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A new diffusion and flow model is presented to describe the behavior of hydrocarbon
vapors in activated carbon. The micro/mesopore size distribution (PSD) is obtained
according to Do’s method which consists of two sequential processes of pore layering and
pore filling. This model uses the micro/meso PSD obtained from each adsorbate equilib-
rium isotherm, which reflects the dynamics behavior of adsorbing molecules through the
solid. The initial rise in total permeability is mainly attributed to adsorbed-phase diffusion
(that is, surface diffusion), whereas the decrease over reduced pressure of about 0.9 is
attributed to the reduction of pore space available for gas phase diffusion and flow. A
functional form of surface diffusivity is proposed and validated with experimental data.
This model predicts well the permeability of condensable hydrocarbon vapors in activated
carbon. © 2005 American Institute of Chemical Engineers AIChE J, 51: 487-501, 2005

Introduction

Activated carbon is a carbonaceous adsorbent with a highly
developed internal pore structure that depends on raw materials
and activation techniques. Generally activated carbon has a
wide range of pore size distribution (PSD): a graphitic structure
(micropore) and the interspace (mesopore and macropore) be-
tween graphitic units (Do, 1998). Because the transport of
adsorbing molecules in activated carbon takes place in a wide
range of pore sizes from micropore to macropore, the PSD is
required to determine the dynamic behavior of adsorbing mol-
ecules through the pores. The PSD is a statistical and repre-
sentative term of individual pores, extracted from the adsorp-
tion behavior of adsorbate in a porous medium. Assuming that
the local isotherm function W(P, H) and measured adsorbed
concentration C,(P) (mol/g) are available, we can determine
the PSD from the following relation:

Cu(P) = f (P, H) i) ()
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where f(H) (m3/g - m) is the distribution function of pore size
with H being physical pore width, which is the distance be-
tween opposite centers of the two outermost carbon layers.
With the PSD function f(H), the total flux J; (mol/m? - s)
through the solid is given by

Pp

Jr=""| JuP, H)f(H)dH 2

Oss

where Jp(P, H) is the flux in each pore of the solid and p,
(Kg/m?) is the particle density of the solid (kg/m?). The
tortuosity 7 accounts for the deviation between real pore
geometry and ideal pore shape. Thus the PSD is closely
associated with the equilibrium and kinetic properties of the
solid (Lopez-Ramon et al., 1997).

It is noted, however, that the local isotherm function W(P, H)
must be assumed to derive the PSD, which thus depends on
W (P, H). For porous media such as activated carbon, a number
of assumptions in terms of pore shape, surface roughness,
interference of functional groups, pore connectivity, and inter-
molecular potential model are involved in W(P, H) (Do and Do,
2003). In this regard, the “effective” PSD is an appropriate
term to use. Furthermore, as Seaton and coworkers have
stressed (Liu et al., 1994; Lopez-Ramon et al., 1997; Murray et
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al., 1999), the choice of adsorbate with a given W(P, H) of the
solid affects the PSD because of the different accessibilities of
adsorbate molecules to each pore. This indicates a significant
point that the PSD, obtained from equilibrium isotherms of an
adsorbate, reflects the corresponding mass transfer of the ad-
sorbate through the solid. Therefore, the PSD is a “respective”
term as well.

Once the respective pore size distribution of each adsorbate
is obtained, the transport processes of condensable vapors
through the pores are considered. The steady-state total flux J,
in Eq. 2 for a given pressure gradient imposed across two ends
of the medium is simply described by

JP
J;= —B,(P, H) P (mol/m~2+s) 3)

where B,(P, H) is the total permeability across the medium,
which can be easily obtained from permeation experiments. It
has been well established that the total permeability through
activated carbon at a given pressure gradient is attributed to
four transport processes such as Knudsen diffusion (By), gas-
eous viscous flow (By), adsorbed-phase diffusion (B,), and
capillary condensate flow (B.)

B;r=Bg+ By+ B, + B¢ (mol/m - s - Pa) (€))

Unlike the others, the adsorbed-phase diffusion remains less
understood. Although a number of transport models for con-
densable vapors through a porous medium have been suggested
(Do et al., 2001; Kainourgiakis et al., 1996; Lee and Hwang,
1986; Tzevelekos et al., 1998), none of them can reasonably
describe what we have observed (that is, the lower By than
expected, and the initial sharp increase in B;) (Bae and Do,
2002, 2003a,b). Based on our observations, we propose and
validate a diffusion and flow model of condensable vapors in
activated carbon in this article, taking into account the effect of
the PSD.

Theory

The micro/meso PSD is determined according to Do’s
method and each transport mechanism through the pores is
established in the following subsections. It is noted that,
because the macro PSD is based on cylindrical pore shape
and the micro/meso PSD is assumed all pores to be slit
pores, the transport processes in micro/mesopores and in
macropores are determined with the respective pore shape
assumptions.

