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Sorption Equilibria and Kinetics of Hydrocarbons onto Activated Carbon
Samples Having Different Micropore Size Distributions
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Abstract. This paper deals with the prediction of adsorption equilibrium and kinetics of hydrocarbons onto acti-
vated carbon samples having different micropore size distribution (MPSD). The microporous structure of activated
carbon is characterised by the distribution of slit-shaped micropores, which is assumed to be the sole source of
surface heterogeneity. The interaction between adsorbate molecule and pore walls is described by the Lennard-
Jones potential theory. Different adsorbates have access to different pore size range of activated carbon due to the
size exclusion, a phenomenon could have a significant influence on both multicomponent equilibria and kinetics.
Activated carbons with three different MPSDs are studied with ethane and propane as the two model adsorbates.
The Heterogeneous Macropore Surface Diffusion model (HMSD) is employed to simulate adsorption kinetics. The
simulation results show that the MPSD is an important factor affecting both the multicomponent equilibria and
kinetics.
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1. Introduction applications, the activated carbon is called optimum
when it has high adsorption capacity in the micro-

The structure of activated carbon is known to be very pores, and the mesopore and macropore network is
complicated. Microscopically, it is composed of two such that the diffusion transport is not too restricted.
parts: the macroporous/mesoporous amorphous Car_The penetration of concentration front into the particle
bon and microporous graphite crystals. In an adsorp- is dictated by the capacity of the solid; thus the adsorp-
tion process, the former provides the pore space for tion capacity is the prime factor to be considered in
intra-particle transport and the latter accommodates the optimisation of activated carbon. It is, therefore,
the slit-shaped micropores in which most of the ad- the objective of this paper to study the effect of mi-
sorption capacities reside. This microporous network Ccropore size distribution on the adsorption behaviour,
of the graphitic crystals dictates the overall adsorption bothin equilibria and kinetics. To achieve this goal, we
equilibria, and together with the macropore/mesopore study three different samples of activated carbon and
network they affect the overall kinetics of adsorbates €ach of them has different micropore size distribution.
into activated carbon. Because of the complex structure The differences in the micropore size distributions of
of activated carbon, the carbon industries have various the three activated carbon samples are very small, but
preparation processes to produce activated carbon spewe will show in this paper that they will give rise to sig-
cific to Speciﬁc app”cationS, for examp|e to maximise nificant differences in adSOfption CapaCity and kinetics.
the adsorption capacity the activated carbon sample

must have as large a micropore volume as possible,2. Theory

perhaps at the expense of the macropore volume. In

applications such as liquid phase processes with largeThe adsorption energetic heterogeneity commonly ob-
adsorbate molecules, more attention is put on the opti- served on activated carbon is induced by the structural
misation of the mesopore space as micropore volume heterogeneity, which can be characterised by the dis-
becomes useless in those applications. In gas phasdribution of the slit-shaped micropores (MPSD). This



26  Wang and Do

MPSD is the intrinsic property of the activated carbon surface Ex(r), is taken as the negative of the potential
and dictates the adsorption equilibria and kinetics of energy minimum of an adsorbate molecule interact-
different adsorbate molecules on the activated carboning with all the surface atoms on the pore walls. Since
through the adsorbate-pore interaction. We will address we assume that the interaction between the adsorbate
our problem by first considering the single component and the adsorbent is much stronger than the interaction
kinetics, then multicomponent kinetics and finally to energy among the adsorbed molecules, the potential
the multicomponent adsorption kinetics. energy profile between a particular adsorbate molecule
and the pore is unaffected by the number of adsorbate
molecules inside that pore. In other words, the energy
of interactionEx(r) is independent of the fractional
loading.

To obtain the potential energy profile between an ad-
sorbate molecule and the pore, the slit-shaped micro-
pores are assumed to consist of two sets of layers, each
set of which has many lattice layers of infinite ex-
tent separated by the uniform spacifsgWith this as-
sumption, the 10-4-3 potential energy function (Steele,
1974) is applicable and the adsorption potential energy
ok of speciesk’ in the pore with half width t’ is:
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2.1. Single Component Equilibria

