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Abstract. This paper presents the comparison of surface diffusivities of hydrocarbons in activated carbon. The
surface diffusivities are obtained from the analysis of kinetic data collected using three different kinetics methods-
the constant molar flow, the differential adsorption bed and the differential permeation methods. In general the values
of surface diffusivity obtained by these methods agree with each other, and it is found that the surface diffusivity
increases very fast with loading. Such a fast increase can not be accounted for by a thermodynamic Darken factor,
and the surface heterogeneity only partially accounts for the fast rise of surface diffusivity versus loading. Surface
diffusivities of methane, ethane, propane, n-butane, n-hexane, benzene and ethanol on activated carbon are reported

in this paper.
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1. Introduction

Diffusion of adsorbed species in porous solids, or more
generally in an “adsorbed phase”, is a topic of great im-
portance in adsorption science. It is perhaps the least
understood phenomena in mass transport in porous me-
dia. This is because of the complex interaction between
the adsorbate molecule and the surface atoms, and the
complexity of the surface. Furthermore, real surfaces
are not simple as “ideal” surfaces because of the struc-
tural and energetic heterogeneity. One simple approach
of dealing with the surface heterogeneity has been that
where a distribution of energy of interaction between
the solid and the adsorbate molecule is assumed, and
then a surface diffusion model is built based on this
distribution after an assumption is made about the dif-
fusion path.

No matter what the mechanism of transport of
the adsorbed molecules (whether it has diffusion or
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hydrodynamic origin or rate of entry and leaving mi-
cropore), its macroscopic flux can be described by the
following Fickian type equation, written in terms of the
gradient of the adsorbed concentration:

J, = —p, 2 (1)
n = l’-az

where D, is the transport surface diffusivity, which is
a function of temperature, surface concentration (and
possibly gradient of surface concentration), the interac-
tion between the adsorbate and the solid surface, and the
structure of the solid surface. This equation is a simplis-
tic way of expressing the diffusion flux of the adsorbed
species. First, what is the functional form for the trans-
port surface diffusivity? Secondly what physical sig-
nificance does that diffusivity have? Thirdly and most
importantly, not all adsorbed molecules have the same
mobility in the porous media. For example, adsorbed
molecules residing in small pores will have much lower
mobility than those in larger pores. The consequence
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of this is that at very low loadings, where adsorbed
molecules mostly reside in small pores (because of
their stronger adsorption energy) and hence the trans-
port of adsorbed molecules will be very low. On the
other hand, when the loading is sufficiently high to
the extent that larger pores now have significant quan-
tity of adsorbed molecules, and as a result the trans-
port of adsorbed molecules will be mostly contributed
by those in larger pores, where it is expected that ad-
sorbed molecules will exhibit greater mobility and the
flux of adsorbed species is due to molecules in larger
pores rather than due to all adsorbed molecules. We will
present in this paper the experimental observations of
surface diffusion obtained by a variety of techniques,
and then offer some plausible explanation for the trans-
port of adsorbed hydrocarbons in activated carbon. The
techniques of differential adsorption bed, the constant
molar flow and the differential permeation will be used
in this work. The determination of transport diffusion
coefficient for activated carbon must be done by isolat-
ing the pore diffusion flux from the total observed mass
flux. This will be discussed later, but first we present
briefly what has been done in the literature about the
attempt to correlate the surface diffusivity.

For a given temperature, it is now known that the
transport diffusivity in porous media usually increases
with loading. This rate of increase varies greatly from
system to system. Many work reported insignificant
change in the transport diffusivity with loading, while
others have reported significant increase, for example
Do (1996) has reported fast increase of the transport
diffusivity with loading for propane and butane in a
commercial activated carbon. So what are the causes
for these vastly different observations? Very often,
the experimental details were not mentioned, and it
is therefore difficult to evaluate the accuracy of data,
and secondly the surface diffusion flux is usually ob-
tained indirectly by subtracting the gaseous flux from
the total measured flux. If the gaseous flux were incor-
rectly determined, the surface flux would be incorrectly
determined. Although this can be overcome in some
systems where the surface diffusion flux dominates the
measured flux, problems still remain in systems where
the contribution of the surface diffusion flux is low
at low loadings and very high at high loadings. The
gaseous contribution can be determined by using the
non-adsorbing gas such as helium and then extract
the structural parameters for Knudsen diffusion and
viscous flow. Then by assuming the diffusion and flow
paths for the adsorbate are the same as those for helium,

one can theoretically determine the Knudsen diffusion
flux and viscous flow flux for the adsorbate provided
that adsorbed molecules do not reduce the area for dif-
fusion and flow to any extent. This in principles should
work for most systems where the flow paths between
the adsorbate and helium are generally the same.

1.1. The Correlative Models

Before we present our investigation of surface diffusion
of hydrocarbons on activated carbon, we would like to
briefly present various correlative models available in
the literature. Our emphasis is on surface diffusion in
activated carbon, and we will particularly discuss their
inability to describe well surface diffusion of hydrocar-
bons in activated carbon.

1.1.1. Darken-type Theories. One of the earliest
models for describing surface diffusion is that of
Darken, and it assumes the gradient of chemical poten-
tial being the true driving force for diffusion. The sur-
face diffusivity of this model has the following form:

0 olnP
YTRnG,

(2a)

The following equation was derived to relate the trans-
portdiffusivity in terms of the so-called corrected diffu-
sivity Dg (which is taken by Darken and many later re-
searchers as independent of loading) and the thermody-
namic correction factor dlnP/d1In C,,, which is known
to increase with loading for convex isotherms. For sys-
tems where the adsorbed concentration is related to the
gaseous pressure according to a Langmuir equation,
the transport surface diffusivity of Eq. (1) is reduced to
the following well-known form:

Do=p'— L _po L (2b)
PRI —CL/Cus 10

Higashi et al. (1963) used a random hopping mecha-
nism where adsorbed molecule in one site jumps to an-
other vacant site. They derived the transport diffusivity,
which is identical to the one obtained by Darken the-
ory when Langmuir equilibrium is assumed between
the two phases (Eq. 2(b)). It is interesting to note
that the HIO theory did not assume any connection
between the surface and the gaseous phase, and yet
these two theories produce the same expression. The
Darken relation or the HIO equation (2(b)) increases to
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infinity when the surface loading has reached its max-
imum capacity. Recognising this problem, Yang et al.
(1973) proposed a modification to the HIO theory by
allowing a finite residence time between the molecule
and the occupied site instead of zero residence time as
assumed by Higashi et al. They derived the following
equation for the transport surface diffusivity:

0 1

D,=D"—
" K1 —0+4abd

3)

Another approach, which also gives rise to expression
similar to that of Darken, is that of Chen and Yang
(1991) who used the transition state theory to derive the
following concentration dependence for the transport
surface diffusivity:

