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Abstract. This paper addresses the azeotropic behaviour of adsorption occurring on a heterogeneous solid, which
is composed of patches of different adsorption energies. One of the adsorbates is excluded from adsorption onto
one or more patches. If such species is the weaker adsorbing species, then the azeotropic behaviour does not occur.
On the other hand, if that species is the stronger adsorbing species then the azeotropic phenogi¢oncour.

The occurrence of the azeotropic depends on the relative affinities of all species and the total pressure must be
greater than a threshold pressure. We shall illustrate this theory with two systems exhibiting azeotropic behaviour:
isobutane/ethylene/13X and propane/carbon dioxide/mordenite.

Keywords: azeotropic, heterogeneous solid, equilibrium

1. Introduction isotherm first proposed by Langmuir (1917). Analysis
of such anassumption canlead to many behaviours, and

Adsorption processes are used more frequently to sep-one of such behaviours is the azeotropic phenomenon.

arate mixtures containing adsorbates of either differ- We shall derive the various criteria under which the

ing in affinities (equilibrium separation) or differingin  azeotropic behaviour might occur, and will apply such

the rate of entry into the particle (kinetic separation) a theory to two systems known for their exhibition of

(Ruthven, 1984; Yang, 1987). Understanding the equi- azeotropic behaviour:

libria and kinetics of a process is a pre-requisite for

better designing an adsorber. For many systems, such al- iso-butane/ethylene/13X by Hyun and Danner

design is relatively straightforward. However, in some (1982),

systems, the selectivity is not favourable toward any 2- Propane/carbon dioxide/mordenite by Talu and

particular species over a range of concentrations, but ~ Zwiebel (1986).

rather such selectivity switches from one species to

another when the compositions are varied. Such a be-2. Theory

haviour is known as the azeotropic behaviour, and very

often this is treated by assuming a nonideal adsorbed In this theory, the adsorbed phase is considered to be

phase (Sircar, 1991) and an introduction of the activity composed of two patches of adsorption sites. By the

coefficient for that phase. term of patch here we do not mean patches of surfaces,
In this paper, we will address this azeotropic be- but rather in a more general form that the adsorbed

haviour, and propose a mechanism whereby the azeo-phase is composed of two distinct regions, which are

tropic can be explained by assuming the solid being assumed to be independent of each other. Adsorption

composed of at least two distinct patches of adsorp- on each patch is direct from the gas phase, and at equi-

tion sites. If these patches behaves ideally in the senselibrium the chemical potential of the gas phase is in

that the Langmuir assumptions are valid, then the ad- equilibrium with those of the two adsorbed phases.

sorption isotherm will be in the form of dual Langmuir  Let us assume that the patch 1 has stronger adsorption
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interaction energy than the patch 2 does, and the solid as the one where the patch 1 represents the micropore
is exposed to a pure component fluid. The adsorption space in a microporous solid while the patch 2 is the
of the pure component on each patch can be assumedegion where there are functional groups so that only
to follow the Langmuir equation. We shall generalise the weaker species having a property such as dipole to
this isotherm equation to the Toth equation to account interact with. The stronger species is the one having

for the patch heterogeneity later. higher boiling point compared to the weaker one so
There are five possibilities that a system of this type that it would interact strongly with the surface atoms
of solid can have: of the micropore.

To numerically illustrate this case, we study the fol-
Case 1. The adsorption onthese two sitesis progress- lowing three simple examples. We shall denote 1 to
ing with respect to adsorbate affinity, that is the com- the stronger adsorbing species and 2 to the weaker ad-
ponent having stronger affinity in one site will exhibit sorbing species. By “stronger” here we mean that the
stronger affinity in the other site. species 1 has higher affinity towards the patch 1.