The surface heterogeneity of activated carbon can be
treated as either energetically patch-wise or structurally
patch-wise (Myers, 1984). Ifthe MPSD ofthe activated
carbon is represented biy(r) with f(r) dr being the
fraction of the micropore volumes having half-width
betweerr andr + dr, and the local isotherm is repre-
sented byo(r), the overall adsorption equilibria of a
speciesk’ at a pressurd® and temperatur@ can be
expressed as the integral of the local isotherm over the
complete micropore range (Hu and Do, 1993):

max
6= [ aPn T dr 1)
* _ Ok Ok
wherernay is the maximum micropore half-with, and r+2% ¢ -2*%
a, is the minimum pore half-width below which that 4
species can not penetrate. _ Osk
Our theoretical analysis will be restricted to systems [3A [0.61A +T1 + 73
where the adsorbate-adsorbent interaction is much 4
stronger than the adsorbate-adsorbate interaction. With + Isk ] } (42)
this restriction, the local adsorption isotherm can take 3A[0.61A +r — 2]
the form of the Langmuir equation:
where
b (r)P
%P0 = T hmP @ i = groseaod (ab)

whereby(r) is the local adsorption affinity character-  is the minimum interaction energy between the species
ising the strength of affinity between the adsorbéte *  ‘k’ and a single lattice layeg is the distance between
and the adsorbent. Itis a function of the local micro- adsorbate and the central plane of the pgeis the
pore half-width t’, and this dependence is reflected number density of carbon molecules per unit volume.

through the energy of interactidfy(r) as follows. The average values df andps are taken as 0.335 nm
and 114 nm3, respectively (Steele, 1974). The para-
bi(r) = bso.x exp( Ek(r)) (3) metersesk andosy are the cross Lennard-Jones para-
RT meters for adsorbate-adsorbent interaction, which can

be calculated using a geometric mean and arithmetic

whereb,, k is the adsorption affinity at infinite tem- mean (Lorentz-Berthelot rule):

perature of the speciek’*and this parameter will be

further discussed later. b = /os X o
: , (4c)
2.1.1. Interaction Energy and the Pore Half-Width. oo = 0s + 0k
&« =

The interaction energy between adsorbate and carbon
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Solving Egs. (4) for the minimum potential energy and
taking the negative of which as the interaction energy,
then the local interaction enerdsi (r ), can be evalua-
ted in terms of pore size over the whole MPSD range
of interest.

The lower limit of the integrationy of Eq. (1) takes
the half-width of pores in which the adsorbakehas
the same interaction energy as its interaction with a
single surface. The adsorbate would preferentially ad-
sorb on flat surface (macro/mesopores) if the pore half-
width is less thamy; or in other words the adsorbate is
excluded from pores having the half-width less than
For the 10- 4-3 potentiagx depends on the size of the

adsorbate molecule and can be obtained by numerically

solving Egs. (4).

Knowing the relationship between the interaction
energy,Ex(r), and the pore half-widthr§, the corre-
sponding adsorption energy distribution (ED) of adsor-
bate k’ for a given MPSD can be calculated from the
following expression (Wang et al., 1997):

F(E)dE = f(r)dr (5)
In this work, we shall assume that the micropore size
distribution takes the form of the Gamma distribution:

q)""lr Ye—ar

fr)y)=——— 6a

O =055 (62)
which has the following mean and variance:

F=@u+D/ (6b)

o? =@y + 1/ (60)

For a given pore of half-widthr* exposed to an en-
vironment of speciesk’ having a pressure oP, the
interaction energy is calculated from the potential mini-
mum of Egs. (4) using the information of the molecular
diametewy and the minimum energy of interaction be-
tween that species and a single lattice laygr, Then
the affinity is calculated according to Eq. (3) and the
local adsorption isotherm can be inferred from Eq. (2).
The overall adsorption equilibria is then evaluated from

Eq. ().
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Table 1 The Lennard-Jones parameters for
ethane and propane.

%

2 e/k ok ak
Adsorbate  (kJ/mol) (K) A) (A)
Ethane 12.80 230.0 391 3.210
Propane 14.96 254.0 430 3.382

2.1.2. The Adsorption Affinity at Infinite Tempera-
ture. Let us now address the adsorption affinity at
infinite temperature. We shall assume that the rate of
adsorption is related to the molecular collision rate to-
ward the surface of the micropore mouth, and this colli-
sion rate is known from the kinetics theory of gases that
it is inversely proportional to the square root of mole-
cular weight and to the square root of temperature, the
bk Of the speciesK’ is given by:

B
T JMT

wherep is regarded as the affinity parameter specific

only to the adsorbent, whose value is affected by the
lumped effects of the properties of carbon surface, such
as configuration of micropores, functional groups, de-
fects in graphite layers, pore connectivity, etc. In our

previous study (Do and Do, 1997), this parameter for
the Ajax activated carbon has been found to have the
value of:

(7)

boo,k

B =1.3x 104K x g/moh¥?/kPa (8)
which is about 1/3 of the theoretical value reported by
Hobson (1965).

