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Abstract—In our study on sub-critical hydrocarbon permeation in activated carbon, a minimum in the total permeabil-
ity (B;) at low pressure has been observed for only long-chain hydrocarbons stichxase and-heptane. Such
an observation suggests that the minimum appearance depends on the properties of permeating vapors as well as the
porous medium. In this paper a permeation model is presented to explain the minimum behavior with the allowance
of the collision-reflection factor in the Knudsen diffusivity to be a function of surface loading. Surface diffusion was
found to be very significant compared to other transport mechanisms such as Knudsen diffusion and gaseous viscous
flow at low pressures. Since the gaseous viscous flow contributes negligibly toathie\B pressures, the minimum
appearance in the;B mainly attributed to the interplay between Knudsen diffusion and surface diffusion. Also, the
molecular structure of adsorbates plays an important role in the minimum appearance.
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INTRODUCTION sion and flow mainly takes place in meso/macropores. In this paper
we are dealing with permealbility at low pressures where the capil-
In adsorption processes, including separation and purification ifary condensate flow is absent.
porous materials, it is essential to develop reliable methods for esti- In diffusion and flow of adsorbing gases or vapors through cap-
mation in process performance and design parameters. This requiréiaries, a minimum at low pressure has been reported in the plot of
accurate information on the adsorption kinetics and equilibrium charflow rate versus pressure, with an argument that it appears when
acteristics. For example, chromatography [Schneider and Smiththe mean free patid)(is comparable to the capillary radius (r) [Ad-
1968], frequency response [Yasuda, 1982], and differential adsorpeumi, 1937; Carman, 1950; Knudsen, 1909]. For the tortuous and
tion beds [Mayfield and Do, 1991] have been proposed to measurieregular capillaries of porous media, on the other hand, the mini-
dynamic parameters. Furthermore, Do [1995] has developed a comum is not expected to appear as reported theoretically and exper-
stant molar flow (CMF) method which has been applied by Do andmentally [Carman, 1950; Pollard and Present, 1948; Wicke and
co-workers. Due to the lesser accuracy of the CMF method at higiollmer, 1952]. However, in our permeation study of sub-critical
relative pressure, a differential permeation (DP) method, which ishydrocarbons through activated carbon, a minimum appearance in
used in this paper, has recently been applied [Bae and Do, 200&he total permeability (B at low pressure depends on the type of
Prasetyo, 2000]. adsorbate and it is persistent with a given adsoitet# the min-
Transport of adsorbing vapors through porous media such as a@num occurs for a given adsorbate at one temperature it will occur
tivated carbon is generally described by Knudsen diffusion, gaseoust other temperatures as well) [Bae and Do, 2002]. In our investi-
viscous flow, surface diffusion and capillary condensate flow [Do gationn-hexane ana-heptane, which are linear-chain molecules
and Do, 2001; Do et al., 2001]. Each of these mechanisms play® structure, show a clear minimum in theaBlow pressure while
an important role in the mass transfer of the adsorbates through theere is ho minimum for other nonlinear structured molecules such
medium, generally characterized by permeability which dependsas benzene, carbon tetrachloride and 2,3-dimethylbutane. Such an
on the properties of adsorbates as well as adsorbents. Knudsen difeservation suggests that the existence of the minimum depends
fusion is free molecular diffusion, describing the transport of mole-on the properties of permeating vapors as well as the porous me-
cules colliding and bouncing back from the porous solid wall. Duedium. Here we argue that the interplay of the above three transport
to a total pressure gradient between both ends of the medium, gasiechanisms may determine the appearance of the minimum in the
eous viscous flow takes place. Also an adsorbed concentration gréatal permeability. In this paper we develop a permeation model
dient is a driving force for adsorbed phase diffusion on the surfaceyhich introduces a collision-reflection factor to take into account
commonly known as surface diffusion. At high pressure where capthe adsorption effect on Knudsen diffusion permeability. Surface
illary condensation occurs, there is capillary condensate flow. Sinceliffusion is treated in such a way that the mobility of molecules on
activated carbon is known to possess micropores as well as mestfe surface increases with surface concentration due to the reduc-
macropores, one would expect that surface diffusion is significantion of energy barrier for the diffusion of adsorbed molecules with
in micropores where most adsorption occurs while gaseous diffuthe progress of adsorption. This paper will present a better descrip-
tion of the three diffusion mechanisms and feasible reasons for the
To whom correspondence should be addressed. minimum appearance in the total permeability of sub-critical hydro-
E-mail: duongd@cheque.ug.edu.au carbon through activated carbon.
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PROBLEM FORMULATION ON PERMEABILITY 5