Case 2. The adsorption on the weaker patch (patch 2) Example 1. We choose the following pure component
is restricted to the stronger species. adsorption isotherm equations for the strong and weak

adsorbates in the stronger patch 1:
Case 3. The adsorption on the weaker patch is re-

. . 0.2p
0
stricted to the weaker species. Ch= Zm (mmol/g) (1a)
Case 4. The adsorption on the stronger patch 0 0.08p
(patch 1) is restricted to the stronger species. Cuz = 21 +0.08p (mmol/g) (1b)

Case 5. The adsorption on the stronger patch is re- where the saturation capacities of these two species
stricted to the weaker species. are the same. The affinities of the species 1 and 2 are

0.2 and 0.08 kPd, respectively. For this patch, the

Cases 1, 2 and 4 will never give riseto any azeotropic as SE|eCtiVity of the first species to the second Species is
the competition of the stronger species is always dom- 2.5, resulting in a favourable Separation towards the
inant in both patches. Hence the system is favourable first species within this patch:
to the stronger species at equilibrium. This will leave
the case 3 and case 5 for being possible candidate to S, = Cu/Pr _ 202)/(1+0.2p; + 0.08py)
give rise to the azeotropic behaviour. Cu2/P1 2(0.08)/(1+0.2p; + 0.08py)

For the cases 3 and 5, we shall consider the two situa- =25 (2
tions whereby the saturation capacities are the same or
different for different species in each patch. If the sat- This is only true for the patch 1, but the solid does con-
uration capacities are the same for all species, then thetain two patches. Although the patch 2 is weaker than
extended Langmuir isotherm equation can be used to the first patch, it is available only to the weaker compo-
describe the capacity of the speciesunder the mix- nent, giving this weak component a possible chance to
ture conditions. If the saturation capacities are differ- compete with the stronger species when certain condi-
ent, thenwe apply the IAS theory (Myers and Prausnitz, tions are met. So when the total pressure is reasonably
1965) to obtain the capacity for each component under high, the patch-selectivity of the first patch is always

the mixture conditions. maintained at 2.5, and since its saturation capacity is
We now first consider the case 3 and will deduce the finite, the overall selectivity will depend on the weaker
behaviour of case 5 based on the result of case 3. patch as well. Let us now illustrate this point. If we take

the adsorption isotherm of the weaker component 2 on

2.1. Adsorption on Weaker Patch Restricted to the the weaker patch 2 is

Weaker Species (Case 3) 0.02p

0 _
Cho= 21+ 0.02p (mmol/g) 3)

2.1.1. Langmuir Isotherm. Let us now consider the
case 3 where the weaker patch (patch 2) is available Note that the affinity of the component 2 on this weaker
to the weaker species. One can visualise this situation patch is smaller than that on the stronger patch 1, which
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(b)
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3.0 , ; while the capacity of the component 2 has two contri-
C) butions (one from each patch):
jg 25| =45
species 0.08 0.02
g Cho=2 P o P2 (5
g 2.0} 14 0.2p, + 0.08p> 1+ 0.02p;
B ;
% 1.5 species 1 1 This means that the total capacity of two adsorbates on
% the solid at this mixture condition is
3 1.0 1
B 0.2 0.08 0.02
£ Cpr=2 p1+ P1 P P2 ©6)
2051 1+ 0.2p; + 0.08p, 1+ 0.02p,
=]
<
0.0 . i | Let x andy be the mole fraction of the component 1
0 10 20 30 40 50 in the adsorbed phase and the gas phase, respectively.
Pressure (kPa) We have
@
Cu p1 P2
X === =—; l-y=— 7
- Cor y=5 y=75 ()
)
Té 25 species 2 whereP is the total pressure. With these definitions, we
g derive the following relationship between the adsorbed
g 20 mole fraction and the gas phase mole fraction with the
E species 1 total pressure as the varying parameter.
2151
g 0.2y
8 10l X 1+0.2Py+0.08P(1—y) (8)
9 0.2y +0.08(1—y) + 0.02(1—y)
2 1+02Py+008P(1l—y) ' 1+0.02P—y)
2 05
2 Figure 2 shows a plot of the adsorbed phase mole
0.0 - - ‘ - fraction versus the gas phase mole fraction with the
¢ 10 20 30 4 20 total pressure as the varying parameter. We use the
Pressure (kPa)

following values for the total pressure, 10, 100, 200,

1.0

Figure 1 (a) Adsorption isotherm of Example 1; (b) Adsorption
isotherm of Example 2.

is 0.08. The adsorption isotherms of the two compo-

nents are shown in Fig. 1a, where we see that the com-
ponent 1 is strongly adsorbing (higher Henry constant) 2
at low pressure but has lower capacity at higher pres-
sures. What we also see is the crossing-over of the £

fraction, x

€ m

two adsorption isotherms. This crossing-over has been g’ il

known to give rise to the azeotropic phenomenon as
indicated by Cook and Basmadjian (1965).