2.2. The MPSDs of Sample Carbons

In the present work, we study three activated car-
bon samples characterised by different MPSDs. The
MPSDs of these three samples take the form of the
Gamma distribution, and these distributions are as-
sumed to have the same variance but their means are
different. The MPSD of the sample #2 is that of the
Ajax activated carbon used in our laboratories (Wang

In this study, ethane and propane are taken as the twoand Do, 1997). This sample has a mean pore half-width
model adsorbates, of which the molecular properties of 4.55A and a variance of 0.48. The samples #1
are taken from Breck (1974) and Bird et al. (1962). and #3 have the same variance as the sample #2, and
These parameters, together with the calculated para-their mean pore half-widths are 4.05 and 486re-
meters.g; anday, are listed in Table 1 for the 10-4-3  spectively. The relevant structural parameters for these
potential. samples are tabulated in Table 2.
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Table 2 The structural parameters of the activated carbon accessible to all species. Thus the size exclusion effect

samples. is accounted for in the overall isotherm equation.
q Mean pore Variance For multicomponent systems containihg differ-
sampleno. A1) y  half-width &) ) ent adsorbates adsorbing onto a heterogeneous surface,
the competition of different adsorbates for adsorption
20 80 4,05 0.45 -y ) .
999 100 455 0.45 space within the micropore is a fundamental problem.
' ' ‘ Equation (9) states that the competition between dif-
24.4 120 4.96 0.45

ferent adsorbates is local to each pore, that is if a pore
of sizer , accommodates only adsorbates 1 and 2, then
the competition is restricted to those two adsorbates
2.3. Multicomponent Equilibria only. Other adsorbates inaccessible to that jploraot
participate in the competition, and hence are not ac-
The adsorption equilibria of a multicomponent mix- counted forinthe local extended Langmuir equation for
ture is more complicated than that of a single compo- that pore. This concept of adsorbates-pore interaction
nent system because the whole microporous networkis more fundamental than the traditional approach of
of the activated carbon may not be completely acces- cumulative energy matching between different species
sible to all adsorbates in the system. It is possible that (Valenzuela et al., 1988):
there exists a certain pore range that adsorbates with
larger molecular size can not penetrate (size exclusion)

but which is accessible to the adsorbates with smaller Ed )_ — Enin( )_ — E(j)_ — Emi“(j)_ ’
molecular sizes. Letus assign the adsorbate with small- Emax(i) — Emin()  Emax(J) — Emin(})
est molecular size as the species 1 and the largest adsor- i,j=123,....,N (11)

bate asN in the N-component system. The adsorption
equilibria of the speciex' is given by the following
equation: whereby the matching does not bring out the feature
of competition of adsorbates residing in a pore. Fur-
Lk thermore, matching the energies of two species may
{6) :/ O (P, Pa, ..., Bgr) f(r)dr occur over two pores of different sizes, which is phys-
* ically impossible. We shall discuss this point in the

A2 . . .
+ / QékJrl)(Pl» P, ..., P, Pk+l; rf@r)dr discussion section.

A1
rmax
+ f GIEN)(PL Po, ..., P, ..., Pnst) 2.4. MPSD and Adsorption Kinetics
an
x f(rydr, k=12....N) (9 In dealing with the adsorption kinetics, we will as-

sume that the activated carbon samples are of a size
whered (P, r) is the local adsorption isotherm and it such that the rates of adsorption into the micropores
can be represented by the extended Langmuir equa-and desorption from those pores are much faster than
tion: the diffusion rates of the free species and the adsorbed
species along the particle coordinate. This amounts to
by (r) Pk saying that at any point within the particle the fluid
1+ Z?Azl b; (r) P, ’ phase is in equilibrium with the adsorbed phase, i.e.,
there exists a relationship between the partial pressure
and the adsorbed phase concentration according to the
local isotherm equation (Eq. (10)).

6™ (PL Py, ..., Py:r) =
M<N;, M=kk+1,...,N (10)

The first term in the RHS of Eq. (9) is the contribution

to the adsorption of speciek’‘by the range of pores

that are accessible to species 1 to spdcitise second  2.4.1. Surface Diffusion Flux. Withthe driving force
term is the contribution by the range of pores that are for surface diffusion being taken as the gradient of
accessible to species 1 to spedies 1, and the last  chemical potential, which is equal to the chemical po-
term is the contribution by the range of pores that are tential of that species in bulk phase, the local surface



diffusion flux of speciesk’ can be expressed as:

C.(r, k) 9C(k)
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by the Fickian form:
aC(k)
(k) = —Dp(k)a—z (14d)

Ju(r k) = =D2(r, k) (12)

Ck) oz

whereDg(r, k) is the surface diffusivity of speciek™
at zero coverage, and is defined in terms of local acti-
vation energy for surface diffusion as:

(13)

D2(r, k) = D2, (K) exp(—aE(r’ k)>

RyT

where @'’ is the ratio of activation energy for surface
diffusion to the adsorption energg(r, k) and Dﬁoo

is the surface diffusivity at zero coverage and infinite
temperature level, which reflects the mobility of ad-

sorbate molecule on certain adsorbent at the extreme

conditions.