Dy,
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where H () is the Heaviside step function, and the pa-
rameter A is a measure of the degree of blockage by
another adsorbed molecule. This parameter is zero for
pure surface diffusion where there is no effective block-
age. For this case the transport surface diffusivity re-
duces to that of the HIO or Darken theory. Equation (4)
for non-zero A can yield many patterns for the sur-
face diffusivity variation with loading. It increases with
loading for small X, with the largest increase corre-
sponding to A =0, and decreases with loading for large
A (for example in small pore zeolite). What this means
is that the Darken or the HIO model for surface diffu-
sivity exhibits the fastest increase for the surface dif-
fusivity. Our experimental results show a much faster
increase than predicted by the Darken equation, making
the Darken, HIO or the transition state model of Chen
and Yang not suitable for the description of surface
diffusion of hydrocarbons in activated carbon. Many
attempts have modified these models by accounting
for the surface heterogeneity, for example Seidel and
Carl (1989), and Kapoor and Yang (1989). Kapoor and
Yang assumed a parallel path model for surface dif-
fusion, and then proposed the following equation for
uniform energy of interaction between the adsorbate
molecule and surface:

2560 1
D,=D"[1+——— | and
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for a = 1/2 and 1, respectively. Here the parameter
“a” is the mean ratio between the activation energy
for surface diffusion to the heat of adsorption, and the
parameter s is the parameter characterizing the system
heterogeneity. The fractional loading 6 relates to the
pressure according to the Unilan equation:

1 1 + be’P
0= —In[ ——~— (5b)
2s 1+ be™ P

where b is the mean adsorption affinity constant, b =
bs exp(Ew/RT), with Ey; being the mean adsorption
energy. Even with this account of heterogeneity, the
increase in the surface diffusivity can not be explained.

Instead of assuming a parallel path approach, Kapoor
and Yang (1990) used the effective medium approach to
obtain the overall surface diffusivity. Depending on the
dimension of diffusion (one or two dimensional diffu-
sion), they derived expression for the overall transport
surface diffusivity versus loading. The EMA-1D (one
dimension diffusion) exhibits a faster increase with
loading than the EMA-2D does. The expressions for
the surface diffusivity for the EMA-1D model are given
below for a = 1 and a = 1/2, respectively:

0 e — e 6250 -1
Dy =D, 250 | o5 — es26—D) (62)
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where y = (6b)

The fractional loading is related to the pressure accord-
ing to Eq. (5b). The expressions for the EMA-2D are
given in Kapoor and Yang (1990) in implicit form. The
increase of the surface diffusivity with loading of the
EMA-2D behaves very much like the PPM model of
Kapoor and Yang (1989). On the other hand, the in-
crease of the EMA-1D is much greater. Nevertheless,
the observed increase in the surface diffusivity has been
even greater than the EMA-1D model.

1.1.2. Multilayer Theories. The approach discussed
in point (1) treated surface adsorption as one single en-
tity in the adsorbed phase. It is possible however that
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when a site is already occupied with a molecule, an-
other molecule hopping onto that site could also be ad-
sorbed. This is the basis for a series of work by Okazaki
and co-workers using a hopping model, and Chen and
Yang using a transition state theory. Tamon et al. (1981)
extended the random hopping model of HIO, and they
obtained the following expression for the transport sur-
face diffusivity:

o [0 o—E/RT _ ,—E/RT
D,=D,

0 (1 — e ERT)[1 = 6,(1 — 71 /%0)]
(7a)

where 8, = 6(1—x). The fractional loading is governed
by the classical BET equation:

1 C P
BETX x=— ()
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Chen and Yang (1993, 1998) used the transition state
theory to derive the following expression for the trans-
port surface diffusivity of an open surface:

D,

_ o { l—x+x/a }
Fl11— (1 —x)0 +a(l —x)02/[1 — (1 — x)0]
(8a)

where x is the relative pressure P/P, and the parameter
o (O<a<l1) is given by:

o = exp[—(E| — E2)/RT] (8b)

The loading 6 is related to the pressure via the BET
equation (7b). Here E, is the activation energy for
surface diffusion of the first layer, and E; is that for
higher layers. This model predicts that the surface dif-
fusivity approaches zero when the surface concentra-
tion reaches a maximum. When this happens, they ar-
gued that the overall flow may be determined from
liquid phase diffusion model. The switch over to liquid
flow might occur well before the surface concentration
reaches its maximum value, and hence the dominance
of the liquid-like flow is important at high loadings,
where one would expect the hydrodynamic behavior
of the flow.

1.1.3. Hydrodynamic Model. Gilliland et al. (1958)
proposed a model whereby the flow of adsorbed
molecules is due to the viscous motion of the liquid

film inside the porous medium. The first distinction be-
tween this hydrodynamic model and the diffusion-type
models is that the hydrodynamics model yields zero
permeability at zero loading, while all diffusion-type
models give non-zero permeability at zero loading. The
expression for the apparent surface diffusivity has the
form:

D —ﬂc—’i ©
AR

The apparent surface diffusivity in Eq. (9) increases
and then decreases with loading, instead of what is
observed experimentally, that is increase with loading.

Another hydrodynamic model was proposed by
Petropoulos (1996) for mesoporous solids. This is an
extension to the model of Flood et al. (1952). The
extension of homogeneous hydrodynamics model to
allow for medium heterogeneity was carried out by
Kainourgiakis et al. (1996) using a network model,
Kainourgiakis et al. (1998) using a network model and
percolation theory, and Kikkinides et al. (1997) using
an effective medium theory.

1.1.4. Statistical-Mechanical Approach. All models
discussed so far do not contain explicit information
on the properties of diffusing adsorbate and tempera-
ture. Statistical-mechanical approach by Popielawski
and Baranowski (1965), Popielawski (1966), Hwang
and Kammermeyer (1966), and Lee and O’Connell
(1972, 1975, 1986) provide partially this answer, for
example Hwang and Kammermeyer obtained the ex-
plicit dependence of the surface diffusion in terms of
temperature, and molecular weight as shown below:

_ IBTﬁefEI/RT
VM

Here we see the dependence of the surface diffusiv-
ity on the inverse of the square root of the molecular
weight, but we must note that their analysis was re-
stricted to zero loading condition, where linear parti-
tion between the two phases is valid.

D, (10)

1.1.5. Knudsen Diffusion in Potential Field. Surface
diffusion can be treated in conjunction with Knudsen
diffusion of gaseous molecules diffusing in the envi-
ronment where there is a potential energy of interac-
tion between the diffusing molecules and the surface
atoms. This approach has been studied by Weaver and
Metzner (1966), Roybal and Sandler (1972), Shindo
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et al. (1983), and Nicholson and Petropoulos (1973,
1975, 1979, 1981a, 1981b, 1985). Shindo et al. (1983)
derived the following equation for the total permea-
bility:

K 1
_ &/RT—1
B="riT |:1+,38/RT Tafe )} (b

We note again the dependence on the molecular weight.
This equation for permeability includes the transport of
the gas molecules as well as molecules subject to the
force field. If the force field is zero, the permeability
will be that for Knudsen flow. Thus the difference be-
tween non-zero potential field and zero potential field
is that contributed by the surface diffusion. This surface
permeability is:

-
MT

_ Be/RT
1+ Be/RT

a(e/RT — 1)} (12)

As seen from this equation that if the parameter g is
very large and « is very small the surface diffusivity can
be negative, suggesting that the flow under the external
field can be lower than that when it is absent (Nicholson
and Petropoulos, 1981, 1985).