Under the mixture conditions of partial pressupgs
and p; in the bulk gas phase, the adsorption capacity
of the component 1 is

Adsorb

0.2p;

Ch=2 4
" 14 0.2p, + 0.08p, @
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Figure 2 Thex-y diagram of Example 1.
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(a) Low pressure: Selectivity is favourable toward the stronger species that in the last example and the patch 2 available only
to the weaker component has adsorption energy lower
o @ OO0 O than that in the last example. This example represents
o .. a solid havindarger variancein adsorption energy.
) ® Y OQ O Par:ch 1The adsorption isotherm equations for the
@ ® o patch 1 are:
Patch # | Patch # 2 Cgl — 21 32%p (mmol/g) (9a)
(b) High pressure: Selectivity is favourable toward the weaker species 0.1p
Cl=2—"— (mmol/g) (9b)
. .. O % 1+0.1p
® .‘ & O Inthis example, the affinities of the components 1 and 2
o <P o g@ are 0.5 and 0.1 kP4, compared to 0.2 and 0.08 in the

last example. The saturation capacities are remained

o
" the same at 2 mmol/g.

Patch # | Patch # 2 Patch 2In the second patch, only the weaker compo-
nent is accessible, and the adsorption isotherm is

Figure 3 Schematic diagram to illustrate the reversal selectivity.

0.01
o, =2——F_ (10)

1000 kPa. What we observe is that at the very low 1+0.01p

total pressureR = 10 kPa), there is no azeotropic be-

haviour. This is because at low pressure the patch 2 the adsorption isotherms for the two adsorbates are
is not competitive enough to give the weaker species gnown graphically in Fig. 1b. Comparing with Fig. 1a,
a chance to reverse the patch-selectivity of the patch 1,6 see that the solid of example 2 has a wider adsorp-
(whichis 2.5), where the stronger species is favourable. 5 energy than that in example 1.

Thus the overall selectivity is favourable towards the  \wjith these isotherm equations for the two patches,

stronger species. However, when the total pressure isie relationship between the adsorbed mole fraction
increased to 100 kPa or higher, high enough to give 5,4 the gas phase mole fraction is

the weaker species an opportunity to reverse the patch-
selectivity because of its extra contribution from the

. 0.5y
weaker patch 2. As a result, we see the azeotropic be-  — T+05Py+01PA—y) (11)
haviour, a selectivity reversal, a phenomenon is possi- T _O0by+o0ld-y . _00ld_y)
1+05Py+0.1P(1-y) 1+0.01P(1—y)

ble when only the weaker component is accessible to
the patch of lower energy. o _
The following schematic diagram (Fig. 3) shows The_followmg figure (Fig. 4) _shows the pl_ot wiversus
two situations. In one case the stronger species domi- Y With the total pressure being the varying parameter.
nates (Fig. 3a), and in the other the weaker dominates What we observe in this figure is that the azeotropic
(Fig. 3b). The filled symbol represents the stronger bghawourl.snore pronour_1cedl’h|s is attributed to the
species while the unfilled symbol represents the weaker différence in the adsorption energies between the two
species. The case (a) is the case of low pressure wherd®@{ches.
the pressure is not high enough for the weaker species
in the weaker patch 2 to compete. The other case isthatExamp|e 3. So far we have assumed that the satu-
when the pressure is high enough so that the capacityration capacities of the two patches are the same. Let
of the weaker species in the weaker patch is now high ys now consider the case where the saturation capac-
enough to compete. ity of the weaker patch is twice as much as that of the
stronger site. The affinities are the same as those used
Example 2. Let us now choose another combination in the example 2. We have the following relationship
where the patch 1 has higher adsorption energy thanbetween the adsorbed phase mole fraction and the gas



On the Azeotropic Behaviour of Adsorption Systems

P
1
20
= 08 - —Tnp 7
g 200 7
g 1000 i
E Z
o 06|
° I
E o
L]
é’ s
a 0.4 ~
b Ve
2 s
2 //
=}
Ve
< 0.2 o
Ve
o
7
P
0.0 . . . .
0.0 0.2 0.4 0.6 0.8 1.0
Gas phase mole fraction, y
Figure 4 Thex-y diagram of Example 2.
1.0
//
5 ’
7
08 20 /
ik 100 P
5 200 e
§ 1000 //
< 08 i
=) Ve
E
Q
ﬁ I
a 0.4 [
A
B P
i<
S 3
] 7
<02}
73
/
e
A
0.0 . . . .
0.0 0.2 04 0.6 0.8 1.0
Gas phase mole fraction, y
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phase mole fraction:
0.5y
1+0.5Py+0.1P(1-y)
X 05y+011-y) 4 o 00ld—y) (12)
14+0.5Py+0.1P(1-y) 1+0.01P(1-Yy)