For a given pressure gradient across a porous medium, the ma C\
balance equation can be described as follows, provided that Knucg
sen diffusion, viscous flow and surface diffusion are additive tothe 4 _¢ @ Carbon atoms 0, =1
total flux. @ Adsorbed molecules
O Free molecules

QD_P Oypq- a_CE:i QE+_EBUP+ - a_CE:|iE)D i T i
EatERgTD (1-9) ot ozHRT HRT (1 E)D,,ap 02%(1) Fig. 1. Schematic illustration of the effect of adsorbed molecules

on the collision reflection factor.

wheree s the porosity of the particle, P is the intraparticle pressure

and G is the adsorbed phase concentration. At steady state the termgsivity. Subsequently, the pore diffusivity,jBor adsorbing vapors
in the square bracket of the RHS of Eq. (1) are corresponding t@akes the following form;

Knudsen diffusion permealbility (B viscous flow permeability (B

and surface diffusion permeability jBrespectively. The pore dif- D, -D¢_2r BRT2-fO @)
fusivity (D), which is assumed to follow Knudsen mechanism, takes T 3ty v Of O
the form of Eq. (2) for non-overlapping cylindrical pore of radius r. One would expect that the valishould be different between the
D’ or BRT case when there are no adsorbed molecules on the surface and the
Ds =7k 3T /%M— (@) case when the surface is covered with adsorbed molecules. Conse-
k K

guently, the collision and reflection of molecules during Knudsen
Here O3 and [J are the pore diffusivity and Knudsen diffusivity, —diffusion must be affected by the presence of adsorbed species on
respectively, when there is no dispersive interaction between pethe surface. Here we argue that the presence of adsorbed species
meating molecules and solid surface atoras the molecule be-  affects the Knudsen diffusion through the collision reflection fac-
haves as a hard sphere and the surface as a hard surface). For tag-which should be a function of loading. Fig. 1 schematically illus-
sorbing gases or vapors these parameters can be estimated fréfates the effect of the presence of adsorbed species on the collision
inert gas permeation experiment. Since we are dealing with permeeflection factor. As it is expected that the vdldecreases with an
ability at moderate temperature and pressure, adsorption of inefficrease of loading, we propose the following dependence form of
gases on activated carbon is negligible, B,=0). Thus only two  the valuef on surface loading:
terms (B and B) describe the total permeability;JBor inert gases.

By plotting B.(MT)®* against (R)(M/T)** from the following rela- F=t.6, +ho(176) ©)
tionship [Eg. (3)] for inert gases wheref, andf, are the values at the limit of zero pressure and at
, high pressure (close to vapor pressure), respectively, which will be
B./MT -_sa ., & [P M% ©) obtained directly from experiments, afigis the surface coverage
31/27R, TR T in meso/macropores.

The surface diffusivity ([) is known to be a function of adsorbed
phase concentration [Do and Do, 2001; Moon et al., 1990] and is
equal to the corrected diffusivity (Pmultiplied by a thermodynam-

. I : ic correction factorginPdInC ).
1. In the limit of zero pressure the contribution of gaseous viscous a 2

flow to the total permeability is negligible. )