1.1.6. Structural Approach. The various approaches
dealt with so far do not address the structure of the
solid medium. Do (1996) proposed a model for acti-
vated carbon, and addressed the effect of structure on
the transport surface diffusivity. This model is simi-
lar to the approach done by Barrer (1987) and Karger
(1988). Details of this model can be found in Do.
The surface diffusivity takes the following form for
the case where the equilibria is described by the Toth
equation:

1
D, = 1
P a+b(1—onl/t (13)

(a)
—

1.2.  This Paper

This paper will address the overall results of surface
diffusion obtained in our laboratories from the vari-
ous methods. The next section will discuss briefly the
experimental technique, and Section 3 will present an
overall theory and concept about surface diffusion in
activated carbon, from which the experimental results
will be interpreted upon.

2. Experimental Methods

The two aspects of adsorption, equilibria and kinetics,
are needed for the analysis of surface diffusion. The
equilibrium measurements were done with the high ac-
curacy volumetric apparatus. The apparatus was assem-
bled with VCR components and high quality vacuum
valves to ensure the reliability of data at low pressures,
and the pressure measurements were done with high ac-
curacy MKS Baratron transducers type 690. The kinet-
ics measurements were done with three different tech-
niques. One is the differential adsorption bed method
(DAB), developed in 1985 (Mayfield and Do, 1985)
and successfully applied by Do and co-workers (Hu
and Do, 1993; Do and Wang, 1998a, 1998b; King and
Do, 1999). The second technique is the constant molar
flow method, developed by Do (1995) and success-
fully applied by Prasetyo and Do (1998, 1999). The
third technique is the differential permeation method.
Among the three kinetic measurements, the DAB and
CMF methods involve the mass transfer into a parti-
cle while the differential permeation involves the mass
transfer through the particle (see Fig. 1). In the DAB
method the concentration is maintained constant in the
bulk during the whole course of mass transfer and the
amount adsorbed is directly measured (details will be
described later). In the CMF method, the mass is in-
troduced into the batch adsorber at a constant rate and
the pressure in the bulk is measured. In the DP method,
mass transfer is through the particle and the pressure
of the downstream face of the particle is measured.

(b)

Figure 1. Mass transfer direction of DAB and CMF (a), and DP (b).
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Usually the upstream face pressure is maintained con-
stant with the use of a large source of adsorbate.

2.1.  Volumetric Apparatus for Equilibria

A conventional high resolution volumetric adsorption
rig with multiple sample cells was used to measure
the pure component adsorption isotherms of hydrocar-
bons on a commercial Ajax activated carbon (type 976,
Ajax Company, Australia). The rig consists of dosing
and analysis sections and is made of VCR components
suitable for very low pressure experiments. The system
pressure is measured with high accuracy MKS Baratron
pressure transducers. The general procedures of ad-
sorption isotherm measurement are as follows: (1) the
dosing section was filled (after evacuation and clean-
ing) with adsorbate. The number of moles of the adsor-
bate can be readily calculated from the knowledge of
the dosing temperature, pressure and the volume of the
section; (2) the isolation valve is slowly opened to al-
low N moles of adsorbate to enter the analysis section.
After closing the valve, the N moles adsorbate dosed
can be calculated from the knowledge of the initial
and final pressures of the dosing section; (3) sufficient
time is allowed for equilibrium to establish in the sam-
ple cell. Then the bulk pressure can be read from the
pressure transducer and the amount adsorbed can be
calculated from the knowledge of the N mole dosed
and the number of moles left in the analysis section;
(3) by repeating step (2)—(3) with different amounts of
adsorbate dosed, the complete adsorption isotherm is
obtained.

2.2.  Differential Adsorption Bed (DAB)

A DAB rig was used to collect kinetic data, which con-
sists of three main sections: gas mixing, collection and
analysis. The principle of operation is to pass adsor-
bate gas over an adsorbent for a known duration of
time, then to desorb, collect and analyse the quan-
tity of adsorbed phase. Adsorbate gas flows at high
rates to ensure adsorbent isothermality, remove stag-
nant layers and ensure a constant bulk concentration
(the differential condition) making subsequent analy-
sis easier. The mixing system consists of a bank of four
MKS Instruments mass flow controllers (type 1259C).
Feed gas from the mixing system then proceeds to the
adsorption/collection section. Here, feed gas can either
be vented, sent to gas chromatography (GC) for

1.0
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Figure 2. Typical fractional uptake versus time obtained by the
DAB method. Ethane adsorption on slab activated carbon of length
4.4 mm at 283 K with ethane partial pressure (0.05, 0.1 and 0.2 atm)
as parameter.

calibration or to the adsorber cell by appropriate valve
manipulation. For a given time ¢, feed gas is passed
through the sample cell containing adsorbent pellets
then stopped by isolating the valve and venting the
feed gas. Prior to and during adsorption, the adsorber
cell is immersed in a water bath to maintain the adsor-
bent particles at a constant temperature. After adsorp-
tion has taken place and the cell isolated, a portable
oven is placed around the cell which is then exposed
to the previously evacuated sample bomb. A very slow
purge of pure N, was required to assist desorption of
adsorbate into the bomb. Once this has been achieved,
the content of the bomb was sent to GC for analysis.
The detailed experimental procedure is available in Do
(1997). A typical uptake curve versus time obtained
from this DAB technique is shown in Fig. 2.

2.3.  Constant Molar Flow Method (CMF)

The constant molar flow method was first conceived
by Do (1995). This method is very simple in concept
and operation. It involves basically a semi-batch ad-
sorber, and a special leak valve which has the ability
to supply a constant molar flow of pure adsorbate into
the adsorber. The system pressure is monitored with a
MKS Baratron transducer, and is logged into a personal
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Varian variable leak valve

gas supply reservoir

sample cell

Figure 3. The concept of the constant molar flow method.

computer as a function of time, and such time trajec-
tory will be used later for kinetics analysis. The system
set-up is shown schematically in Fig. 3. It consists of
two sections, the reservoir and adsorption sections sep-
arated by a vacuum variable leak valve (Varian model
951-5106). This valve controls very accurately low
flows of adsorbate from the reservoir to the adsorp-
tion section. This is achievable with a moveable piston
having an optically flat sapphire at the end and the valve
body containing a metal gasket. The sapphire’s move-
ment is controlled through a threaded shaft-and-lever
mechanism such that the gap between the sapphire and
the metal gasket is very accurately controlled, resulting
in an accurate low flow of adsorbate via Knudsen mech-
anism. The minimum leak rate of the valve is 1 x 1070
torr-litre/sec and the vacuum range is from atmospheric
pressure to below 10~!! torr, which is very suitable for
the work in this study.

The range of flow rate is important in this study of
kinetic parameter determination. If the flow is either
too slow or too fast the pressure response will be linear
over a practical time span. The linearity correspond-
ing to very low flow is the result of quasi-equilibrium
between the two phases and hence a linear pressure
response. On the other hand the linearity correspond-
ing to very large flow is due to the physical filling of
the volume space in the adsorption cell. It is simple
in experiment to obtain the range of flow rates for the
purpose of kinetic parameter determination. More de-
tails can be found in Prasetyo (2000). The operation
is briefly as follows. In each run, the sample was first
degassed overnight at 150°C and at a pressure of about
107 torr. Atr = 0, a constant molar flow of adsorbate
from the reservoir was introduced into the adsorber, and
the pressure was monitored and logged into a PC. The
sample was then cleaned and ready for another run. The
measurement was reproducible with a standard devia-
tion of less than 2%. A typical pressure response for
n-butane in activated carbon versus time is shown in

1.0
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Figure 4. Typical pressure response versus time for the constant
molar flow method for n-butane adsorption in activated carbon (Do,
2000).