Note the factor 2 in the denominator of the above
equation. It is the ratio of the saturation capacity of
the patch 2 to that of patch 1. With this example the
azeotropic behaviour occurs sooner (Fig. 5) at lower
gas phase mole fraction than those in the previous ex-
ample. This is simply due to the higher contribution of
the weaker species by the weaker patch 2.
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Thus from the numerical examples thus far, we could
summarise the essential behaviour of the azeotropic
phenomenon as follows. The azeotropic occurs when
the patch of lower interaction energy is available only to
the weaker component, and the total pressure is greater
than a threshold pressure. The wider is the energy vari-
ance of the adsorbed phase, the sharper is the azeotropic
onx-y diagram. Also the larger is the ratio of the satu-
ration capacity in the weak patch to that in the stronger
patch, the sooner is the selectivity reversal. We will
consider in the next section the derivation of quantita-
tive conditions under which the azeotropic behaviour
occurs.

2.1.2. Azeotropic Criteria for the Langmuir Isotherm.
To quantify the conditions when the azeotropic would
occur, we letb) be the adsorption affinity of the
strong species on the patch of higher adsorption en-
ergy (patch 1)b}, be that of the weaker species, and
b} be the adsorption affinity of the weak species on the
patch of lower adsorption energy (patch 2). Then the
pure component isotherms for these two species in
the two patches are

Patch 1 (stronger patch)

0 =C! 13a
nl ,uSl + b;_ p ( )
bl p
cl, =c —2 13b
n2 ,usl + b|2p ( )
Patch 2 (weaker patch)
bII p
0 I} 2
Cho= ST DD bg 5 (13c)

With these isotherm expressions, the relationship be-
tween the mole fraction in the adsorbed phase to that
of the gas phase is

byy
1+byPy+byP(1-y)
bly+by(1—y) P bl (1—y)
1+DblPy+b,P(1-y) 1+b)P(1-y)

X =

(14a)

whereq is the ratio of the saturation capacities of the
weaker patch to the stronger patch, i.e.

(14b)
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If the y-x curve cuts the 45line, then the following
equation must be true:

by
_ 1+byPy+byP(1-y)
Y= "Hyina-y bl -y (15)
170, Py+0lPa—y | YT6lPA—y)
Solving fory, we get:
_ (by — b}) (14 by P) — bl (14 byP) (16)

(14 o) (b} — by)b P

For this solution to occur within the physical limit,
we must havey < 1, that is the constraint for the total
pressure is

(bh — by) — b

P> Tl
ab;b;

(17)

For example, we use the parameters used in the ex-

ample 3,b) = 0.5, b, = 0.1 andb) = 0.01 kPa*
anda = 2, the constraint on the total pressure for the
azeotropic to occur is

P > 38 kPa

Using the above equation, we can deduce the conditions

The conditions (20a) and (20b) represent the situation
where the adsorption isotherms of the strong and weak
species cross over each other. This has been suggested
by Cook and Basmadjian (1965), but no criteria were
derived for the necessary existence of azeotropic. The
threshold pressure above which the azeotropic occurs
is given in Eq. (20c).

When these conditions (Eq. 20) are satisfied the gas
phase mole fraction at which the selectivity reversal
ocCCurs is:

(b} — by)(1+ b} P) — b} (1 + b, P)
(14 a)(by — bbb} P

(21)

Let us illustrate this further by considering three exam-
ples based on the relative magnitude of the azeotropic
behaviour condition (i) (Eqg. (20a)).

Without loss of generality, we choose= 2 for ex-
amples 4-6.