Respective micro/meso PSD

Here we are dealing with transport of molecules through
activated carbon. Thus the relative PSD of each adsorbate is
more important than the absolute PSD of the solid. Herein
we take the local isotherm function W(P, H) from Do and
coworkers (Do and Do, 2002; Do et al., 2001) because of its
simplicity in application. Here we briefly summarize their
method. We take a slit-pore model such that pores are
composed of two parallel lattice planes with sublattice lay-
ers underneath each lattice layer; this is a more realistic
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micropore configuration for activated carbon. In pores with
confined geometry, the pore pressure can be significantly
enhanced as a result of the overlapping of the potential
energies exerted by two lattice planes. Also the adsorption
affinity is greater and subsequently the statistical thickness
is thicker in the pores.

Potential energy ¢(z)

The potential energy of interaction between a molecule and
carbon surface, which is usually taken to follow the Steele
10-4-3 potential, can be described in terms of z being the
distance between a molecule center and the center of the
outermost carbon layer

g o

1 10
o(z) = 47rpi,0'f/e.¥,A{5 (*)

Z
1<0Sf>4 z
2\ z [1+3A(1+0.61A/Z)3]} ®)

where p, is the density of carbon center and A is the distance
between sublattice layers in each lattice plane; o, (collision
diameter) and &, (well depth) are fluid—solid molecular param-
eters, which can usually be estimated from the Lorentz—Ber-
thelot rule. Thus the potential energy exerted by two opposite
walls is given by

e, (2) = ¢(2) + ¢(H — 2) (6)

Pore pressure Pp

In a confined geometry, such as micropore arising from the
overlapping of the potential energies exerted by opposite pore
walls, the pore pressure is enhanced and greater than the
corresponding bulk pressure. Taking the potential energy E, at
the pore center as a representative energy for compressing
molecules within the pore (Do et al., 2001), we have the pore
pressure Pp as follows

aE (H
( )) o

PP:Pexp(— RT
8

where the factor a accounts for the overestimation of the
pore pressure in very small pores. The exponential term in
the right-hand side of Eq. 7 is called an enhancement
factor E,,.

Local isotherm function W(P, H)

For the molecular layering process, we account for the
fluid—solid interaction by taking a Brunauer—Emmett-Teller
(BET)-type equation. By allowing the potential enhancement
in the BET constant and in the pore pressure, the statistical
thickness of adsorbed layer is given by

r _ Cger_pXp
tw (1= xp)[1 + (Cyprp — 1)xp]

(8a)
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where x,, is the reduced pore pressure and ¢,, is the monolayer
thickness that can be calculated from ¢,, = (v,,/N,)'?, where v,,
is the liquid molar volume of the adsorbed phase (m?*/mol) and
N, is the Avogadro number. The BET constant Cggr p of a
pore is related to the BET constant Cggr g of a flat surface as
follows

CBET?P <QP(H) - Qs)
=expl— %+~

RT (8b)

CBET,S

where Qg and Qp(H) are the heats of adsorption for a flat
surface and a pore having a width H, respectively. The heat of
adsorption is considered as the well depth of potential energy,
which can be obtained from Egs. 5 and 6 for each case,
respectively (Do et al., 2001).

This pore layering process is followed by the pore filling
process at the reduced critical pore pressure x. (that is, Pp/
P,), which is governed by the Kelvin equation for a slit pore,
as follows

H YVu

2 7T T R In(lxe)

(€))
where 7 is the surface tension (N/m) and z, is the half collision
diameter of a carbon atom (that is, z, = o,/2). Provided that
the adsorbed phase behaves like a liquid phase (that is, the
molar density of the adsorbed phase is constant in either
multilayered pores or in filled pores), the local isotherm func-
tion is thus given by

1 t
———— forx, <x¢
H/2 —
wip, 1y =" 2T (10)
— for xp > x¢
Yu

Having known the observed adsorbed concentration C,, (mol/g)
and the local isotherm function W(P, H) (mol/m>), we are ready
to derive the respective PSD by inverting Eq. 1. Because
activated carbon is known not to conform to any analytical
continuous distribution functions, a discrete pore size distribu-
tion is obtained by minimizing the following residuals

2
m n

R= 2 E ’\I,(Pfs Hi)Wi - Clkj with

j=1 \ i=0

j=12,...,mandi=1,2,...,n (11)

where W, is the volume of pore i (m*/g) and C,,; is the adsorbed
concentration (mol/g) at a given pressure point j.