Fig. 4. It has a pattern of an initial rise and then level
off to reach a linear asymptote.

The slope and the intercept of this asymptote are di-
rectly related to equilibria and kinetics (see Do, 1995
for details). The general concern in all mass trans-
fer measurement in adsorption is the interference of
the heat effect. To extract a reliable mass transfer pa-
rameters, the heat effect must be eliminated. We have
shown above that the DAB method can be success-
fully operated under isothermal conditions due to the
very high flow of adsorbate, which removes the heat
released from adsorption most effectively. In this con-
stant molar flow method, the pure adsorbate is intro-
duced slowly into the adsorber, and with this slow in-
troduction the heat released from adsorption can be
readily dissipated, giving an isothermal condition for
mass transfer measurement. The following Fig. 5 shows
the particle temperature as a function of time when we
introduce a very strong adsorbing n-hexane into the
semi-batch adsorber. Different molar flow rates were
used in that measurement. With the typical molar flow
of less than 1 x 10~ mol/s, the temperature rise is about
1 degree. For other weaker adsorbing species, the tem-
perature rise is much smaller. This can be regarded as
an isothermal operation.

The effect of molar flow rate does not affect the pat-
tern of the system pressure rise as a function of time
(Fig. 6). Both the slope and the intercept of the linear
asymptote are proportional to the molar flow rate, and
this can be used to check the validity of the technique.
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Figure 5. Particle temperature versus time for the method of con-
stant molar flow of pure n-hexane.
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Figure 6. Effect of molar flow rate on the pressure response curve
(Do et al., 2000).

The effect of particle size is typically shown in Fig. 7,
where we see that the particle size does not affect the
slope but it does affect the intercept of the linear asymp-
tote. This is another test for checking the integrity of
the technique as the slope contains information about
the equilibria and hence it should be independent of the
particle size. On the other hand, the intercept is related
to kinetics and therefore it varies with particle size.
According to the theory of Do (1995), this intercept is
proportional to the square of the particle size, a typical
property of all conduction and diffusion processes.
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Figure 7. Effect of particle size on the pressure response curve.

The constant molar flow is a useful tool for the study
of adsorption kinetics or pure gases and vapours. It is
not restricted to runs at low pressure. Its versatility can
be extended to pressure at any level. This is simply
done by first equilibrating the system at some pres-
sure, say P*. Once this is achieved, a constant small
flow of adsorbate is then introduced into the semi-batch
adsorber, and the pressure is monitored versus time.
Analysis of this pressure trajectory will yield kinetic
parameter at that pressure P* or at loading which is in
equilibrium with P*. Typical pressure responses as a
function of time are shown in Fig. 8 for various levels
of P*.

From the analysis of these curves we can obtain the
kinetic information, such as the surface diffusivity, as
a function of loading.

2.4. Differential Permeation

The third technique that we used in the kinetic mea-
surement is the differential permeation method. The
experimental set-up is shown in Fig. 9. This ultrahigh
vacuum (UHV) rig was constructed by using Cajon®,
VCR®, fittings and ConFlat®; fittings. The system pres-
sure is monitored by using the MKS Baratron®; pres-
sure transducer type 690A and 698A. The apparatus
consists of two compartments separated by the porous
medium. The LHS reservoir is much larger than the
RHS reservoir, such that the pressure of the LHS reser-
voir does not vary during the course of diffusion and
adsorption.
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Figure 8. Pressure response versus time for various levels of P*.
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Figure 9. Schematic diagram of the permeation apparatus.

In each run, the sample was first degassed overnight
at 150°C and at a pressure of at least 107> torr.
After the porous particle has been cleaned, the upper
compartment was filled with a small dose of gas or
vapour, and at t = 0% the valve is opened to allow the
gas or vapour diffusing through the porous medium.
The pressure in the two compartments and the pressure
difference are monitored and logged into a personal
computer using a multi-channel data logger. The upper
compartment pressure is essentially constant during

n-hexane

Downstream pressure (Torr)

0.00 AbAAAAA A

0.01 0.1 1 10 100
Time (hr)

Figure 10. Downstream pressure response versus time for adsor-
bates of different affinity (n-hexane has higher affinity than propane).

the course of adsorption. The run is stopped when the
downstream reservoir is equal to the upstream reser-
voir. The valve is then closed, isolating the upstream
reservoir from the rest of the system. The pressure of
the LHS compartment is then incrementally increased,
and the valve is reopened allowing another run to take
place. By repeating this procedure, we will obtain the
flux and hence the permeability at various surface load-
ings. This concentration dependent permeability is then
analysed for the separate contribution of the pore vol-
ume diffusion and the surface diffusion.

The typical response of the downstream reservoir
is shown in Fig. 10. Here we show the responses for
n-butane and strong adsorbing n-hexane. Because of
its higher affinity, n-hexane will penetrate through the
particle at a later time than that required for n-butane
to break through. This pressure response curve has a
typical sigmoidal shape, and how strong this sigmoidal
is depends on the affinity of the adsorbate towards the
solid as well as the kinetic properties of the adsorbate.

Figure 11 shows typical responses when the experi-
mental runs are carried out at different initial loadings.
For example, curve A is the response when the initial
loading is O Torr, curve B is when the loading is 1.5
Torr, and so on. By analysing these curves, we can de-
termine the kinetics parameters, especially the surface
diffusivity, as a function of loading.

2.5.  Surface Diffusion Flux Calculation Procedure

In all three methods used for kinetics measurement, the
observed flux is the sum of pore diffusion, viscous flow
and surface diffusion fluxes. The relative contribution
of three processes depends on the operating conditions
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Figure 11. Plots of downstream pressure versus time for propane at
303 K for different initial loadings (Curve A: initial loading 0 Torr;
curve B: initial loading 1.5 Torr; Curve C: initial loading 10 Torr;
Curve D: initial loading 30 Torr; Curve E: initial loading 50 Torr and
Curve F: initial loading 75 Torr).

as well as on the solid and adsorbate properties. Since
pore diffusion and viscous flow are fairly well under-
stood, we can isolate the flux contribution of these two
processes from the total flux and thence the surface
flux can be calculated. Using Eq. (1) then allows us to
determine the transport diffusivity. In this section we
will describe very briefly the procedure on how surface
diffusivity is derived.