Example 4 (b < bl + ab}). With the valuesh] =
0.5; b, = 0.3; b) = 0.2, we haveb] < b} + abj.
This is the case where the species 1 is stronger than

of the system such that the azeotropic exists so that '® SPecies 2 within the patch 1, but with the patch 2

P > 0, thatis
(by — by) —abl >0 (18a)
or
by > b} + ab) (18b)

Sincex is the ratio of the two saturation capacities, the

above equation can be rewritten as:
Cby > Cl b, + Cl by (19a)

which simply states that the Henry constant of the

stronger species must be greater than the Henry con-

stant of the other species, which is the sum of the two
Henry constants of the two patches, i.e.

Ki> Ky +Kj (19b)

Thus the conditions necessary for the azeotropic to oc-
cur are:

(i) b} >Db,+ab)orK] > Kj+Kj (20a)
(i) Cus(weaker specigs-C s (stronger specigs

(20b)
(b} — bp) — b

(iii) 20! (20c)

P > Pireshold=

included the species 2 has a higher Henry constant
than the other species. The following figure (Fig. 6)
shows the plot of the adsorbed mole fraction versus the
gas phase mole fraction. The solid is favourable to the
species 2 because its overall Henry constant is larger
than that of the species 1 although it has lower affinity
within the patch 1.
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Figure 6 Thex-y diagram of Example 4.



On the Azeotropic Behaviour of Adsorption Systems 325

1.0 . . ; : type of behaviour has been observed in simulation ex-
S amples 1 to 3.
» b
5 BB V4 2.1.3. Toth Isotherm. The analysis in the last sec-
2 113 // tion is based on the Langmuir isotherm on each patch
ﬁ 0.6 10 17 | and the saturation capacities of different species are the
2 100 same on each patch. This is sufficient to bring out the
2 i essential features of the azeotropic behaviour as well as
] .. . .
< 04} =i the conditions for the azeotropic to occur. In practice
B - the Langmuir equation usually does not describe the
5 . // data well and for such cases we shall consider in this
27 // 1 section the Toth equation for the description of adsorp-
tion data, that is the isotherm equation for the stronger
0.0 . . . . species on the stronger patch 1 is
0.0 0.2 0.4 0.6 0.8 1.0

: bl P
Gas phase mole fraction, I _ el 1
p ¥ Ci1=C.a [1+ (0 P)tl]l/tl
1

Similarly the isotherm equation for the weaker species
in the patch 1 is

(22a)

Figure 7. Thex-y diagram of Example 5.

Example 5 (b = b}, + «b}). With the valuesh] =
0.5; b, = 0.3;b) = 0.1, we haved] = b}, + ab). The cl_c b, P
following figure (Fig. 7) shows the plot of the adsorbed u2 = ;L52_[1+ (b' P)tz]l/tz
mole fraction versus the gas phase mole fraction. No 2
azeotropic occurs because the threshold pressure forThe isotherm equation for the weaker species in the
this choice of parameters is zero. The solid is prefer- patch 2 is
ential towards the species 2.

(22b)

1l
bz P (22¢)

ng = C;ILISZ o 1t
Example 6 (b > b, + abll). With the valuesh, = [1+ (bl P) ]
0.5;b, = 0.1;b) = 0.02, we havéd| > bl +abl). The
following figure (Fig. 8) shows the plot of the adsorbed Under the mixture conditions, the adsorbed concentra-

mole fraction versus the gas phase mole fraction. This tion for the patch 2 is given as in Eg. (22c) because only
the species 2 can access to that patch. For patch 1, we

use the IAS theory (Myers and Prausnitz, 1965) to cal-

1D T T T ' culate the adsorbed concentration for the mixture. The
p 73 mole fraction of the species 1 in the adsorbed phase is
£ O W o then
£08L 10 o
2 100 / Cla
© 0.6 | / ] nl + CMZ + CMZ
g 2
9 p- 2.1.4. Iso-butane/Ethylene/13X.We test this with
i:;" 04| A the experimental data of iso-butane(l)/ethylene(2)/
B 13X zeolite of Hyun and Danner (1981). Let us assume
£ 7 that the zeolite 13X has micropore channels where both
é’ G2 ~ T ethylene and iso-butane can compete and a patch of
// sites where only the ethylene can interact with. Using
0.0 & | | | | the Toth equation to fit the pure component data of
0.0 0.2 0.4 0.6 0.8 1.0 iso-butane, we get
Gas phase mole fraction, y 1626P
C),=21246 (24)

Figure 8 Thex-y diagram of Example 6. [1 + (1626P)03168)1/0.3168
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Figure 10 Plot of the gas phase mole fraction versus the adsorbed
phase mole fraction of iso-butane.