2. The surface diffusion is also insignificant since adsorbed mol- =" =#jInC,
ecules tend to reside at highest energy sites where the mobility is o )
extremely low. Thus, the total permeabilityBr adsorbing vapors 1 his corrected diffusivity is assumed to follow an Arrhenius form

in the limit of zero pressure is practically the Knudsen diffusion per-P.=D- exp-E/R,T), where E is the energy barrier for surface
meability (B). diffusion. As pressure increases, adsorption takes place progres-

sively on lower energy sites, resulting in the reduction of energy

With these points in mind, the value of the first term of RHS in Eq. barrier for surface diffusion which is assumed to have the follow-
(3) should be universal for any permeating molecules for a giverind function with loading [Do et al., 2001]:

porous solid as it contains only solid properties. However, we have aC

found experimentally that the intercept for adsorbing vapors is con- Ex =Eﬂ%l‘m(”?% (6b)
sistently much lower than that of inert gases [Bae and Do, 2002]. !

We attribute this to the interaction potential energy between adsorbwhere E is the activation energies for surface diffusion at the limit
ing molecules and surface atoms, which is different from that forof zero pressure. The larger the paranfiiterthe faster Fdecreases
inert gases, giving rise to the difference in the intercept of Eq. (3)with adsorbed concentration. WhgsD, Eq. (6) reduces to the clas-
To take this effect into account, we introduce a collision-reflection sical Darken equation. With the energy barrier as given in Eq. (6b),
factor ), which is the fraction of molecules undergoing collision the corrected diffusivity takes the following functional form with
to the solid surface over reflection from the surface, to Knudsen difrespect to adsorbed concentration:

we have an intercept of 1.617x4@hich should be the same for
adsorbing vapors because of the following reasons:

(62)
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Table 1. Physical properties of adsorbates studied at 303 K

Molecular weight Liquid molar volume Liquid viscosity Surface tension
(9/gmol) (m¥/kgmol) (N-s/nf) (N/m)
Carbon tetrachloride 153.82 0.0977 8.450 2.567%10*
Benzene 78.11 0.0900 5.63810* 2.755<10*
n-Hexane 86.18 0.1322 2.84610* 1.743x10*
2,3Dimethylbutane 86.18 0.1320 3.2510" 1.63710*
n-Heptane 100.20 0.1480 3.6500 1.92710*
R _nE.m_ _BC D} DP ~P 0_rj ART
D D“‘”eXF{ [R,TCC 1+8C,0 Nt v ®
Dioex % TOD} DEE_DD&%} @) where Ris the pressure in the supply reservoir, a(ti&hd B are
ER o To (R THA+pC, the pressures in the receiving reservoir at any t and at t=0, respec-

tively. The detailed experimental procedure and the set-up of per-
meation measurement can be found elsewhere [Bae and Do, 2002;
Do et al., 2001].

where D,, is the corrected surface diffusivity (Dat the infinite
temperature and Pis the D), in the limit of zero pressure at the
reference temperature,f.T

EXPERIMENTAL RESULTS AND DISCUSSION

. . i . . The total permeabiliies afhexane, benzene and carbon tetra-
A differential permeation method was used to determine diffu- : . .
. - } : . chloride through activated carbon were obtained from Eq. (8) and
sion kinetics of strongly adsorbing vapors through an Ajax acti- - . .
. : g shown in Fig. 2. At very low pressures a sharp increase in total per-
vated carbon (type 976) (which has particle density of 733 kg/m
: . . meability was observed for all adsorbates studied. The adsorbed
micropore porosity 0.40, macropore porosity 0.31 and mean macro-
concentration of these adsorbates increases drastically over this very

pore size 0.8m). An actlvaFed carbon pellgt was carefully mqunted ow range of pressure [Bae and Do, 2002], indicating that surface
in a copper block, separating two reservoirs. One reservoir is muc

iffusion must play a significant role in its contribution to the total
larger in volume than the other, and is used as the supply reservor.