The general flux equation commonly used to de-
scribe the total flux contributed by the pore diffusion,
viscous flow and surface diffusion is the one that as-
sumes the three processes are additive, that is for a
given pressure gradient, the flux is given by:

J=le2 Bl ep,cy®r| P

=l t+E&—— —¢ — | =

RT " uRT KA ap | az
(14)

The bracket term in the RHS of the above equation
is called the total permeability. The first term in the
bracket is the Knudsen diffusion permeability, the sec-
ond viscous flow permeability and the last is the sur-
face diffusion permeability. The pore diffusivity D, is
assumed to take the form, following Knudsen mecha-
nism:

D _ 4Ky |8RT (15)
PT o3 M

where K is called the Knudsen diffusion parameter.
It is equal to r/2 for cylindrical pore where r is the
pore radius, and 3r/8 for slit pore where r is the half
width (Nicholson and Petropoulos, 1985). For a gen-
eral solid, the parameter K will be treated as a fitting
parameter to reflect all the solid characteristics, such
as pore size, its distribution, pore shape and its distri-
bution, pore orientation, pore surface roughness, etc.
We will describe later how this can be determined. The
parameter By is the viscous flow parameter. It is equal
to 2 /8 for cylindrical pore where r is the pore radius,
and r?/3 for slit pore where r is the pore half width.
Like Knudsen diffusion parameter K, the viscous flow
parameter B, will be determined experimentally.

To calculate the permeability contributed from sur-
face diffusion, we need to isolate the pore Knudsen
diffusion permeability and the viscous flow permeabil-
ity. This is achieved by using helium as a non-adsorbing
gas. Although helium is known to adsorb to some de-
gree, but this only occurs in very fine pores (of dimen-
sion comparable to helium collision diameter) and at
very low temperature (Kaneko et al., 1993). For the
temperatures used in our experiment and fairly wide
pore activated carbon, adsorption of helium is taken
to be negligible (Ash et al., 1970). With helium used
as the diffusing gas, the permeability is contributed by
Knudsen diffusion and viscous flow only, and hence
the flux for helium is simply:

Dpse  BoP 9P
Jhe = | =2 — 16
He [8 RT +8/LHCRT:| 9z (16)

from which we can determine helium permeability as
a function of pressure. Here uy, is the gaseous vis-
cosity of helium. According to the above equation this
relationship is linear. We carried out experiments of
permeation with helium over a range of pressure at
303 K, and obtained the helium permeability as a func-
tion of pressure. The results are shown in Fig. 12, and
it is clear from that figure that the relationship is indeed
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Figure 12. Helium permeability in Ajax activated carbon versus
pressure at 303 K.

linear, conforming to the theory (Eq. (16)). From this
straight line, we obtain the slope (Sg.) and intercept
(Bp,e) for helium permeation. The intercept is the
permeability contributed by Knudsen diffusion, while
the viscous permeability is calculated from the slope
as By ge = Sye P. Having obtained these, the Knudsen
permeability and viscous flow permeability of any ad-
sorbable gas or vapor are calculated from (to correct for
adsorbate properties, molecular weight and viscosity):

B M, Ti Ti
P He |ITHe BV=<SH6MHeE>P
Bowe YV MVT w T

a7
Knowing these Knudsen diffusion and viscous flow
permeabilities, the surface diffusion permeability is
then calculated from Eq. (14).

3. A Mechanism for Surface Diffusion

To explain for the mobility of adsorbed molecules in
activated carbon, we assume that such a mobility will
have two components. One is due to the hydrodynamic
nature of adsorbed molecules not adjacent to the solid
surface, and the other is the diffusion component con-
tributed by molecules adjacent to the surface. The dif-
fusive component of the surface transport is assumed
to take the form of Darken equation:

o 0IlnP

D,=D"—
" " 9InCy

(18)

where D2 is the corrected surface diffusivity, and Cy is
the concentration of the first monolayer.

To derive the hydrodynamic component of the mo-
bility of the adsorbed species, we assume that at local
equilibrium the fugacity of the adsorbed phase ( fa) is
related to the fugacity of the fluid phase as follows:

fa= fexp(—%) (19)

This fugacity of the adsorbed phase is much greater
than the fluid phase fugacity, due to the potential en-
ergy of interaction between the adsorbate molecules
and the surface atoms. This adsorbed phase fugacity is
corresponding to a pressure in the adsorbed phase Py
(for example via equation of state), and the gradient
of this pressure is responsible for the transport of the
adsorbed phase. Assuming the transport in slit pores
of activated carbon to follow that of Hagen Poiseuille
flow, the average velocity is:

2
P
Up = _ T 9P (20)
3/,LA 0z

where 144 is the viscosity of the adsorbed phase, and r is
the pore physical half width. The mass flux Jo = paua,
where py is the molar density of the adsorbed phase,
is given by:

r2 PP dpa
Jy=—— A _—_p,—= 21
A S/LA'OA 0z "oz @1

Therefore, the surface diffusivity contributed by the
hydrodynamic mechanism is:

_ I’Z,OA BPA
ST

(22)

If the adsorbed phase is treated as liquid, the RHS of the
above equation can be evaluated using equation of state,
such as the Peng-Robinson equation. Taking propane at
303 K, a pore of half width of 1 nm, and the fraction of
pores having 1 nm is about 10%, Eq. (18) is calculated
as 3 x 1078 m?/s. The viscosity of the adsorbed phase
is taken as that of liquid phase at normal pressure. As
will be seen later the surface diffusivity for propane
at zero loading is 1.2 x 10~ m?/s, which is about
25 times smaller than that calculated using the hydro-
dynamic model. This suggests that at zero loading, the
mechanism for adsorbed molecule mobility is diffu-
sive in nature. At higher loadings, experimental value
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for the surface diffusivity is in the range of 2. x 10~°
to 5 x 1078 m?/s, into which the value calculated using
the hydrodynamic model falls. This suggests that the
mobility of adsorbed molecules will have two compo-
nents: diffusive and hydrodynamic as follows:

o 0InP
*3InC;

(23)

Following the statistical-mechanical treatment of
Hwang and Kammermeyer, the corrected surface dif-
fusivity D2 is inversely proportional to the molecu-
lar weight and its temperature dependence follows the
Arrhenius law. The activation energy of the diffusive
component is known to be a fraction of the heat of
adsorption (Kapoor et al., 1989), while the tempera-
ture dependence of the hydrodynamic component will
depend on the variation of the adsorbed viscosity.

The above equation describes the surface diffusivity
if the transport of adsorbed species is governed by the
combined mode of diffusion and viscous flow in micro-
pores. When the molecular size is very much compara-
ble to the pore dimension, the transport of molecules in
and out of the micropores will be more dominating. If
we assume the rate of entry and leaving the micropores
to follow the Langmuir kinetics, then the apparent sur-
face diffusivity due to this mechanism is (Appendix 1):

D, = (kaP +kq)L, /2 (24)

This component of surface diffusivity is greater with
higher pressure (i.e. higher loading). At relative low
loadings (i.e. low pressure) the temperature depen-
dence also follows the Arrhenius law with the acti-
vation energy being the heat of adsorption because the
rate constant for desorption is activated with the acti-
vation energy being the heat of adsorption. This means
that if the observed activation energy for surface diffu-
sion is approaching the heat of adsorption, the mobility
of adsorbed molecules is then controlled by the entry
into the micropore and evaporation from it.

4. Results
4.1. Adsorption Equilibria

Adsorption equilibria are obtained from high accuracy
volumetric rig for methane, ethane, propane, n-butane,
n-hexane, benzene and ethanol. Isotherms obtained for
each adsorbate at at least three temperatures are shown

in the following Fig. 13. The Henry constants obtained
as the slope of the initial linear part of the isotherms
are shown in Fig. 14, and also in Table 1. The heat
of adsorption obtained from the change of the Henry
constant with temperature is also shown in Table 1.