Transport processes

The real pore shape of activated carbon does not conform
strictly to either a slit or a cylinder. In terms of pore shape for
molecular transport, we assume that micro/mesopores have a
slit shape, as assumed to determine the micro/meso PSD,
whereas macropores are cylindrical in shape to determine the
macro PSD from mercury porosimetry. Because activated car-

AIChE Journal

Activated carbon

A
2 RY

micro/meso PSD macro PSD
(slit pore) (cylindrical pore)

v

Micropores Mesopores Macropores

' | '

- Adsorbed phase diffusion - Adsorbed phase diffusion - Knudsen diffusion
- Knudsen diffusion - Gaseous Viscous flow
- Gaseous Viscous flow
- Condensate flow

Figure 1. Diffusion and flow in a wide range of pore sizes
of activated carbon.

bon has a wide range of pore sizes, one would not expect that
the four transport processes mentioned earlier always take
place at any given pressure in each pore. That is, adsorbed-
phase diffusion is a dominant process in micropores where
most adsorption takes place, whereas Knudsen diffusion and
viscous flow control the transport of molecules in macropores
where surface diffusion is negligible and condensate flow does
not occur (except when the reduced pressure approaches unity).
On the other hand, the four processes take place in mesopores,
depending on loading. This is illustrated schematically in Fig-
ure 1.

As well as the dependency of the transport processes on pore
sizes, the bulk pressure also determines the occurrence of the
processes at a given temperature. Denoting r the distance from
the pore center to the surface of the solid atoms [that is, r =
(H — o)/2, where o is the collision diameter of the solid
atom] and P the critical pressure (at which pores are filled
with adsorbate), we consider three transport modes:

(1) Pp < Piand t < t,, < r: The pore pressure is less than
the critical pressure and the statistical thickness is less than the
monolayer thickness 7,,. In this case three transport processes
take place: adsorbed-phase diffusion, Knudsen diffusion, and
gaseous viscous flow.

(2) Pp < P-and t,, <t < r: When t is greater than ¢,, but
less than r, the same processes to the above case still take place.
However it is assumed in this case that the adsorbed-phase
diffusion is contributed only by the uppermost adsorbed mol-
ecules (Okazaki et al., 1981). This assumption is logical be-
cause it is hard for the adsorbed molecules underneath the
uppermost ones to move unless the neighboring ones move.
That is, the driving force for surface diffusion is the concen-
tration gradient of the uppermost adsorbed molecules.

(3) Pp > Poand t < r < rot When P is greater than P,
pores are filled with adsorbed molecules. In this case only
capillary condensate flow takes place.

These transport modes are depicted schematically in Figure 2.
In the following subsections, each of the transport processes is
considered in detail.

Knudsen Diffusion. For diffusion and flow of subcritical
hydrocarbons in activated carbon, it has been stressed that
Knudsen diffusivity (and subsequently Knudsen diffusion per-
meability) is a function of loading (Bae and Do, 2003a). By
introducing a collision reflection factor f, defined as the fraction
of molecules undergoing collision to the solid surface over
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Conditions

(i) Poore < Pg

t<tnp<r

= Adsorbed phase diffusion
Knudsen diffusion

Gaseous viscous flow

(”) Ppore < PC
th<t<r

(III) Ppore > PC

t<r<rg

Adsorbed phase diffusion
Knudsen diffusion
Gaseous viscous flow

Capillary condensate flow

Figure 2. Diffusion and flow of adsorbing molecules according to pore pressure and statistical thickness in a pore of

activated carbon.

reflection from the solid surface, we have the pore Knudsen
diffusivity of subcritical hydrocarbons as follows

4K\(r) BR,T (2 fp> 1)

Dy = 3 ’7TM fr

where K((r) is the Knudsen diffusion parameter, which is a
function of pore shape as follows (Nicholson and Petropoulos,
1985)

Ko(r)

_[3r/8 for slit pores with r being pore half width
r/2  for cylindrical pores with r being pore radius

13)

The collision reflection factor f, in a pore is given as a function
of monolayer fractional loading 6, in the pore

TP, 1) = fubp, + fo(1 = 6p,) (f-<fo (14

where f,, and f, are the collision reflection factors at high
pressure (close to the vapor pressure, P,) and at the limit of
zero pressure, respectively. The monolayer fractional loading
0p,, in pores can be calculated from the statistical thickness (in

Eq. 8a)
tt,,
er = l

Denoting f(r) (m*/ g * m) the pore size distribution in terms
of accessible pore half width r (m) (that is, r = H/2 — o /2),
we have the Knudsen diffusion permeability contributed by all
pores available at a given pressure gradient as follows:

fort<t,

fort=1t, (15)
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2 - fP
8 ( 7

where (r — t) is the empty pore half width and 74 is the
tortuosity corresponding to Knudsen diffusion. Ry(r, f) corre-
sponds to the pore volume reduction arising from layering of
adsorbing molecules on the pores, which has the following
forms for slit pores and cylindrical pores, respectively

() e ()

Because we has a discrete pore size distribution of f(r), the
total By can be calculated by replacing the integral of Eq. 16
with a summation of By over all pore ranges. At a given
pressure, Eq. 16 is rewritten as

)Ro(r, 1) f(r)dr (r>1 (16)

Pp .
N e DL

2 = fi
x( n )Ro(rl,t)W (r>1 17

where W, (m*/g) is the pore volume of pore size i, which is
equal to f(r,)Ar,.