On the other hand, using the dual Toth equation to fit
the data of ethylene, we obtain

2.383P
Cu2 = 2375
n2 [1 + (2.383P)0:3831/0:383
0.181P
+1.053 (25)

[1 + (0.181P)1117)1/1117

The adsorption data as well as the fitted curves (24) and

(25) for iso-butane and ethylene are shown in Fig. 9.

We see that the two isotherms cross each other at abour

5 kPa, with isobutane having higher overall Henry con-
stant than ethylene.
The first term in the RHS of Eq. (25) for ethylene

is associated with the patch 1 where the stronger ad-

sorbing component, iso-butane, also adsorbs. Using the
IAS on the first patch, we obtain the adsorbed con-
centration for iso-butane and ethylene under the mix-
ture conditions. The ethylene adsorbed concentration
on the patch 2 is simply calculated from the second
term of Eq. (25). A plot of the gas phase mole fraction
versus the adsorbed phase mole fraction is shown in
Fig. 10 for a total pressure of 137.8 kPa and a tem-
perature of 298 K, and the experimental data of Hyun
and Danner are also shown as symbols. The predic-
tions from the model generally agree with the experi-
mental data although the point at which the selectivity
reversal predicted by the model occurs at a gas phase
mole fraction of 0.6 while the experimental data is 0.7.
Nevertheless the model is able to explain the existence
of the azeotropic behaviour.

2.1.5. Propane/Carbon Dioxide/Mordenite.We now
testthe theory with the data of propane and carbon diox-
ide on mordenite (Talu and Zwiebel, 1986) at 303 K and
atotal pressure of 40.93 kPa. The data of these two com-
pounds are shown in Fig. 11. We note that propane has
higher Henry constant while carbon dioxide has higher
saturation capacity. The mordenite zeolite is assumed
to consist of two regions of adsorbed phase. Carbon
dioxide is assumed to adsorb onto both regions, while
propane adsorbs only the strong region.

First we fit the propane data with the Toth equation
since we assume that propane only adsorbs onto one

1.0

S o e
B (=) [
T T r

Adsorbed concentration (mmol/g)

=
o

0.0

2 4 6 8
P (kPa)

10

Figure 11 Adsorption isotherms of propane and carbon dioxide on
mordenite.
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patch. Knowing the adsorption saturation capacity of 1.0
propane of this patch, we will assume that the satura-
tion capacity on the same patch for carbon dioxide will
follow the following equation: g 08
) @
[ -D a
C;Ls.carbon dioxide Ocarbon dioxide 26 s
C == (26) = 06 °
s, propane propane g .
[
whereo is the molecular dimension of the adsorbate, E
andD is the fractal dimension of the patch 1, whichis g %4 |
taken as 2.5 in this work (Keller, 1990). 3
Fitting the Toth equation g
S02le@
bl opandd <
C| _ Cl propan
1t,propane™ ~us,propane | toropanc] 1/ toopeane
[1 + (bpropané)) ] 0.0 ‘ . . .
0.0 0.2 0.4 0.6 0.8 1.0
(27) Gas phase mole fraction of propane
again5t the proplane data, we get the folllowing Opti- Figure 12 Plot of the gas phase mole fraction versus the adsorbed
mal parameters, ¢ o, opane= 1.535 mmol/gy,opane= phase mole fraction of propane.
5.782;tr')mpane= 0.3413.

With the above saturation capacity for propane,
we use Eq. (26) with opropane=5.061 A and
Ocarbon dioxide= 3.996 A (Bird et al., 1960) to calculate
the saturation capacity for carbon dioxide in the patch 1,
which isC,s co, = 2.7713 mmol/g. We see that the predictions from the theory agree

The overall isotherm of carbon dioxide is assumed . . :
to be a combination of the two Toth equations, one for very weII_ with the binary experimental data of Talu
each patch, which is and'ZwelbeI (198.6). StaudF et al. (19_95) used a gen-

' eralised Langmuir-Freundlich equation to also de-
b'cozp scribe the azeotropic behaviour of propane/carbon
/i, dioxide/mordenite data, but the analysis does not re-
veal the mechanism behind the azeotropic. The theory
in this paper argues that the presence of two patches in

calculate the mole fraction of propane in the adsorbed

phase as a function of the gas phase mole fraction as
shown in Fig. 12 for a total pressure of 40.93 kPa and

a temperature of 303 K.