2.4.2. The Mass Balance Equation.With above def-

initions and assumptions, the Heterogeneous, Macro-

pore, Surface Diffusion model (HMSD) previously
proposed by Do and Hu (1993) is applicable here to

describe the adsorption kinetics. The overall mass bal-

whereD, is the pore diffusivity (Ruthven, 1984).
The boundary and initial conditions for the model
equations are:

aCK)

Z=0;
4

0 (15a)

Z=R st(k)—i—(l—s)/maxJu(r, K () dr
a

= kn(K)[C(K) — Cp(K)] (15b)
t=0"; C=Cy;
Fmax b(r, k)Co(Kk)
C.ok)=C, sk f(r)ydr
00 =6us0 |, 1+ X)L, b(r, j)Co(k) ©
(15c)

The above model assumes a parallel path mechanism
(PPM) in terms of pore sizes (Kapoor and Yang, 1989),
in which the overall surface flux of specie, JX,

is the summation of the local surface quxeli,(r),

ance equation for a particle can be expressed in termscontributed by all micropores accessible to that species,

of the gas phase concentrati@i and the MPSD as:

{s—i—(l—s)H[k,C(k)]}%ﬁk)
109 [ IC(K)
_Eﬁ{z Dc[k,C(k)]?} (14a)
with
H[k,C(k)]=/maX C‘;f(k)b(r’_k) — f(r)dr
a [1+ X, br, HC())]

(14b)
Dok, C(K)] =eDp(k) + (1 — &) / Do (K)
ay
Cus(K)b(r, k)
- — f(r)dr
[1+ 0L, ber, HC())]
(14c¢)

wheree is the macroporosity of the particle. In the
above equation, the bulk diffusion flux is represented

ie.,

(3]

"

A1
/ JK(C1. Co ..., Con) () dr
ay

A2
+ [
A1

rmax
+/ J¥(C1.Co. ...
a

N

I¥(C1, Ca ..., C, Cigs ) F (1) dr

,Ck,...,CN;I’)

x f(r)ydr (16)
Equation (16) is similarin form to Eq. (9) inthat the lo-
cal adsorption equilibria(r), is replaced by the local
surface qux,J/'j(r). So the effect of size exclusion and
the ‘adsorbate-pore interaction’ mechanism described
before are also incorporated in the HMSD model.

3. Simulation Parameters and Methodology

The multicomponent equilibria and kinetics models de-
scribed in the previous section require only parameters
associated with the single component systems. We do
this by fitting the models with single component sys-
tems of one particular activated carbon sample. Once
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this is done, the simulation of the models for other the error of 10%). This good agreementis also found in
activated carbon samples can be carried out. For thethe adsorption of other hydrocarbon gases/vapours on
simulation results to bear any reliability, it is important activated carbon (Wang and Do, 1997), for which the
that parameters are defined such that they can be eithemssumption that the adsorbate-adsorbent interaction is
functions of the adsorbate properties or functions of the much stronger than the adsorbate-adsorbate interaction
characteristics of the solid surface. The only parameter is valid.
we allow to vary from one sample to the others is the  With all the basic parameters defined as shown in
micropore size distribution. Table 3, the adsorption equilibria can be simulated for
In the present work, three sets of basic equilibrium activated carbon samples having different micropore
and kinetics parameters independent of the MPSD of size distribution (Eq. (9)) to study the effect of the
carbon samples are: MPSD on the adsorption equilibria. The simulation for
kinetics of ethane and propane on the three samples of
1. the minimum interaction energies between a speciesactivated carbon is done by solving Egs. (14) and (15).

and a single graphitic layes;; The kinetic model equations are in the form of coupled
2. the affinity parameteg, and partial differential equations, and they are solved using
3. the surface diffusivity at zero loading and infinite the following procedure:

temperatureDPy .