K =Ky exp(R%) (25)

The heat of adsorptions are comparable to those ob-
tained by Do and Do (1997) using the equilibria model
of isosteric heat as a function of loading. Among the
adsorbates studied here, n-hexane is the strongest ad-
sorbing species, while ethanol has the highest heat of
adsorption. This points to the fact that the adsorption
mechanism of ethanol is not the same as that of the
other hydrocarbons. This difference is in the extra elec-
trostatic interaction between polar ethanol molecules
with the functional groups on the carbon surfaces.

The adsorption isotherms are described very well
with the Toth equation

c,=¢C bP (26)
TR (SO

The parameters of these equations are optimally de-

rived from the fitting of these equations against the

experimental data, and these are listed in Table 2.

4.2.  Surface Diffusivity at Zero Loading

We have discussed the equilibria of various hydrocar-
bons on activated carbon. Now we turn to the discussion
of the surface diffusivity extracted from the analysis the
kinetics data. Before discussing the surface diffusivity
behaviour with respect to loading, we consider first the
surface diffusivity at zero loading. The surface diffu-
sivities obtained at zero loadings for the three kinetics
methods are tabulated in Table 3, and typically shown in
Fig. 15 versus 1/T . From Table 3, we see that the values
of the surface diffusivity obtained by these methods are
very comparable to within about 50%. The difference
in theses values is due to the different experimental
procedure and also due to the fact that the contribu-
tion of the surface diffusion towards the total flux is
between small to moderate (compared to pore volume
diffusion flux and viscous flux) at zero loading, making
the derivation of the surface diffusivity at zero loading
from the total flux subject to some errors.
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Figure 13. Adsorption isotherms of propane (303, 313, 323 K), n-butane (293, 303, 313 K), n-hexane (303, 313, 323, 333 K), benzene (313,
323, 333 K) and ethanol (303, 313, 323 K).
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Table 1. Henry constant, heat of adsorption, surface diffusivity and its activation energy.

Species T (K) K Kp (mol/g/Torr)  Q (J/mol)  Q (Do & Do, 1997) D, (m3/s) E,, (J/mol)
Methane 293 44 2.2 x 107 24,700 1.3 x 1078 11,700
303 39 1.88 x 107° 1.52 x 1078
323 20 9.08 x 1077 2.02x 1078
Ethane 293 772 3.86 x 1073 26,000 26,000 3.5 % 107° 13,400
303 524 2.54 x 107 421 x 1072
323 285 1.29 x 1073 5.86 x 107?

Propane 293 5,742 2.87 x 107* 35,100 34,580 0.86 x 1072 21,300
303 3,269 1.58 x 10~* 1.15 x 1072
323 1,490 6.76 x 1073 1.94 x 1072

n-butane 293 10,760 5.38 x 10~ 42,260 43,000 1.025 x 10710 28,100
303 6,550 3.17 x 1074 1.5 x 10710
323 2,130 9.67 x 1073 3.0 x 10710

n-hexane 303 940,000 4.55 x 1072 50,600 8.6 x 10712 40,200
313 500,000 2.34 x 1072 1.4 x 10711
323 270,000 1.23 x 1072 2.3 x 1071

Benzene 303 98250  4.75x 1073 52,700 53x 10712 43,900
313 47,450 222 %1073 8.9 x 10712
323 26,890 1.22 x 1073 1.56 x 1011

Ethanol 303 9,194 4.45 %10~ 55,200 1.84 x 1012 52,300
313 4,583 2,15 x 1074 3.57 x 10712
323 2,367 1.07 x 10~* 6.65 x 10712

K = KpppRT/(1—&n), where Kp is the slope of the plot C;, (mol/g) versus pressure.

1e-2 b=

K [mole/(gram x torr)]

1e-7 .
305 310 315 320 325 330 335 340 345

1T x 10 [KY

Figure 14. Plotof the Henry constants for methane, ethane, propane
and n-butane versus 1/7T (K).

The plots of logarithm of the surface diffusivity ver-
sus 1/T (Fig. 15) show linearity over the narrow range
of temperature. The activation energies obtained from
the slope of those linear plots are shown in Table 4.

le-3 T T T T
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D (cm2 /sec)

B
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le-7 I ! ! l
3.0 3.1 32 33 3.4 35

(1M x 10° (K'1)

Figure 15. Plot of the surface diffusivity at zero loading versus
1/T.

The activation energies for all these adsorbates are
lower than the heat of adsorption, and these are com-
pared graphically in Fig. 16(a). The ratio is shown in
Fig. 16(b), and we note that this ratio increases from
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Table 2. Optimal parameters of the Toth equation.

203

303K 313K 323 K
Cus b Cus b Cus b
T (mol/cc) (1/Kpa) t (mol/cc) (1/Kpa) t (mol/cc) (1/Kpa) t
Propane 0.0135 0.2519  0.368 0.0146 0.2044  0.340 0.0168 0.1038  0.340
n-butane 0.0111 10.09 0.294 0.0091 4.31 0.342 0.0078 2.29 0.383
n-hexane .006776 1884.08 0.275 .006565 1283.62 0.276 .006113 502.41 0.304
Benzene 0.0112 141.86 0.313 0.0111 74.22 0.318 .010847 45.82 0.321
Ethanol 0.0160 0.9359 0947 0.0130 04666 1.434 0.0115 0.3159 1.753

Table 3. Surface diffusivities derived from the three kinetics

methods.

Dy, (m?/s) Dy, (m?/s) Dy, (m?/s)
Species from CMF from DP from DAB
Ethane 4.21 x 107° - 3.x 107
Propane 1.15 x 107° 2.8 x 10710 1.0 x 107°
n-butane 1.5x 10710 2.0 x 10710 1.5 x 10710
n-hexane 1.4 x 10~ 4.23 x 10712 -

Table 4. Activation energy for surface diffusion and heat of

adsorption.

Species E,, (J/mol) Q (J/mol) E./Q efs /kp (K)
Methane 11,700 24,700 0.47 62
Ethane 13,400 26,000 0.52 77
Propane 21,300 35,100 0.61 81
n-butane 28,100 42,260 0.67 122
n-hexane 40,200 50,600 0.79 107

about 0.45 for methane to 0.8 for hexane. The approach
of this ratio towards unity (that is the activation energy
is approaching heat of adsorption) might indicate that
when the molecular size is larger the mobility of ad-
sorbed molecules is limited by its ability to enter to
leave the micropores.

Since the interaction energy between the adsorbate
and the solid is responsible for the adsorption and hence
the mobility of the adsorbed molecules, we plot be-
low in Fig. 17 the plots of activation energy and the
heat of adsorption versus the interaction energy. Here
we see that these energy parameters seem to correlate
more linearly with each other, suggesting the adsorp-
tion mechanism as well as the diffusion mechanism of
adsorbed species is probably associated with the dis-
persive force between the adsorbate molecules and the
solid surfaces.