_ Al
Cuco, =Cusco, [1 N (b'coz p)ttl:oz]

Il
L+l bco, P (28) the adsorbed phase and one patch accessible only to the
Hs.C0, [1 n (b“ )‘302 ] 1/teo, weaker species are responsible for the occurrence ofthe
CO, selectivity reversal, that is the azeotropic behaviour.

Using the calculated saturation capacity for the patch 1
(2.7713 mmol/g), we fit the above equations with the 2.2. Adsorption on the Stronger Patch Restricted to

experimental data of C{Xo obtain the following: the Weaker Species (Case 5)

— (36538665555%] T This case is the opposite of the case 3. Here the stronger
patch is available only to the weaker species. If we as-
0.0982p (29) sume that the patch 2 is the stronger patch, the analysis
[1 + (0.0982p)0359)1/0:359 for the Langmuir isotherm in section 2.1.2 is applicable
and the condition for the azeotropic to occur is:

C,.co,=2.7713

+4.1833

The first term is for the patch 1, while the second term

is for patch 2. b} > b}, + ab) (30a)
For the mixtures, the adsorption capacity of the first or
term of the above equation for G@ompetes with that C/Il.Sb!l. . C:stlz + C:LIsbg (30b)

for propane in the patch 1. Using the IAS calculation
for the adsorbed concentrations in the patch 1, and the  One situation where this case could apply is the solid
second term of the above equation for the patch 2, we having a range of micropores, and smaller micropores
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are only accessible to smaller sized adsorbate, which
is usually the weaker adsorbing species. Myers (1988)
presented a theory of micropore exclusion and he has
shown that the existence of this exclusion can give rise
to the azeotropic behaviour. Studies of this size exclu-
sion on zeolitic system were studied by Dunnes and
Myers (1994).

Let us take the following example to illustrate this
case 5.

Patch 1 (weaker patch)

b} = 0.5
b, = 0.1
Patch 2 (stronger patch)

by =0.3
a=1
With these values, the condition (30a) is satisfied,
and we expect the azeotropic will occur when the

total pressure is greater than the following threshold
pressure:

o _ (L= bb) — b
ablb)
Figure 13 shows the adsorption isotherm of the two

adsorbates.
Thex-y diagram for this situation is shown in Fig. 14.
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Figure 14 Thex-y diagram of case 5.

when the pressure is increased, the point at which the
reversal in selectivity occurs decreases and reaches a
constant value. The azeotropic occurs more readily in
the case 5 than the case 3. This is because only weaker
species is accessible to the stronger patch, giving it a
better chance to compete with the stronger species.

3. Conclusions

We have presented in this paper a possible expla-

We see that the azeotropic behaviour of the case 5nation for the azeotropic behaviour. Solids having

is different from that of the case 3. In this case the xy

two patches of adsorption sites, and if one of those

curves of different total pressures cross each other, andpatches is only accessible to the weaker species then

1.0 . - T T

e
oo

[ Adsorbate # 2

=
o

Adsorbate # 1

Adsorbed concentration
(=]
=

=
]
P

0.0

2 3
Pressure

Figure 13  Adsorption isotherms used in case 5.

azeotropic might occur. The necessary conditions for
the azeotropic are that the Eq. (20a,b) is satisfied and
the pressure is greater than a threshold pressure given
by Eg. (20c). Two systems of isobutane/ethylene/13X
and propane/carbon dioxide/mordenite are tested to il-
lustrate the concept of this theory.

Nomenclature

b Adsorption affinity, kPa®

C, Adsorbed concentration, mmol/g

C,s Saturation capacity, mmol/g

C,r Total adsorbed concentration, mmol/g

K Henry constant=bC,s

p Partial pressure, kPa

P Total pressure, kPa

P*  Threshold pressure, kPa

Si>  Selectivity of component 1 to component 2

t Toth constant
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x Adsorbed phase mole fraction
y Gas phase mole fraction

Greek Symbols
o Ratio of saturation capacity of patch 2 to patch 1
(Eqg. 14b)

7 Reduced spreading pressure, mmol/g
o Molecular diameter, A

Subscript

1,2 Components 1,2

Superscript

I,II Patches 1,2
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