Gaseous Viscous Flow. Gaseous viscous flow is relatively
well known. Because of the presence of adsorbed molecules on
the solid surface the cross-sectional area available for transport
is reduced at moderate or high pressures. The gaseous viscous
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flow over an entire range of pore sizes at a given pressure
gradient is given by

8

Pp P ”
5 = (%)) f Bl — 0 Ry(r. 0 fr)dr
(r>1 (18)

where u, is the gas phase viscosity of adsorbate and Ty is the
tortuosity corresponding to gaseous viscous flow. B(r) is the
viscous flow parameter, which is a function of pore shape as
follows (Nicholson and Petropoulos, 1985)

r*/3  for slit pores

By(r) = {,2/8 for cylindrical pores (19

Similarly at a given pressure with a range of discrete pore sizes,
Eq. 18 can be expressed in a discrete form as

N[ P
5= (52) ()

©

By(r; — t) Ro(r;, t)W,

i=

(r>1 (20)

Adsorbed-phase Diffusion. Having known the total perme-
ability B; and the gas phase permeability (that is, Bx and B,),
the difference between them is contributed by adsorbed-phase
diffusion as well as capillary condensate flow. Thus denoting
the difference as the apparent adsorbed-phase diffusion perme-

ability B,,,,, we have

B B;— (Bxk+ By) =B, + B¢ 21

app =

where B,, and B are the permeabilities corresponding to ad-
sorbed-phase diffusion (that is, surface diffusion) and conden-
sate flow, respectively. The surface diffusion flux can be ex-
pressed as a Fickian-type equation in terms of a gas-phase
pressure gradient along the direction of pore length

P C,opP
Ju==_Dip o

2.,
u . 2z (mol/m* - s) (22)

where Dji is the corrected surface diffusivity, which is a

function of loading; 7, is the tortuosity corresponding to sur-
face diffusion; and C, is the adsorbed concentration (mol/g).
Taking C, from Eq. 1 and the local isotherm function ¥ from
Eg. 10, we have the surface diffusion permeability B,, as

N7 5P,
Bu(P):(Tp VM)f oye.n "0 par @)

where /F(P, r) is the effective local isotherm function for
surface diffusion. Because the uppermost adsorbed molecules
are actually responsible for the surface diffusion as proposed
earlier, Y“(P, r) can be given by

AIChE Journal

tlr  fort=t,

V(P r) = {tm/r fort>1, (t<r) (24)

Thus at a given bulk pressure, Eq. 23 is given by

P - E P’ i
B,(P) = <7pu ) > D*(P, 1) M

nYM,

Wi (25

i=rc

The functional form of the corrected surface diffusivity D’fh
will be proposed in detail under Results and Discussion.

Capillary Condenstate Flow. When the pore pressure P is
greater than the critical pressure P, capillary condensation or
pore filling takes place. Assuming that the condenstate behaves
like a Newtonian fluid, such that the viscosity remains un-
changed across the pore, and that there is no slip flow on the
solid surface [that is, v_(r) = 0], we can describe the capillary
condenstate flow at a given pressure as follows

P\ RT \ &ri
B(P) = (p )( ) S W 26)

o 2
Te) \ 3y i

where p, is the liquid viscosity of adsorbate, which is assumed
to be independent of gas-phase pressure and 7 is the tortuosity
corresponding to the capillary condensate flow.

So far we have established all necessary equations to de-
scribe the transport processes of adsorbing vapors in activated
carbon.

Experimental

Subcritical hydrocarbons including benzene, carbon tetra-
chloride, and n-hexane were used to investigate diffusion and
flow mechanisms in a commercial activated carbon, which has
the following physical properties: particle density 733 kg/m®,
total porosity 0.71, and BET surface area 1.2 X 10° m*/kg. The
physical properties of the adsorbates and their Lennard—Jones
potential parameters are listed in Table 1 and in Table 2,
respectively.

The setup of permeation experiment and the procedures can
be found elsewhere (Bae and Do, 2002). An activated carbon
cell was mounted, separating two reservoirs, one of which is
much larger than the other so that the pressure P, in the larger
reservoir is practically kept constant during the course of
diffusion and adsorption. The pressure P, in the smaller reser-
voir was monitored with respect to time up to the equilibrium
pressure P*. The total permeability B, of adsorbate through the
cell was calculated by plotting the following equation

P, —P*\ (AR,
1“<P1 - Pz(f)) - ( szT>t @7)

where V, is the smaller reservoir volume, A is the cross-
sectional area of the sample, and L is the sample length.
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Table 1. Physical Properties of Adsorbates Studied