1. The model equations are non-dimensionalised in

Let us now discuss the significance of these parameters. ~ time and space domains and then transformed into
The first parameter depends only on the properties of & larger set of ODEs by applying the orthogonal
the adsorbate molecule and the surface atom (Eq. (4b)) ~ collocation technique (Do and Hu, 1993)
and therefore for a given adsorbate it can be used for 2. The resulted ODEs are then solved numerically by
all samples of activated carbon. The second parameter the integration package in MATLAB.
B (Eq. (7)) is the adsorption affinity at infinite tem-
perature. This parameter is taken as independent of The detailed procedures and solution methodology can
adsorbate, and is a function of the nature of the mi- be found elsewhere (Do and Hu, 1993). All the simu-
cropore mouth, and this is again assumed the same forlations are performed on a Pentium desktop computer
all samples. Testing this with two different commer- With a clock speed of 133 MHz. The simulation takes
cial activated carbon samples, we have found that this about several seconds for single component equilib-
parameter is almost independent of the adsorbent (Do rium to several minutes for multicomponent kinetics in
and Do, 1997). The third parameter is the surface dif- €ach run.
fusivity at infinite temperature, and we shall assume
that it is independent of adsorbates. These arguments
are supported by our previous studies on equilibriaand
kinetics experimental data of various adsorbates (in- ;
cluding hydrocarbon, aromatics, GOand SG) on 4.1. The MPSDs of Three Activated Carbon Samples
Ajax activated carbon (Do and Wang, 1997). These
parameters are listed in the following table, obtained
from the extensive fitting of experimental data on Ajax
activated carbon.

It is noted that the values ef; in Table 3 are very
comparable to the theoretical values in Table 1 (within

Results and Discussion

The aim of this study is to investigate the role of MPSD
in the overall adsorption equilibrium and kinetics on
the heterogeneous surface of activated carbon and this
is achieved by comparing the simulation results of ad-
sorption equilibria and kinetics of the model adsorbates
on sample carbons with different MPSDs. Figure 1
shows graphically the MPSD of each activated car-
Table 3 The basic equilibria and kinetics parameters for simu- hon sample with their structural parameters given in

jation: Table 2. It can be seen that the distribution profiles of
&g B DY Cus these activated carbon samples (hereafter referred to as

(kdmol)  ((@x K)"?kPa)  (nfls)  (mmollg)  AC1, AC2 and AC3) have the same variance but differ-

Ethane 13.8 B x 104 35x 107 8 ent means, with AC1 being the sample with the smallest
Propane 16.0 B 10-4 35 x 10-7 6 average pore size and AC3 having the largest average

pore size. Also shown in Fig. 1 are the minimum pore
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Figure L The micropore size distribution (MPSD) of each sample
carbon and pore accessibility cut off of each species.
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4.2. The MPSD and Adsorption Equilibria

4.2.1. Single Component SystemsThe single com-
ponent adsorption equilibria of ethane and propane on
each activated carbon sample are first simulated and
shown in Figs. 2(a) and 2(b), respectively. The sim-
ulation temperature is 303 K. Experimental data on
AC2 sample are presented in Fig. 2 as symbols. It
is seen that, as the mean pore size is getting smaller
(that is from AC3 to AC1 sample), the adsorbed con-
centration for each species increases drastically. Note
that the mean pore half-width of AC1 is 4.05 while
that of AC3 is 4.96A. The reason for this in-
crease is that the interaction energy is enhanced due
to the closer proximity of the pore walls, resulting in
anincrease in the adsorption affinity and thence adsorp-
tion density. The energy distributions of these activated
carbon samples are calculated from Eq. (5) and the
results are shown in Fig. 3. We see that the AC1 sam-
ple has higher density in the high energy range while
the sample AC3 has higher density in the lower energy
range; thus the AC1 gives better adsorption capacity

see that AC2 and AC3 have all their pores available than AC3 as we have already seen in Fig. 2. One thing
to ethane and propane. The AC1 sample, on the otherwe also note from Fig. 3 is that only a small change
hand, has a portion of its micropore volume available inthe MPSD has resulted in a very large change in the
only to ethane. This fact has a consequence in the energy distribution. This means that tailoring of acti-

multicomponent adsorption equilibria and kinetics as vated carbon to suit a specific application is a delicate

we shall see.

(a) ethane

® exp. on Ajax

Adsorbed concentration (mmole/g)

0 T T T T

AC3

0 20 40 60 80 100

Pressure (kPa)

operation.

(b) propane

1 ®  exp. on Ajax

Adsorbed concentration (mmole/g)

0 T I I I T I
0 20 40 60 80 100 120

Pressure (kPa)

Figure 2 The single component adsorption equilibria on each sample carbon at 303 K. (a) ethane; (b) propane.
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Figure 3 Adsorption energy distribution (ED) on each sample carbon. (a) ethane; (b) propane.