The question about the mobility of adsorbed species
of whether it has origin from Knudsen mechanism is
shown in Fig. 18, where the surface diffusivities are
plotted versus the molecular weight and the hypotheti-
cal Knudsen diffusivities are also shown. The Knudsen
diffusivities are calculated from:

2r |8RT

Dy =
K= 3V m

27

where r is taken as the average pore size of micropores,
which is taken to be 1 nm in this calculation. It is quite
clear from this figure that Knudsen mechanism is not
the mechanism for motion of adsorbed molecules as
the calculated Knudsen diffusivities are at least two
order of magnitude greater than the measured surface
diffusivities.

To check whether the surface diffusivity would fol-
low the inverse of the square root of molecular weight,
we evaluate D,~/MW, and the results are shown in
Table 5. We see that the surface diffusivity at zero load-
ing decreases faster than the rate of inverse of the square
root of molecular weight.

It must be remembered that the so-called surface dif-
fusivity at zero loading should not be taken as that at
absolute zero loading. This is due to two reasons. The
first is that it is difficult to conduct experiments at ultra-
low pressure to truly mimic the zero loading condition.
Secondly, the mobility at “strictly” zero loading (that
is the mobility of the first molecule adsorbed in the
system) should be almost zero, because that molecule
will adsorb onto the strongest site available in the sys-
tem, which one would highly expect that the mobi-
lity is zero. Therefore, the so-called surface diffusivity
at “zero-loading” should be taken at relative sense as
possible.

From the results and observations obtained from the
three kinetics methods of measurement, the surface
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diffusivity at zero loadings has the following charac-
teristics.

1. Apparent surface diffusivity increases with temper-
ature for all adsorbates studied. The functional de-
pendence on temperature seems to follow the Ar-
rhenius law, at least to be the case for the narrow
range of temperature studied in our work

2. Activation energy increases with molecular weight
for the same class of adsorbate, and it is lower than

the heat of adsorption. The ratio of the activation
energy to heat of adsorption is greater when the ei-
ther the molecular weight increases or the molecu-
lar size increases. This ratio is approaching unity at
large molecular size, suggesting that the activation
energy for surface diffusion is close to the heat of ad-
sorption. This indicates that the processes of enter-
ing and exiting the micropores are controlling. This
makes sense because for any much larger molecules,
the process will be one of sieving.
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Table 5. Surface diffusivity at zero loading, and D, ~/MW.

Species T (K) D, (m?/s) Dy vMW E,, (J/mol)
Methane 293 1.3 x 1078 52 x 1078 11,700
303 1.52x 1078 6.08 x 1078
323 2.02x 1078 8.08 x 10738
Ethane 293 3.5x 107° 19.2 x 107° 13,400
303 4.21x107° 23.1x 107°
323 586 x 107 32.1 x 107°
Propane 293  0.86 x 107° 5.7x107° 21,300
303 1.15 x 1072 7.63 x 1077
323 1.94 x 1072 129 x 107°
n-butane 293  1.025 x 10710 6.8 x 10710 28,100
303 1.5x 10710 9.95x 10710
323 3.0x 10710 19.9 x 10710
n-hexane 303 8.6x10712  79.8 x 10712 40,200
313 1.4 x 10711 129 x 10711
323 23x 1071 213 x 1071
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Figure 18. Plots of surface diffusivities and hypothetical Knudsen
diffusivities versus molecular weight.

3. Apparent surface diffusivity is generally small at
zero loading. It can be subject to some error. This is
akin to the determination of the Henry constant in
equilibria study.

4. The contribution of surface diffusion at zero loading
towards the total flux is modest for low molecular
weight hydrocarbons and is very low for high molec-
ular weight species. But its contribution at higher

loadings is much greater. This will be discussed in
the next section on concentration dependence.

5. Apparent surface diffusivity decreases very rapidly
with molecular weight, much stronger than 1/
VMW as suggested by some surface diffusion
theory, such as Hwang and Kammermeyer (1966).

6. Apparent surface diffusivity is much lower than
the calculated Knudsen diffusivity, indicating that
the process of surface diffusion does not follow
Knudsen mechanism.

4.3.  Surface Diffusivity at Higher Loadings

The observed surface diffusivities at higher loadings
obtained by the constant molar flow method and differ-
ential permeation are shown in Fig. 19. The ranges of
surface diffusivity obtained by both methods are com-
parable, and we list in Table 6 those ranges.

Table 6 shows that the surface diffusivity increases
by about 2 to 3 orders of magnitude, indicating that the
surface diffusion becomes dominant at higher loading.
This illustrates that the surface diffusion should not be
ignored in the modelling of kinetics in activated carbon.

Observation for surface diffusivity at higher load-
ings obtained by the three kinetics methods can be
summarised below:

1. Surface diffusivity increases very fast with loading,
usually at a rate much greater than what predicted
by the Darken relation. This means that the thermo-
dynamic correction factor in the Darken equation
is not sufficient to explain for the increase. Solid
heterogeneity only accounts partially for the strong
concentration dependence of the surface diffusiv-
ity. This behaviour of very fast increase of D,, with
loading can only be described when the corrected
surface diffusivity is assumed as a function of load-
ing. This is feasible via the notion that the activation
energy for surface diffusion is a function of loading
(Do et al., 2000).

2. The pattern of surface diffusivity has a rapid rise
at a critical loading, that is it takes the shape such
that the surface diffusivity increases only modestly
at low loadings but it then increases quite rapidly
once a critical loading has been passed. This criti-
cal loading is higher for larger molecules, for exam-
ple the critical loading for propane is 1500 mol/m?
while that of n-hexane is 4000 mol/m>®. The rate
of increase with loading is also greater with larger
molecules, for example n-hexane and benzene com-
pared to propane and n-butane.
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Table 6. The range of surface diffusivities for propane, n-butane, n-hexane, benzene and ethanol at

303 K.
Loading range  Range of D, (m?%/s) Range of D), (m?/s) Range of D, (m?/s)
Species (mol/m?) (CMF) (DP) (DAB)
Propane 0 — 3,500 1079 —» 1077 1079 - 1077 10710 - 108
n-butane 0 — 5,000 10710 - 1077 10710 - 1077 10710 — 107°
n-hexane 0 — 5,500 1071 - 1077 10711 - 1077 -
Benzene 0 — 8,500 1071 - 1078 1071 - 1077 -
Ethanol 0 — 14,000 10712 » 1071 1071 - 1078 -
1e-7 te-8

— © propane -

9 @ n-butane 3 g Ztehnazr?;e

L 1e8 n-hexane Nl’ 1e-9

E £

o o

£ fe9 £ 110

z 3

£ £

Rl ! o

8 1e-10 8 ..

8 g 1e-11

1e-11 v —v—y
1e-12

0 1000 2000 3000 4000
surface concentration, Cp [mollm3]

5000

0 3000 6000 9000 12000
surface concentration, Cp [mol/m3]

15000

Figure 19. Apparent surface diffusivity of propane, n-butane, n-hexane, benzene and ethanol versus loading obtained by the CMF method and

DP method.