Liquid Vapor Surface Vapor
Temp. MW LMV* Viscosity Viscosity Tension Pressure

Adsorbate (K) (kg/kmol) (m*/kmol) (Pa - s) (Pa-s) (N/m) (Pa)
C¢Hy 293 78.11 8.928 X 102 6.108 X 10~* 7.442 X 10°° 0.02887 9983
303 9.030 X 1072 5.638 X 10~* 7.694 X 107° 0.02755 15,852
312 9.126 X 102 5.050 X 107* 7.921 X 10~° 0.02637 23,318

CCl, 293 153.82 9.691 X 1072 9.739 X 10~* 9.820 X 107° 0.02691 12,138
303 9.803 X 102 8.450 X 10~* 1.015 X 10°¢ 0.02567 18,898
312 9.909 X 1072 7.491 X 10~* 1.045 X 107° 0.02459 27,354

n-CgH, 4 293 86.18 1.291 X 107! 3.100 X 10~* 6.355 X 10°¢ 0.01854 16,232
303 1.309 X 107! 2.846 X 10~* 6.585 X 10~¢ 0.01743 25,076
312 1.327 X 107! 2.651 X 107* 6.791 X 10~¢ 0.01645 36,024

*LMYV, liquid molar volume.

Results and Discussion
Respective micro/meso pore size distribution

The optimization of Eq. 11 is effectively conducted with
built-in functions in MatLab software to determine the respec-
tive micro/mesopore volumes of the solid. The respective pore
volume reflects the accessibility of adsorbing molecules to the
pores, which in turn affects the transport of molecules through
the pores. Knowing the pore volumes for each adsorbate, the
respective PSD can be obtained in terms of pore width, shown
in Figures 3, 4, and 5 for benzene, carbon tetrachloride, and
n-hexane, respectively, at 303 K. The respective PSD for
benzene is slightly different from that for carbon tetrachloride
in the micropore range, whereas n-hexane shows a distinctly
different PSD in the mesopore range from that for the others.
Based on each PSD at 303 K, the equilibrium isotherms of each
adsorbate at two other temperatures are predicted and plotted in
Figures 3, 4, and 5 with respective PSDs. Generally the pre-
dictions are fairly good. Small deviations at low pressures
could be attributable either to experimental errors or to the
slightly different accessibility of adsorbing molecules to the
pores at different temperatures, giving rise to a small deviation
in the micropore range of the respective PSD at different
temperatures (not shown).

It has been well established in the literature that the PSDs
obtained by using equilibrium isotherms of different molecules
are different with a given solid, depending on the type of the
molecules used (Lopez-Ramon et al., 1997). Beside uncertain-
ties in pore shape, fluid—fluid and fluid—solid interaction pa-
rameters, and surface heterogeneity, adsorbing molecules hav-
ing different molecular size and structure may have different
degrees of accessibility to the pore space. For instance, using

the PSD obtained from benzene adsorption isotherm at 312 K,
we predict the isotherm for n-hexane at the same temperature
as shown in Figure 6. Likewise we use the PSD obtained from
n-hexane and predict the benzene isotherm, and the results are
also shown in the same figure. It is clearly seen that the
adsorption isotherms based on the benzene PSD are overesti-
mated at low pressures, whereas the n-hexane PSD gives rise to
underestimation of adsorption isotherms. This point suggests
that smaller molecules have higher accessibility to the pore
space than larger ones at low pressures, which may reflect the
transport of adsorbing molecules through the pores. Therefore
the PSD should be obtained respectively for adsorbing mole-
cules to better describe their dynamics behavior through the
pores.

Macropore size distribution

The macropore size distribution of the activated carbon was
obtained by a mercury intrusion porosimetry technique (Gray,
1991). The pore diameter D, was determined according to the
Washburn equation, assuming pore shape to be cylindrical

Dp= —4vy,cos 6/P (28)

where v,, is the surface tension of mercury (0.485 N/m) and 6
is the contact angle (140°). The pore diameter is replaced by
the physical pore width H (that is, H = D, + o).

The macropore size distribution is plotted against the phys-
ical pore width in Figure 7 in the form of a histogram. The
macro PSD will be used to calculate Knudsen diffusion per-

Table 2. Lennard-Jones Potential Parameters, and BET and Henry Constants for Flat Surface

Henry Constant**

Adsorbate Temp. (K) Collision Diameter* (m) elk* (K) Cger_s** (mol/m? - Pa)
C¢Hq 293 5.349 X 10710 412.3 44.18 243X 1078
303 41.17 112X 1078
312 38.62 8.89 X 107°
ccCl, 293 5.947 X 1071° 322.7 26.22 8.72 X 1078
303 24.00 8.73 X 107°
312 22.18 412X 107°
n-CeH 4 293 5.949 X 10710 399.3 217.59 571 X 1078
303 185.97 3.10 X 107®
312 162.12 1.87 X 1078
* Poling et al., 2001.
**Do and Do, 2002.
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Figure 3. Respective micro/mesopore size distribution of an Ajax activated carbon, obtained from the equilibrium
isotherm of benzene at 303 K.

