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Abstract−−−−In our study on sub-critical hydrocarbon permeation in activated carbon, a minimum in the total permeabil-
ity (BT) at low pressure has been observed for only long-chain hydrocarbons such as n-hexane and n-heptane. Such
an observation suggests that the minimum appearance depends on the properties of permeating vapors as well as th
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 to the BT at low pressures, the minimum
appearance in the BT is 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

In adsorption processes, including separation and purification in
porous materials, it is essential to develop reliable methods for esti-
mation in process performance and design parameters. This requires
accurate information on the adsorption kinetics and equilibrium char-
acteristics. For example, chromatography [Schneider and Smith,
1968], frequency response [Yasuda, 1982], and differential adsorp-
tion beds [Mayfield and Do, 1991] have been proposed to measure
dynamic parameters. Furthermore, Do [1995] has developed a con-
stant molar flow (CMF) method which has been applied by Do and
co-workers. Due to the lesser accuracy of the CMF method at high
relative pressure, a differential permeation (DP) method, which is
used in this paper, has recently been applied [Bae and Do, 2002;
Prasetyo, 2000].

Transport of adsorbing vapors through porous media such as ac-
tivated carbon is generally described by Knudsen diffusion, gaseous
viscous flow, surface diffusion and capillary condensate flow [Do
and Do, 2001; Do et al., 2001]. Each of these mechanisms plays
an important role in the mass transfer of the adsorbates through the
medium, generally characterized by permeability which depends
on the properties of adsorbates as well as adsorbents. Knudsen dif-
fusion is free molecular diffusion, describing the transport of mole-
cules colliding and bouncing back from the porous solid wall. Due
to a total pressure gradient between both ends of the medium, gas-
eous viscous flow takes place. Also an adsorbed concentration gra-
dient is a driving force for adsorbed phase diffusion on the surface,
commonly known as surface diffusion. At high pressure where cap-
illary condensation occurs, there is capillary condensate flow. Since
activated carbon is known to possess micropores as well as meso/
macropores, one would expect that surface diffusion is significant
in micropores where most adsorption occurs while gaseous diffu-

sion and flow mainly takes place in meso/macropores. In this p
we are dealing with permeability at low pressures where the ca
lary condensate flow is absent.

In diffusion and flow of adsorbing gases or vapors through c
illaries, a minimum at low pressure has been reported in the plo
flow rate versus pressure, with an argument that it appears w
the mean free path (λ) is comparable to the capillary radius (r) [Ad
zumi, 1937; Carman, 1950; Knudsen, 1909]. For the tortuous 
irregular capillaries of porous media, on the other hand, the m
mum is not expected to appear as reported theoretically and e
imentally [Carman, 1950; Pollard and Present, 1948; Wicke a
Vollmer, 1952]. However, in our permeation study of sub-critic
hydrocarbons through activated carbon, a minimum appearanc
the total permeability (BT) at low pressure depends on the type 
adsorbate and it is persistent with a given adsorbate (i.e., if the min-
imum occurs for a given adsorbate at one temperature it will oc
at other temperatures as well) [Bae and Do, 2002]. In our inve
gation n-hexane and n-heptane, which are linear-chain molecule
in structure, show a clear minimum in the BT at low pressure while
there is no minimum for other nonlinear structured molecules s
as benzene, carbon tetrachloride and 2,3-dimethylbutane. Suc
observation suggests that the existence of the minimum dep
on the properties of permeating vapors as well as the porous
dium. Here we argue that the interplay of the above three trans
mechanisms may determine the appearance of the minimum in
total permeability. In this paper we develop a permeation mo
which introduces a collision-reflection factor to take into accou
the adsorption effect on Knudsen diffusion permeability. Surfa
diffusion is treated in such a way that the mobility of molecules
the surface increases with surface concentration due to the re
tion of energy barrier for the diffusion of adsorbed molecules w
the progress of adsorption. This paper will present a better des
tion of the three diffusion mechanisms and feasible reasons fo
minimum appearance in the total permeability of sub-critical hyd
carbon through activated carbon.
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PROBLEM FORMULATION ON PERMEABILITY

For a given pressure gradient across a porous medium, the mass
balance equation can be described as follows, provided that Knud-
sen diffusion, viscous flow and surface diffusion are additive to the
total flux.