4.2.2. Multicomponent Systems.For single compo- illustrate this point in Fig. 4 where we plot the interac-
nent system adsorbing onto a heterogeneous surfacetion energy between ethane and the pore of half-width
the adsorption equilibria can be simulated by using r, calculated from the 10-4-3 potential. The interaction
either the MPSD or the induced energy distribution energy between propane and the pore is also shown
(ED) as the measure of the surface heterogeneity. Theon the same figure. This figure is used to determine
results are identical because of the induced energy isthe interaction energies of adsorbates within a specific
calculated directly from the MPSD (Eg. (5)). For mul-
ticomponent system, however, the situation becomes

@
more complicated. When using the micropore size dis- g E : 5
tribution (MPSD) in the calculation of multicomponent 40 _,,f‘é’.,v% .......... . .......................
adsorption kinetics, the procedure for the calculation g f : 5 5

of equilibria is straightforward as we have shown in

the theory section. Using the ED approach where we
use the matching of the cumulative energy of differ-

ent adsorbates as the relationship between their ener3
gies of interaction, the problem is that the matching g
does not bring out the feature of competition of adsor-
bates residing in a pore. Furthermore matching the W
energies of two species may occur when each of the 20 ||
adsorbates resides in pores of different size, which is

mole)

30 4

propane

physically impossible. . ethane

In the MPSD approach, only those adsorbates _ : ' v
present in the pore are available for competition for 1o ; ; i ;
the adsorption space of that pore. This is what we call 3 4 5 6 7 8
the excluded adsorbates-pore competition. Because Pore half-width (A)

of the exclusion of large adsorbate molecules from 321
some - ; 21 3.38 3.55

pores, the calculation of the multicomponent ad-
sorption isotherm must be carried out in regions as Figure 4 The ethane-propane interaction energy matching as the
we have shown mathematically in Eq. (9). We shall function of micropore size.
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Table4 Interaction energies of ethane and propane evaluated atthe It can be seen that, in pores with different sizes, the
mean pore half-width for the three activated carbon samples (AC1, jnteraction energy is a complicated problem as we
AC2, and AC3). have summarised in the above table. The traditional ap-
Species  (AC1y =405 (AC2)r =455 (AC3)r =4.96 proach of cumulative energy matching givenin Eq. (11)
is an oversimplified solution and can be physically in-
correct. For example, the highest energies in the three
carbon samples are 32 kJ/mol for ethane and 37 kJ/mol
for propane (Fig. 2). In matching these energies in the
cumulative energy approach leads to serious error be-
pore. For example, in a pore of half-width 4. B5f cause the pores correspondlng to these energies having
the sample ACL, the interaction energies of ethane widths of 7.3 and 7.7, respectively. It is impossible
and propane are 27.4 and 35.9 kJ/mol, respectively. to have competition of ethane and propane when each
For the other two samples, the interaction energies one of these are in pores of different size!
(kJ/mol) at the mean pore half-width are tabulated in ~ Figures 5(a), (b), and (c) show the simulated bi-
Table 4. nary adsorption equilibria of ethane (30%) and propane

From Fig. 4 we see that for pores having half-width (70%) as a function of total pressure for each acti-
between 3.21 and 3.38only ethane is allowed toenter ~ vated carbon sample. The temperature is 303 K. The
the pore while propane is excluded. Both ethane and solid lines represent the simulation results from the
propane can adsorb in pores having half-width larger MPSD approach and the dashed lines represent the re-
than 3.38A. What is also interesting is that in pores sults from ED approach. It is seen that, on AC2 and
having half-width between 3.38 and 3.3 ethane ~ AC3, the MPSD approach predicts higher adsorbed
actually has higher affinity than propane, and only in concentration for stronger adsorbing species and lower
pores with half-width greater than 3.3&hat propane  concentration for weaker adsorbing species than ED
will have higher adsorption affinity than ethane. We does. This is the due to the problem associated with
summarise this observation in Table 5. the matching of cumulative energy approach as we have

mentioned earlier.
To further understand the effect of different MPSD

Table 5 Accessibility of ethane and propane and their relative  on the binary equilibria, we calculate the selectivity of
adsorption affinity. ethane as follows.

Pore range Ethane Propane Relative affinity (Xads/ Youl)eth
al ulk/ethane

(Xads/ Ybulk)propane

Ethane 27.43 21.51 19.32
Propane 35.85 27.87 24.18

Sethane/propane_— (17)

3.21<r <3.38A Allowed Excluded Ethane by itself

3.38<r <355A Allowed Allowed Ethane- propane ) . o
Figure 6 shows this selectivity for ethane versus the

355A<r Allowed  Allowed Propane- ethane .
total pressure for the three activated carbon samples.