The equilibrium isotherms of benzene at 293 and 312 K are predicted with the above pore size distribution.

meability By and gaseous viscous flow permeability B, in in terms of reduced pressure in Figure 8. The behavior of B
macropores according to Egs. 17 and 20, respectively. against reduced pressure (RP) shows three distinct character-
istics as follows:
(1) 0 < RP < 0.1: By increases sharply at very low pres-
The total permeability (B;) of condensable vapors through sures. This sharp increase should correspond to the transport of
activated carbon is calculated according to Eq. 27 and depicted molecules in micropores because gas-phase diffusion is insig-

Permeability of condensable vapors
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Figure 4. Respective micro/mesopore size distribution of an Ajax activated carbon, obtained from the equilibrium
isotherm of CCI, at 303 K.

The equilibrium isotherms of CCl, at 293 and 312 K are predicted with the above pore size distribution.
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Figure 5. Respective micro/mesopore size distribution of an Ajax activated carbon, obtained from the equilibrium

isotherm of n-hexane at 303 K.

The equilibrium isotherms of n-hexane at 293 and 312 K are predicted with the above pore size distribution.

nificant compared with the adsorbed-phase diffusion in micro-
pores where the adsorbed concentration increases sharply at
very low pressures. Once micropores are completely filled, the
contribution of adsorbed-phase diffusion decreases as a result
of the reduction of the concentration gradient inside pores.

(2) 0.1 < RP < 0.8: As pressure increases gas-phase diffu-
sion dominates the transport of molecules through macropores,
leaving the contribution of adsorbed-phase diffusion in small
pores insignificant. Thus the total permeability is almost a
linear function of pressure within this range of pressure.

(3) RP > 0.9: Although macropores are not completely

filled, the total permeability starts to decrease around reduced
pressure of 0.9, regardless of the type of adsorbate attributed to
the reduction of pore volume.

Gas-phase diffusion and flow

Knudsen diffusion permeability (Bg) and gaseous viscous
flow permeability (B,) are calculated according to Eqs. 17 and
20, respectively. They are dependent on pore size, pore vol-
ume, and bulk pressure as shown against pore half width (or
radii for cylindrical pores) in Figures 9 and 10. The product of
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—— CCI, predicted
o nCgH,, at312K
——- n-C4H,, predicted

0.004 -
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—— CH, predicted
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Figure 6. Prediction of equilibrium isotherms.
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(a) Carbon tetrachloride and n-hexane at 312 K obtained from the PSD based on benzene at 312 K, and (b) benzene and carbon tetrachloride

at 312 K obtained from the PSD based on n-hexane at 312 K.
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Figure 7. Macropore size distribution of an Ajax activated carbon, obtained by a mercury intrusion porosimetry

technique.

pore volume and empty pore half width [that is, (r — 1) for By
and (r — 1) for By at a given pressure gives the unique shapes
of By and By, at each pore size. The first hump at pore half
width of about 5 X 107 m arises from the maximum macro-
pore volume in Figure 7. The second and the third humps in
Figure 10 are attributed to the product of macropore volume
and empty pore half width. As pore size approaches its maxi-
mum, the contribution of By and B, to the total permeability
decreases as a result of the small pore volume. It is clearly seen
that most gas-phase diffusion and flow take place in macro-
pores. The contribution of mesopores to them is noticeable
only at low pressures. Although the pore layering process

reduces the pore volume for gaseous flow and diffusion as bulk
pressure increases, most macropore space is still available for
gas-phase diffusion and flow, resulting in an increase in B,
with bulk pressure. Similarly B increases up to a certain
pressure at which the monolayer fractional loading 6,,, in pores
is unity (that is, # = t,,) and then becomes independent of bulk
pressure, giving rise to a slight decrease in By with bulk
pressure because of the deduction of pore space.

From the respective micro/mesopore size distributions, the
fraction of pore numbers available for gas-phase diffusion and
flow can be obtained for slit pores with an assumption of pore
length, width, and breadth being uncorrelated (Seaton, 1991)
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Figure 8. Total permeabilities of n-hexane, benzene, and carbon tetrachloride against reduced pressure in activated

carbon at 303 K.
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Figure 9. Knudsen diffusion permeability of benzene in the pores of activated carbon at bulk pressures of 3.4
(bottom), 90.7, 238.6, 396.3, 611.9, 927.1, 1351.2, 1851.2, and 3513.7 Pa (top).