(1)

where ε is the porosity of the particle, P is the intraparticle pressure
and Cµ is the adsorbed phase concentration. At steady state the terms
in the square bracket of the RHS of Eq. (1) are corresponding to
Knudsen diffusion permeability (Bk), viscous flow permeability (Bv)
and surface diffusion permeability (Bµ), respectively. The pore dif-
fusivity (Dp), which is assumed to follow Knudsen mechanism, takes
the form of Eq. (2) for non-overlapping cylindrical pore of radius r.

(2)

Here D0
p and D0

k are the pore diffusivity and Knudsen diffusivity,
respectively, when there is no dispersive interaction between per-
meating molecules and solid surface atoms (i.e., the molecule be-
haves as a hard sphere and the surface as a hard surface). For ad-
sorbing gases or vapors these parameters can be estimated from
inert gas permeation experiment. Since we are dealing with perme-
ability at moderate temperature and pressure, adsorption of inert
gases on activated carbon is negligible (i.e., Bµ=0). Thus only two
terms (Bk and Bv) describe the total permeability (BT) for inert gases.
By plotting BT(MT)0.5 against (P/µ)(M/T)0.5 from the following rela-
tionship [Eq. (3)] for inert gases

(3)

we have an intercept of 1.617×10−8 which should be the same for
adsorbing vapors because of the following reasons:

1. In the limit of zero pressure the contribution of gaseous viscous
flow to the total permeability is negligible.

2. The surface diffusion is also insignificant since adsorbed mol-
ecules tend to reside at highest energy sites where the mobility is
extremely low. Thus, the total permeability (BT) for adsorbing vapors
in the limit of zero pressure is practically the Knudsen diffusion per-
meability (Bk).

With these points in mind, the value of the first term of RHS in Eq.
(3) should be universal for any permeating molecules for a given
porous solid as it contains only solid properties. However, we have
found experimentally that the intercept for adsorbing vapors is con-
sistently much lower than that of inert gases [Bae and Do, 2002].
We attribute this to the interaction potential energy between adsorb-
ing molecules and surface atoms, which is different from that for
inert gases, giving rise to the difference in the intercept of Eq. (3).
To take this effect into account, we introduce a collision-reflection
factor (f), which is the fraction of molecules undergoing collision
to the solid surface over reflection from the surface, to Knudsen dif-

fusivity. Subsequently, the pore diffusivity (Dp) for adsorbing vapors
takes the following form;

(4)

One would expect that the value f should be different between the
case when there are no adsorbed molecules on the surface a
case when the surface is covered with adsorbed molecules. C
quently, the collision and reflection of molecules during Knuds
diffusion must be affected by the presence of adsorbed specie
the surface. Here we argue that the presence of adsorbed sp
affects the Knudsen diffusion through the collision reflection fa
tor, which should be a function of loading. Fig. 1 schematically illu
trates the effect of the presence of adsorbed species on the co
reflection factor. As it is expected that the value f decreases with an
increase of loading, we propose the following dependence form
the value f on surface loading:

(5)

where f0 and f∞ are the values at the limit of zero pressure and
high pressure (close to vapor pressure), respectively, which wi
obtained directly from experiments, and θM is the surface coverage
in meso/macropores.

The surface diffusivity (Dµ) is known to be a function of adsorbe
phase concentration [Do and Do, 2001; Moon et al., 1990] an
equal to the corrected diffusivity (D*

µ) multiplied by a thermodynam-
ic correction factor (∂lnP/∂lnCµ).