~ 6 6
o
o |@ALlt  _—m - 4 |
[=} -
< 4 propane propane 3 4
S
s
g 3 ethane-propane, 303K )
g 4
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Figure 5 The multicomponent adsorption equilibria of ethane (30%)-propane (70%) mixture on each sample carbon at 303 K. (a) AC1;
(b) AC2; (c) AC3.
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micropore volume, having half-width between 3.21 and
3.38A, which is inaccessible to propane. Furthermore,
there is another fraction of micropore volume, hav-
ing half-width between 3.38 and 3.26 where ethane
has higher affinity than propane. Therefore ethane has
more volume for adsorption in AC1 than propane does
and it has higher affinity in some pores, resulting in an
increase in the ethane selectivity for AC1 compared to
AC2.

ethane(1)-propane(2)

0.25 + AC1

o

N

o
|

o

o

o
I

AC3

Selectivity of ethane (1)

AC2 4.3. The MPSD and Adsorption Kinetics

o

o

o
1

4.3.1. Single ComponentKinetics.The simulation of
sorption kinetics are carried out with activated carbon
0.05 . . . . T samples having slab geometry and a full length of

0 20 40 50 80 100 4.4 mm. The porosity of the transport pores is 0.31.

Pressure (kPa) The conditions of the system are 303 K and 1 atm totall

pressure. The bulk diffusivity for ethane and propane
are 168 x 10°% and 130 x 10°% (m?/s), respectively.
The ratio of activation energy for surface diffusion to
adsorption energy is assumed to be 0.5.

Figure 7(a) shows the single component adsorption
as well as desorption kinetics of 5% ethane on each
AC. The desorption curve is for the case where the
particle pre-equilibrated with 5% ethane is desorbed in
the environment of inert gas. It is seen that, the des-
orption kinetics are much more sensitive to the change
of the MPSD than the adsorption kinetics. This obser-
vation is in agreement with other studies and it sug-
gests that the desorption is better than the adsorption

exp<@o> / eXp<@) —24 for the study of surface heterogeneity of activated car-
RT RT bon (Cerofolini and Re, 1995). This phenomenon at-
tributes to the existence of smaller pores with higher
For propane, the corresponding interaction energies areadsorption energies in which the desorption rates are
24.2 and 27.9 kJ/mol for AC3 and AC2, respectively; very slow. The reason why the adsorption mode is
thus an increase in the adsorption affinity is 4.3, which not sensitive to the adsorbent is explained as follows.
is greater than that for ethane. What this means is that The AC1 sample has higher adsorption capacity than
the activated carbon sample is more favourable towards AC2 (3 times larger in capacity) and one would ex-
propane when we move from AC3 to AC2; hence a pect AC1 has a substantially slower adsorption time
drop in the selectivity for ethane as we have seen in than that for AC2 because it takes longer time to ‘fill’
Fig. 6. This trend, however, is not observed when we high capacity adsorbent. In fact the half time for the
move from AC2 to AC1. Using the interaction energies AC1 sample is only 1.5 slower than that for the AC2
in Table 4, we calculate the increase in the adsorption sample. This is due to the fact that the surface dif-
affinity. This increase for ethane is 3.2 while that for fusivity increases with loading (see Eq. (13)). AC1
propane is 24. One would then expect that the selec- has higher loading and hence the surface diffusivity
tivity for ethane is further reduced because AC1 has is higher, making the time to adsorb larger amount
more affinity towards propane than to ethane, but what in shorter time than what it should be. The simula-
we see in Fig. 6 is the opposite; we see an increase intion results of the desorption kinetics of 10% propane
the ethane selectivity instead. This is due to the exclu- on each AC shown in Fig. 7(b) again show that the
sion phenomenon as in AC1 there is a fraction of its desorption is sensitive to the variation in the MPSD.

Figure 6. The equilibrium selectivity of ethane in ethane (30%)-
propane (70%) mixture as a function of bulk pressure.

We see that the selectivity for ethane decreases when
we move from the large pore size sample (AC3) to the
smaller pore size sample (AC2). This is explained as
follows. The interaction energies of ethane evaluated
at the mean pore half-width of AC3 to AC2 are 19.3—
21.5 kJ/mol, respectively (Table 4). Therefore the in-
crease in the adsorption affinity of ethane when we
move from AC3 to AC2 is:
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Figure 7. The single component sorption kinetics at 303 K on each sample carbon of 4.4 mm slab pellet. (a) ethane; (b) propane.