“ f(H)

g(P) fo(T (29)
f u

where H* is the critical pore width below which pores are
completely filled. Figure 11 shows the normalized pore number
distributions g(P) of condensable vapors against reduced pres-
sure. At very low pressures (that is, less than reduced pressure
of 0.02), g(P) of n-hexane decreases faster than that of the
others, which reflects the accessibility of n-hexane molecules

1.4e-10

to micro/mesopores. This could be a consequence of the dif-
ference in the molecular size and shape. At reduced pressure of
around 0.9, no mesopores are available for gas-phase diffusion
and flow as indicated in Figure 11.

Condensate flow

Before we propose the functional form of the corrected
surface diffusivity D*, we first consider the condensate flow of
which process is well established in Eq. 26. Because of geo-
metric restriction on mass transfer through the pores, the con-
densate flow is restricted in small pores, depending on the pore
size, by taking the following relation
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Figure 10. Gaseous viscous flow permeability of benzene in the pores of activated carbon at bulk pressures of 3.4
(bottom), 90.7, 924.1, 1851.2, 3513.7, 5795.5, 8179.3, 10,565.1, and 12,974.2 Pa (top).
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Figure 11. Plot of normalized pore number distributions of benzene, carbon tetrachloride, and n-hexane in the
micro/mesopore range of activated carbon at 303 K.
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where E, is the enhancement factor defined in Eq. 7, which
is significant only in small pores. Also if the pore size is
smaller than the collision diameter of the adsorbing mole-
cule, no condensate flow is allowed. Because it is reasonable
to assume that the contribution of surface diffusion to the
total permeability at high pressure is insignificant, the ap-
parent adsorbed-phase diffusion permeability B,,, is mainly

contributed by the condensate flow at high pressure. Thus 7
can be obtained by matching B, with B,,,. Figure 12 shows
the condensate flow permeability in terms of adsorbed con-
centration in pores. When micropores are completely filled,
the contribution of that kind (if it exists) to the total perme-
ability should not be termed adsorbed-phase diffusion nor
condensate flow because the driving force for the former is
diminished and the latter mainly occurs in mesopores. Nev-
ertheless, for computational purposes here we treated that
kind of contribution as condensate flow with a geometric
restriction (that is, the enhancement factor). The first peak of

1e-9
©
a
& —0— CgH,
% 8e-10H g CCl,
E,
O
m
2 6e-104
=
©
o}
£
o 4de-10H
o
2
°
(=3
]
= 2e-10f
»
c
)
kel
c
8 o |

T T
0.000 0.001 0.002

Adsorbed concentration in pores C

0.003 0.004 0.005 0.006

wpore [mol/g]

Figure 12. Plots of condensate flow permeability against adsorbed concentration in pores for benzene, carbon
tetrachloride, and n-hexane in activated carbon at 303 K.
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Figure 13. Plots of adsorbed concentration of benzene
(a), carbon tetrachloride (b), and n-hexane (c)
in micro/mesopores against pore half width.

B in Figure 12 corresponds to the contribution in micro-
pores and the second to that in mesopores.

Adsorbed-phase diffusion

Adsorbed concentration in each pore (C, ) is calculated
and depicted against pore half width in Figure 13, according to
the local isotherm function and the respective pore size distri-
bution. As one would expect, the pore adsorbed concentration
follows the shape of the respective pore size distribution (PSD)
as pressure increases. The slightly different C,, .. peaks in
position reflect the different degrees of accessibility of adsor-
bate to pore space, which makes the interpretation of the PSD
and C, ,,,, more complicated without taking into account pore
connectivity. Seaton and coworkers over the last decade have
made significant efforts to determine the pore connectivity of a
porous medium from the PSD and adsorption/desorption iso-
therms of different kinds (Lopez-Ramon et al., 1997; Murray et
al., 1999; Seaton, 1991). However, according to the ITUPAC
hysteresis loop classification, the type of an Ajax activated
carbon falls into an H4 hysteresis loop, which exhibits a scanty
difference between adsorption and desorption isotherms, giv-
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ing rise to a very high value of connectivity for the Ajax
activated carbon, which is nonphysical. In spite of the impor-
tance of pore connectivity in molecular transport, because of
the complexity in constructing the real pore shape and size, and
in defining consequent transport processes in activated carbon,
little has been known on the quantified role of the connectivity
in each transport process mentioned. Because the tortuosity in
pore capillary models can be understood as the connectivity in
a pore network structure (Kainourgiakis et al., 1996), herein we
take a parallel capillary model to describe transport phenomena
in activated carbon.

