traceri
zscoordinate in the direction of diffusion in pellet, m

Greek letters
� Pspressure drop across the pellet, Pa

�sdefined by Eq. 12
�sporosity of the pellet
	sdefined by Eq. 5
� sdefined by Eq. 3, mrs

sviscosity, Pa � s


 sfirst absolute moment for the pellet, s1

 sfirst absolute moment of response, s1 e

 sfirst absolute moment of injection-pulse functions, s1 f

� sapparent density of the pellet, kgrm3
p
� stortuosity factor evaluated from isobaric pulse-response ex-

periments
� stortuosity factor corresponding to Knudsen flowk
� stortuosity factor corresponding to surface diffusion flows
� stortuosity factor corresponding to viscous flow®
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