Experimental data of AC2 sample are shown in Figs. 7 overshoot phenomena of ethane (the faster moving/

as symbols. less-strongly adsorbed species) by propane, the slower
moving/strongly adsorbed species. Contrary to what
4.3.2. Multicomponent Kinetics. The adsorption ki-  we observed in the single component kinetics, the mul-

netics of binary mixture of ethane(5%)-propane(5%) ticomponent adsorption kinetics is very sensitive to the
on 2 mm slab pellets at 283 K are then studied for each changes in the MPSD.

AC, and the results of the simulation and the experi- Let us first examine the uptake time at which the
mental data on AC2 are shown in Figs. 8(a), (b) and (c) maximum overshoot of ethane happets,) and the
for the three samples of activated carbon. It is uptake time at which the final equilibrium is reached
seen that, the HMSD model correctly describes the (t;). Aswe move from AC3to AC It acincreases from

2.0 2.0 o 20
(@) AC1 (c)AC3
® 1.5 1.5 4 15 -
x
]
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Figure 8 Non-dimensional adsorption kinetics of ethane (5%)-propane (5%) mixture at 283 K on each sample carbon of 4.4 mm slab.
(a) AC1; (b) AC2; (c) AC3.
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about 350 to about 1200 s, atydincreases from about The simulations show that the effect of size exclusion
1500 to more than 3000 s. This suggests that, as theon overall adsorption equilibria and kinetics are very
mean pore size decreases (or the interaction energies inimportant when the mean pore size of activated carbon
crease), the rate of uptake is greatly reduced. The effectis small or the difference between molecular sizes is

of MPSD is further manifested in the overshoot degree large.
of light species on each AC. When the MPSD shifts
from AC3'’s to AC2’s, the overshoot degree of ethane

increases from 1.3 to 1.9. This behaviour is expected Acknowledgment

and typical as in AC3 and AC2 all their micropore vol-

umes are available. Since propane has higher capacityThe support from the Australia Research Council
and lower surface diffusivity, we expect an overshoot (ARC) is gratefully acknowledged.

of ethane. When we move from AC3 to AC2 the rate
of increase in the average energy for propane is higher

than that for ethane; thus this makes the overshoots Nomenclature

higher and the time when this occurs is also longer.
As the MPSD further shifts from AC2's to AC1's, the &
overshoot degree of ethane drops from 1.9to 1.7. If we
apply the argument as we just did when we moved from
AC3to AC2, we would expect a further increase in the &
overshoot degree from 1.9 but instead we see a decrease
from 1.9 to 1.7. The reason for why this happens is ex- .
plained exactly the same way we explained for the mul- Bi

Ratio of diffusion
energy to adsorption
energy (0.5)

The minimum
accessible pore half
width of adsorbatek’
Biot number

ticomponent equilibria. In AC1, thereis afraction ofthe 0 Adsorption affinity at kPat
micropore volume in which ethane is the only species as zero energy level .
propane is excluded from those pores, and furthermore, ko) Affinity of speciesk kPa
in pores having half-width from 3.38 to 3.55 ethane has at micropore with
higher affinity than propane. Therefore the degree of half'W'th T o N
overshoot is lower when we shift from AC2 to AC1. P Adsorption affinity at kPa
infinite temperature
C Bulk phase concentration molfm
5. Conclusion Co Initial gas phase mol/fn
concentration

The role of the micropore size distribution on adsorp- C, Bulk phase concen- molfn
tion equilibria and kinetics are illustrated with three ac- tration of gas phase
tivated carbon samples having different MPSDs. The C, Adsorbed phase molfn
MPSD is regarded as the source of surface heterogene- concentration
ity which dictates the adsorbate-adsorbent interaction C,s Maximum adsorbed mol/fn
through the Lennard-Jones 10-4-3 potential. Ethane phase concentration
and propane are chosen as the two model adsorbates. D Pore diffusivity nt/s

The adsorbate-adsorbate interaction energy match-D,, Surface diffusivity m/s
ing between different species in multicomponent sys- Dgoo Surface diffusivity at s
tem is investigated and an approach based on the zero loading and zero
adsorbate-pore interaction mechanism is proposed and energy level
employed in the simulation of the adsorption proper- Emean Average adsorption J/mol
ties. Meanwhile, the traditional approach of linear en- energy
ergy matching is also used in simulation as a way of E(r) Adsorption energy J/mol

comparison. For the systems studied, differences are

found between the simulation results of multicompo-

nent equilibria as well as kinetics obtained from these HMSD
two approaches. This is due to the serious limitation of

the cumulative matching method.

inside the pores with
half-width ‘r’
Heterogeneous Macro-
pore, Surface diffusion
model
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