ermeability since the contribution of gas phase diffusion is expected
Thus the supply reservoir was maintained practically at constan

pressure during the course of diffusion and adsorption. The physi tﬁ;i;?'i“;géﬁ::ihllgfgzsm?l:ﬁq:rﬁa:g ,;ee (;(I)et:lr Iy;?ﬁgaglggatz
cal properties of adsorbates studied are listed in Table 1. Y P

reduced pressure of around 0.02. This phenomenon was consistently

The flux of each adsorbate through the porous solid was Me bserved at three different temperatures. At the pressure where the
sured with respect to time. Knowing the receiving reservoir vol-

ume (V), the cross-sectional area (A) and the length (L) of the parmlnlmum appears, Knudsen diffusion and surface diffusion are ex-
pected to dominate the transport of molecules since gaseous vis-
ticle, we can determine the total permeability Em Eq. (8) which
X . . . S ous flow is insignificant.
gives us a straight line passing through the origin with a slope of .. . e .
B.(AR.TVL) in a plot of In[(R—F2)/(P,— P,)] versus ime . Significance of Surface Diffusion at Low Pressure
e ! ! ' To elaborate the contribution of surface diffusion to total perme-
ability with our model, several parameters are required. First, tortu-
-Hexane
/ meability of adsorbates with that of inert gases whose flow is gov-
- erned by Knudsen diffusion and gaseous viscous flow. Second, the
AR ' collision-reflection factors at the limit of zero presstdyeand at

osity factors for Knudsen diffusior,) and viscous flow1() were
‘\ high pressure,() were found to be 1.79 and 1.06, respectively, for
Benzene (303K) i

5e-9

found to be 5.66 and 3.10, respectively, by comparing the total per-
the theoretical Knudsen diffusivity [Eq. (2)] to agree with experi-

3e-9 o

Total Permeability [mol/m/s/Pa]

e aaaaa T RS S mental data. Third, the equilibrium isotherms of the three adsor-
ata —e— 293K bates were well described by the dual Langmuir equation. Having
2e9 9§ ;\ I 2?2:2 known the Knudsen diffusion permeability XBnd viscous flow
P Carbon tefrachloride (303K) permeability (B) with above parameters, we can calculate the sur-
ool d . ‘ : v face diffusion permeability (8 from the total permeability (B
:~ : The behavior of Bwith respect to pressure is depicted schemati-
i ' T ' ‘ cally in Fig. 3. It can be seen clearly that the contribution,dbB
0.00 0.02 0.04 0.06 0.08 0.10

the B is significant at low pressures. The surface diffusion perme-
ability increases very fast at very low pressures as adsorbed mole-

Fig. 2. Total permeability of n-hexane, benzene and carbon tetra- ~ cules are built up in small pores, followed by its decrease due to
chloride in activated carbon. the progressive saturation of the small pores (since the chemical

Reduced Pressure [P/P ]
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Fig. 3. Schematic illustration ofn-hexane permeability in activated
carbon.

Pemeability [mol/m/s/Pa]

Table 2. Optimal parameters for surface diffusivity of adsorbates
studied in activated carbon at 303 K

T

n-Hexane  Carbon tetrachloride  Benzene %

E

Dlo[m?/s] 4.432¢107"° 1.964x10" 1.336x10"° E
B 2.966x10™" 3.209x10°® 8.095¢10° =
E’ [J/mol] 6.380<10° 9.525¢x10° 6.198<10 g
:

potential gradient in the small pores is diminished). Another evi- : ; ;
dence for the significance of surface diffusion at low pressures cai 0 1000 2000 3000
be provided by plotting BMT)°® against (R(M/T)** from Eq. Pressure [Pa]

(3) for adsorhing vapors. If there are only Knudsen diffusion and ig. 4. Plots of permeahilty for adsorbing vapors in activated car-

gaseous viscous flow for adsorbing vapors at low pressures, all val- bon 303K: (a) n-hexane, (b) carbon tetrachloride and (c)
ues should fall on one curve. However, as we have reported [Bae benzene. ’

and Do, 2002], the values of(BIT)*® at low pressures are depen-
dent on the type of permeating molecule, indicating that consider-
able surface diffusion takes place.