(6a)

This corrected diffusivity is assumed to follow an Arrhenius for
D*

µ=D*
∞ exp(−Eµ/RgT), where Eµ is the energy barrier for surface

diffusion. As pressure increases, adsorption takes place pro
sively on lower energy sites, resulting in the reduction of ene
barrier for surface diffusion which is assumed to have the follo
ing function with loading [Do et al., 2001]:

(6b)

where E0µ is the activation energies for surface diffusion at the lim
of zero pressure. The larger the parameter β is, the faster Eµ decreases
with adsorbed concentration. When β=0, Eq. (6) reduces to the clas
sical Darken equation. With the energy barrier as given in Eq. (
the corrected diffusivity takes the following functional form wit
respect to adsorbed concentration:

ε ∂
∂t
---- P

RgT
--------- 

 
 + 1− ε( )∂Cµ

∂t
---------  = 

∂
∂z
-----

εDp

RgT
--------- + 

εB0P
µRgT
------------- + 1− ε( )Dµ

∂Cµ

∂P
--------- ∂P

∂z
------

 
 
 

DP
0

 = 
Dk

0

τk

------ = 
2r
3τk

------- 8RgT
πM

------------

BT MT  = 
8εr

3τK 2πRg

------------------------ + 
εr2

8τVRg

------------- P
µ
--- M

T
----- 

 

DP = 
Dk

τk

----- = 
2r
3τk

------- 8RgT
πM

------------
2 − f

f
---------  

 

f = f∞θM + f0 1− θM( )

Dµ  = Dµ
* ∂lnP
∂lnCµ
-------------

Eµ = Eµ
0 1− 

βCµ

1+ βCµ
----------------   

 

Fig. 1. Schematic illustration of the effect of adsorbed molecules
on the collision reflection factor.
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where D*
µ∞ is the corrected surface diffusivity (D*

µ) at the infinite
temperature and D*µ0 is the D*

µ in the limit of zero pressure at the
reference temperature (T0).

EXPERIMENTAL

A differential permeation method was used to determine diffu-
sion kinetics of strongly adsorbing vapors through an Ajax acti-
vated carbon (type 976) (which has particle density of 733 kg/m3,
micropore porosity 0.40, macropore porosity 0.31 and mean macro-
pore size 0.8µm). An activated carbon pellet was carefully mounted
in a copper block, separating two reservoirs. One reservoir is much
larger in volume than the other, and is used as the supply reservoir.
Thus the supply reservoir was maintained practically at constant
pressure during the course of diffusion and adsorption. The physi-
cal properties of adsorbates studied are listed in Table 1.

The flux of each adsorbate through the porous solid was mea-
sured with respect to time. Knowing the receiving reservoir vol-
ume (V), the cross-sectional area (A) and the length (L) of the par-
ticle, we can determine the total permeability (BT) from Eq. (8) which
gives us a straight line passing through the origin with a slope of
BT(ARgT/VL) in a plot of ln[(P1−P2

0)/(P1−P2)] versus time.

(8)

where P1 is the pressure in the supply reservoir, and P2(t) and P2
0 are

the pressures in the receiving reservoir at any t and at t=0, res
tively. The detailed experimental procedure and the set-up of 
meation measurement can be found elsewhere [Bae and Do, 2
Do et al., 2001].

RESULTS AND DISCUSSION

The total permeabilities of n-hexane, benzene and carbon tetr
chloride through activated carbon were obtained from Eq. (8) 
shown in Fig. 2. At very low pressures a sharp increase in total 
meability was observed for all adsorbates studied. The adso
concentration of these adsorbates increases drastically over this
low range of pressure [Bae and Do, 2002], indicating that surf
diffusion must play a significant role in its contribution to the to
permeability since the contribution of gas phase diffusion is expe
to be relatively small. Interestingly, it can be clearly seen in Fig
that only n-hexane exhibits a minimum in the total permeability 
reduced pressure of around 0.02. This phenomenon was consis
observed at three different temperatures. At the pressure wher
minimum appears, Knudsen diffusion and surface diffusion are
pected to dominate the transport of molecules since gaseous
cous flow is insignificant.
1. Significance of Surface Diffusion at Low Pressure