3. The polar component can affect the mobility of ad-
sorbed molecules. For example, we take propane
and ethanol, having comparable molecular weights
of 44 and 46, respectively. Propane has a sur-
face diffusivity at zero loading of 1 x 107° m?%/s,
while ethanol is 2 x 10712 m?/s (about 1000 times
lower). The critical concentration of propane is
1500 mol/m3, while that of ethanol is 9000 mol/m?.
This points to the strong interaction between polar
ethanol with the functional groups on the surface.
Since functional groups tend to be located near the
edges of the graphitic layers (i.e. in the mouth of
micropores), this again points to the importance of
the processes of entering and exiting the micropores
being the dominant process in the overall transport
of adsorbed molecules. What this means is that the
transport of adsorbed ethanol is governed by its abil-
ity to enter or exit the mouth of micropores, resulting
in very low apparent surface diffusivity.

4. The concentration dependence of surface diffusivity
versus loading is very much the same between the
DP and the CMF methods. Since the DP method

does not give accurate results at very low loadings,
the behaviour at low loading for the DP method is
not presented in the above figures. Nevertheless they
both show very rapid increase with loading. The
only significant difference between the two methods
is ethanol, where the range of surface diffusivity is
between 10~!2 to 108 for the DP method, while
this range is 107!% to 10~!! for the CMF method.
This is the subject for our future investigations.

Possible explanation for the critical concentration. Ac-
tivated carbon is known to have distribution of micro-
pores. For a given micropore, the adsorption affinity is
greater and the mobility is lower for larger molecules
compared to those of smaller molecules. To illustrate
this, let us assume that micropores can be divided into
four ranges of micropores, with each range having a
capacity of 1 mmole/g.

Ataloading of 1 mmole/g, the first range which is the
smallest micropores is filled, and all species will have
small contribution towards the diffusion flux because
of the very tight pores, but the larger molecular weight
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molecules will have the lowest mobility. At a loading
of 2 mmole/g, when the first two ranges of micro-pores
are now filled, lower molecular weight molecules in the
second range now have greater mobility and will start to
exert its contribution to the surface diffusion flux. This
is the level where species such as propane will have its
increase in the surface diffusivity. The second range is
still too small for higher molecular species to exhibit
any significant change in the surface diffusivity. At a
loading of 3 mmol/g, when the third range now is filled
with adsorbed molecules. The pore size is large enough
for the higher molecular weight to exert its influence
on the surface diffusion. This loading becomes the crit-
ical loading for the surface diffusivity of n-hexane. At
any greater loading than 4 mmol/g, the diffusion of
adsorbed species is now dominated by those residing
inside the large micropores, i.e. the fourth range. In this
range, the mobility of molecules is due those weakly
bound to the surface of the pores and the flow is more
towards the hydrodynamics nature. At this high level of
loading, the transport of adsorbed molecules will have
some hydrodynamic origin, and the apparent surface
diffusivity is given by Eq. (22). This equation shows
that higher molecular weight species can exhibit greater
mobility, and this isreflected in Fig. 18, where n-hexane
starts to have greater mobility than n-butane when the
loading is greater than 5000 mol/m?.

5. Conclusions

We have presented in this paper results of investiga-
tion into diffusion of adsorbed molecules in activated
carbon. Three different methods for kinetics measure-
ment were used in our investigation, and the surface
diffusivities obtained from these are quite comparable.
It is found that for hydrocarbons, the surface diffusivity
has the following characteristics:

1. Apparent surface diffusivity increases with temper-
ature for all adsorbates studied.

2. Activation energy increases with molecular weight
for the same class of adsorbate, and it is lower than
the heat of adsorption.

3. The activation energy is approaching heat of adsorp-
tionunity at large molecular size, suggesting that the
processes of entering and exiting the micropores are
controlling.

4. Apparent surface diffusivity is generally small at
zero loading.

5. The contribution of surface diffusion at zero load-
ing towards the total flux is modest for low molec-
ular weight hydrocarbons and is very low for high
molecular weight species.

6. Apparent surface diffusivity decreases very rapidly
with molecular weight, much stronger than 1/
VMW,

7. Apparent surface diffusivity is much lower than
the calculated Knudsen diffusivity, indicating that
the process of surface diffusion does not follow
Knudsen mechanism.

8. Surface diffusivity increases very fast with loading,
usually at a rate much greater than what predicted
by the Darken relation.

9. The pattern of surface diffusivity has a rapid rise at
a critical loading.

10. The polar component can affect the mobility of
adsorbed molecules.

Appendix 1: Mass Transfer of Adsorbed Species
via Micropore Entry and Evaporation

According to the model of Do (1996), one of the pro-
cesses that is responsible for the transport of adsorbed
molecules is the entry and evaporation from the micro-
pore mouth of a graphitic unit. Let the length of the unit
is L,,. The rate of entry into one end of the unit is (as-
suming the rates follow Langmuir adsorption kinetics
mechanism)

Ju1 =kaP1(Cps—Cp)—kyCy, (AL.D)
Similarly the rate of evaporation from the other end of
the unit is:

Ju2 =kiCp — ka P2 (Cpus — Cp) (A1.2)
where P; and P, are the adsorbate pressures at two

ends of the unit. The rate constant for desorption k4 is
assumed to follow:

0
kq = kq exp<ﬁ>

where (@ is the heat of adsorption. In writing
Egs. (Al.1) and (A1.2), we have assumed that there is
no mass transfer resistance inside the graphitic unit or
it is negligible compared to the resistance of entry and
leaving the unit. At quasi-steady, the net rate of entry
(Eq. (A1.1)) is equal to the rate of leaving (Eq. (A1.2)).

(A1.3)
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Equating these two equations, we obtain an expression
for the adsorbed concentration:

C. — kacus(Pl + P2)
T (ko Py 4 ka) + (ko Py + k)

(Al.4)

Substituting this adsorbed concentration into either
Eq. (Al.1) or (Al.2), we derive the following equa-
tion for the diffusion flux of adsorbed molecule across
the graphitic unit:

kakdcus

=__2<7M AP AlS
B 20k P + k) ( )

in which we have assumed that P; is very close to
P>. Expressing this flux in terms of the concentration
gradient of adsorbed molecule across the graphitic unit,
we have:

kakaC s AC

AP =D,—*%

Jy=—FF—F7—7— Al.6
" 2(ka P+ ka) Ly (ALO

from which we can solve for the transport diffusivity:

kakaL,, C s _ Lykqa(1 +0DP)

D, = =
H T 2(kyP 4 kq)dC, /3P 2

(A1.7)
In obtaining Eq. (A1.7), we have assumed the adsorp-
tion isotherm follows the Langmuir equation, which
is consistent with the Langmuir kinetics as posed in
Egs. (Al.1) and (A1.2).

Notation

b Adsorption affinity constant

B Permeability

B, Permeability contributed by surface diffusion
By Viscous flow parameter

C, Adsorbed concentration

C,s Maximum adsorbed concentration
D,  Pore diffusivity

D, Surface diffusivity

D) Corrected diffusivity

k,  Rate constant for adsorption

kg  Rate constant for desorption

K  Henry constant

Ko Knudsen diffusion parameter

L,  Length of one unit graphitic cell
M Molecular weight

P Pressure

Py Vapour pressure
QO  Heat of adsorption

Pore physical half width
Gas constant

Toth constant
Temperature

Reduced pressure = P/Py
Distance

Nxﬂ“*w\

Greek Symbols

, B Constants
Viscosity
Potential energy
Fractional loading

8 T R
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