Optimal parameters for surface diffusivity in Eq. (7) were ob-
tained by matching the simulated results against permeation resul
and listed in Table 2. The surface diffusivity in the limit of zero load-
ing increases in the order of carbon tetrachloride, benzene and
hexane. We note that the activation energy for surface diffusion o
n-hexane in the limit of zero loading is similar to that of benzene
while there is difference in the value of,DThe reason for this
will be discussed in next section. The param@isra measure of
how fast the activation energy for surface diffusion decreases witt
adsorbed concentration. The valu@@br n-hexane is much higher
than that of the others, indicating that the surface diffusivity of _ v
hexane increases much faster with an increase of surface loading. ° o 1000 2000 3000 2000 5000
2. Minimum Appearance in Total Permeability Pressure [Pa]

The permeabilities corresponding to Knudsen diffusion, gaseous
viscous flow and surface diffusion calculated for adsorbates in thé™
previous section are plotted in Fig. 4. Only in the casehafxane
a minimum in the total permeability appears at very low pressure.
Since the pressure where the minimum appears is very low, the comterplay between Knudsen diffusion and surface diffusion. The
tribution of gaseous viscous flow to the total permeability is insig- Knudsen diffusion permeability (Bof n-hexane increases more
nificant. Thus, the minimum appearance is mainly attributed to theslowly while its surface diffusion permeability JEexhibits a sharper

3e-9 -

—e— 23DMB
—v— n-Heptane

1e-9 A

Total Permeability [mol/m/s/Pa]

ig. 5. Total permeability of 2,3-dimethylbutane andn-heptane in
activated carbon at 312 K.
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Carbon tetrachloride Benzene 2,3 Dimethylbutane knowledged.
T H3C  CH3
c1—t|:—c1 | ] NOMENCLATURE
c|l H3C— CH— CH—CH3

B, :viscous flow parameter [fh
B., B, : permeabilities for Knudsen diffusion and viscous flow,
respectively [mol ms'Pa?|
B,, B, : total permeability and surface diffusion permeability [mol
\ ~— J | ms*Pal] . ]
Minimum in B C, :adsorbed concentration [molejn N '
T D,, D,, D, : Knudsen diffusivity, pore diffusivity and surface dif-
Fig. 6. Molecular structure of adsorbates studied. fusivity, respectively for adsorbates?sii]
Dy, DJ : Knudsen diffusivity and pore diffusivity, respectively for
inert gases [As ]
increase to a maximum beyond which it decreases faster, comparél.., D,, : corrected surface diffusivities at the infinite tempera-
to those of the other adsorbates. A question is then raised on why ture and at the reference temperatugg ifTthe limit of

n-Hexane n-Heptane

Me — (CH2)4— Me Me — (CH2)5— Me

n-hexane permeability behaves differently from the others. First, zero pressure, respectively’g]
we consider the physical properties of adsorbates. 2,3-dymethylbls,  : activation energy for surface diffusion [J nipl
tane (DMB), which is one afhexane isomers, was chosen to ex- f : collision reflection factor

plore the possibility for a minimum because DMB has very similar P, B : gas phase pressure and vapor pressure, respectively [Pa]
physical properties t-hexane (as listed in Table 1). Fig. 5 shows R, :gas constant [J Kmol™]
the total permeability of DMB versus pressure with no minimum T : temperature [K]
appearance. On the other hand, when we studied the permeability
of n-heptane (homology ofhexane), we observed a minimum like Greek Letters
we did forn-hexane (see Fig. 5 farheptane). Thus, we may con- [  :constant in Eq. (6b)
clude that the molecular structure is the main reason for the mini¢ : macropore porosity of the solid
mum existence. To further this investigation, we consider the equiu  : viscosity in gas phase [Pa s]
librium isotherms oft-hexane and DMB, and observe no distinct 6, : surface coverage in meso/macropores
difference between them. This reinforces the reason of molecular,, 7, : tortuosity factor for Knudsen diffusion and viscous flow,
structure as carbon tetrachloride is tetrahedral in structure, benzene respectively
has a hexagonal ring and 2,3-DMB has a branched structure while
n-hexane and-heptane, which showed the minimum, are straight REFERENCES
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