To elaborate the contribution of surface diffusion to total perm
ability with our model, several parameters are required. First, to
osity factors for Knudsen diffusion (τk) and viscous flow (τv) were
found to be 5.66 and 3.10, respectively, by comparing the total 
meability of adsorbates with that of inert gases whose flow is g
erned by Knudsen diffusion and gaseous viscous flow. Second
collision-reflection factors at the limit of zero pressure (f0) and at
high pressure (f∞) were found to be 1.79 and 1.06, respectively, f
the theoretical Knudsen diffusivity [Eq. (2)] to agree with expe
mental data. Third, the equilibrium isotherms of the three ads
bates were well described by the dual Langmuir equation. Hav
known the Knudsen diffusion permeability (Bk) and viscous flow
permeability (Bv) with above parameters, we can calculate the s
face diffusion permeability (Bµ) from the total permeability (BT).
The behavior of Bµ with respect to pressure is depicted schema
cally in Fig. 3. It can be seen clearly that the contribution of Bµ to
the BT is significant at low pressures. The surface diffusion perm
ability increases very fast at very low pressures as adsorbed m
cules are built up in small pores, followed by its decrease du
the progressive saturation of the small pores (since the chem

Dµ
*

 = Dµ∞
* exp − 

Eµ
0

RgT
--------- 

  1− 
βCµ

1+ βCµ
----------------   

 

= Dµ0
* exp

Eµ
0

RgT0

----------- 
  1− 

T0

T
----- 

  exp
Eµ

0

RgT
--------- 

  βCµ

1+ βCµ
----------------   

 

ln
P1 − P2

0

P1 − P2 t( )
-------------------- 

 
 = BT

ARgT
VL

-------------- 
 t

Table 1. Physical properties of adsorbates studied at 303 K

Molecular weight
(g/gmol)

Liquid molar volume
(m3/kgmol)

Liquid viscosity
(N·s/m2)

Surface tension
(N/m)

Carbon tetrachloride 153.82 0.0977 8.450×10−4 2.567×10−4

Benzene 078.11 0.0900 5.638×10−4 2.755×10−4

n-Hexane 086.18 0.1322 2.846×10−4 1.743×10−4

2,3Dimethylbutane 086.18 0.1320 3.251×10−4 1.637×10−4

n-Heptane 100.20 0.1480 3.650×10−4 1.927×10−4

Fig. 2. Total permeability of n-hexane, benzene and carbon tetra-
chloride in activated carbon.
Korean J. Chem. Eng.(Vol. 20, No. 6)
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he
potential gradient in the small pores is diminished). Another evi-
dence for the significance of surface diffusion at low pressures can
be provided by plotting BT(MT)0.5 against (P/µ)(M/T)0.5 from Eq.
(3) for adsorbing vapors. If there are only Knudsen diffusion and
gaseous viscous flow for adsorbing vapors at low pressures, all val-
ues should fall on one curve. However, as we have reported [Bae
and Do, 2002], the values of BT(MT)0.5 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 results
and listed in Table 2. The surface diffusivity in the limit of zero load-
ing increases in the order of carbon tetrachloride, benzene and n-
hexane. We note that the activation energy for surface diffusion of
n-hexane in the limit of zero loading is similar to that of benzene
while there is difference in the value of D*

µ0. The reason for this
will be discussed in next section. The parameter β is a measure of
how fast the activation energy for surface diffusion decreases with
adsorbed concentration. The value of β for n-hexane is much higher
than that of the others, indicating that the surface diffusivity of n-
hexane increases much faster with an increase of surface loading.
2. Minimum Appearance in Total Permeability

The permeabilities corresponding to Knudsen diffusion, gaseous
viscous flow and surface diffusion calculated for adsorbates in the
previous section are plotted in Fig. 4. Only in the case of n-hexane
a minimum in the total permeability appears at very low pressure.
Since the pressure where the minimum appears is very low, the con-
tribution of gaseous viscous flow to the total permeability is insig-
nificant. Thus, the minimum appearance is mainly attributed to the

interplay between Knudsen diffusion and surface diffusion. T
Knudsen diffusion permeability (Bk) of n-hexane increases more
slowly while its surface diffusion permeability (Bµ) exhibits a sharper

Fig. 3. Schematic illustration of n-hexane permeability in activated
carbon.