Now we are in the position to extract the functional form of
D’ from the surface diffusion permeability B,, (which is equal
to B; — Bx — By, — B,). Because of the geometric restriction
on molecular transport in very small pores, pores smaller than
the fluid-solid collision diameter (o) are assumed to make no
contribution to the mass transfer of adsorbed molecules
through activated carbon particle. From the behavior of B, in
terms of fractional loading in pores and pore pressure, we
propose the following functional form of D,

1
Di:Dtol_iBP(] +BPP) (3])

where DTLO is the surface diffusivity at zero loading and 6, is
the fractional loading in pores. Thus the surface diffusion
permeability can be given by

pD%, * 1 £
B,(P) = (prO) f (1 = QP)(l +ppy) b far (G2)

rc

Assuming that adsorbed-phase diffusion and condensate flow
take place through the same pathway, the tortuosity 7, is
treated as 7. The fitting parameters D, and § are obtained by
comparing experimental data with model results and listed in
Table 3. As the corrected surface diffusivity at zero loading in
Table 3 suggests, molecular size plays an important role in
surface diffusion. On the other hand, the response of surface
diffusivity to pressure, which is reflected in 3, shows an op-
posite trend to molecular size.

The permeabilities of benzene, carbon tetrachloride, and
n-hexane in terms of adsorbed concentration in pores are plot-
ted in Figures 14, 15, and 16, respectively. It can be seen
clearly that the initial rise in the total permeability is mainly the
result of surface diffusion. The prediction of hydrocarbon per-
meability in activated carbon according to our model fits fairly
well the experimental data. Surface diffusion dominates mo-
lecular transport at low pressures, whereas gaseous diffusion
and flow mostly contribute to the total permeability at moderate
and high pressures. It is interesting to see than the surface
diffusion permeability of n-hexane after its maximum drops
faster that of the others, giving rise to a minimum appearance

Table 3. Parameters for Surface Diffusivity in Eq. 31 for
Adsorbates Studied at 303 K

Parameter CeHg CCl, n-CeHy
D%, (m*s)  1.039 X 107" 4249 x 107" 3222X107"?
B (1/Pa) 2.005 4.352 6.326
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Figure 14. Permeabilities of benzene with respect to adsorbed concentration in the pores of activated carbon at 303 K.

in the total permeability. The inconsistent existence of a min-
imum in the specific flow rate vs. pressure curve has been
reported in the literature (Ash and Grove, 1960). Considerable
literature has suggested tentative or numerical explanations on
the minimum behavior, concluding that the minimum appears
in the transition region where both Knudsen diffusion and
gaseous viscous flow are expected to control the transport. In
the case of activated carbon, which has a large portion of
micropores as well as macropores, however, it is shown herein
that the minimum appearance in total permeability is mainly
attributed to the behavior of surface diffusion with respect to
adsorbed concentration in pores.

Conclusions

By incorporating the respective micro/mesopore size distri-
bution of each adsorbate and the macropore size distribution
we have established and validated a new diffusion and flow
model to describe the permeation behavior of condensable
hydrocarbon vapors in a commercial activated carbon, which
has large portion of micropores as well as macropores. The
initial rise in total permeability mainly results from surface
diffusion and gaseous diffusion and flow dominate transport at
moderate and high pressures. The decrease in total permeabil-
ity over reduced pressure of about 0.9 is found to be attributed
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Figure 15. Permeabilities of carbon tetrachloride with respect to adsorbed concentration in the pores of activated

carbon at 303 K.
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Figure 16. Permeabilities of n-hexane with respect to adsorbed concentration in the pores of activated carbon at 303 K.

to the reduction of pore space for gas phase diffusion and flow,
as indicated clearly in Figure 14. Furthermore, the corrected
surface diffusivity proposed herein accounts for interaction
between adsorbing molecules and the solid surface, and the
solid pore size (which is reflected to pore pressure). The
present model has demonstrated that the prediction of perme-
ability is in substantial agreement with experimental data.
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Notation
B = viscous flow parameter, m*
B,, B, = permeabilities for Knudsen diffusion and viscous flow, re-
spectively, mol/m - s - Pa
Br, B, = total permeability and surface diffusion permeability, respec-
tively, mol/m - s - Pa
Cyrr = BET constant
C,, = adsorbed concentration, mol/g
D,, Df = surface diffusivity and corrected surface diffusivity, respec-
tively, m%/s
Jp = collision reflection factor in pores
H = pore width, m
J = molar flux, mol/m® - s
K = Knudsen diffusion parameter, m
P, P = gas phase pressure and vapor pressure, respectively, Pa
Q = heat of adsorption, J/mol
Rg = gas constant, J/mol + K
t = statistical thickness, m
T = temperature, K

W = pore volume, m?/g

Greek letters

A = distance between sublattice layers in each lattice plane, m
W = Jocal isotherm function, mol/m>

vy = surface tension, N/m

¢ = potential energy, J/mol

g, My = Viscosity in gas phase and in liquid phase, respectively, Pas
v,, = liquid molar volume, m*/mol
0p,,, = monolayer fractional loading in pores
500 February 2005

pss pp = surface carbon center density, no. of center/m> and carbon
particle density, kg/m?

collision diameter, m

tortuosity corresponding to Knudsen diffusion, gaseous vis-
cous flow, surface diffusion, and condensate flow, respec-
tively

o=
T Tys Tes T =
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