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

n-Hexane Carbon tetrachloride Benzene

D*
µ0 [m

2/s] 4.432×10−10 1.964×10−11 1.336×10−10

β 2.966×10−10 3.209×10−30 8.095×10−30

E0
µ [J/mol] 6.380×103−0 9.525×103−0 6.198×103−0

Fig. 4. Plots of permeability for adsorbing vapors in activated car-
bon 303 K: (a) n-hexane, (b) carbon tetrachloride and (c)
benzene.

Fig. 5. Total permeability of 2,3-dimethylbutane and n-heptane in
activated carbon at 312 K.
November, 2003
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increase to a maximum beyond which it decreases faster, compared
to those of the other adsorbates. A question is then raised on why
n-hexane permeability behaves differently from the others. First,
we consider the physical properties of adsorbates. 2,3-dymethylbu-
tane (DMB), which is one of n-hexane isomers, was chosen to ex-
plore the possibility for a minimum because DMB has very similar
physical properties to n-hexane (as listed in Table 1). Fig. 5 shows
the total permeability of DMB versus pressure with no minimum
appearance. On the other hand, when we studied the permeability
of n-heptane (homology of n-hexane), we observed a minimum like
we did for n-hexane (see Fig. 5 for n-heptane). Thus, we may con-
clude that the molecular structure is the main reason for the mini-
mum existence. To further this investigation, we consider the equi-
librium isotherms of n-hexane and DMB, and observe no distinct
difference between them. This reinforces the reason of molecular
structure as carbon tetrachloride is tetrahedral in structure, benzene
has a hexagonal ring and 2,3-DMB has a branched structure while
n-hexane and n-heptane, which showed the minimum, are straight
chain molecules in structure (Fig. 6). Therefore, the molecular struc-
ture of permeating molecules plays a significant role in the mini-
mum appearance. This may point to a possible mechanism for ad-
sorbed phase diffusion in which molecules have to penetrate the
pore mouth, to diffuse along the pore and to evaporate from the pore.
Of these three steps, the penetration and evaporation steps are lim-
iting steps. Therefore, linear chain molecules such as n-hexane and
n-heptane have greater surface diffusion flux than other nonlinear
molecules. This substantiates the surface diffusion model proposed
by Do [1996].

CONCLUSIONS

The Knudsen diffusion, viscous flow and surface diffusion for
sub-critical hydrocarbons are well described at low range of pres-
sures in this paper. The Knudsen diffusivity for strongly adsorbing
vapors is found to be a function of loading. The minimum appear-
ance in the total permeability of n-hexane is attributed to the inter-
play between Knudsen diffusion and surface diffusion. The molec-
ular structure of permeating species is the main reason for the min-
imum appearance in the cases of n-hexane and n-heptane.
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NOMENCLATURE

B0 : viscous flow parameter [m2]
Bk, Bv : permeabilities for Knudsen diffusion and viscous flow

respectively [mol m−1s−1Pa−1]
Bt, Bµ : total permeability and surface diffusion permeability [m

m−1s−1Pa−1]
Cµ : adsorbed concentration [mole m−3]
Dk, Dp, Dµ : Knudsen diffusivity, pore diffusivity and surface dif

fusivity, respectively for adsorbates [m2s−1]
D0

k, D
0
p : Knudsen diffusivity and pore diffusivity, respectively fo

inert gases [m2s−1]
D*

µ∞, D*
µ0 : corrected surface diffusivities at the infinite temper
ture and at the reference temperature (T0) in the limit of
zero pressure, respectively [m2s−1]

Eµ : activation energy for surface diffusion [J mol−1]
f : collision reflection factor
P, P0 : gas phase pressure and vapor pressure, respectively
Rg : gas constant [J K−1mol−1]
T : temperature [K]

Greek Letters
β : constant in Eq. (6b)
ε : macropore porosity of the solid
µ : viscosity in gas phase [Pa s]
θM : surface coverage in meso/macropores
τK, τV : tortuosity factor for Knudsen diffusion and viscous flow

respectively
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