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Abstract. Experimental isotherms describing the adsorption of pure N2, CH4 and CO in A1PO4-1 I, AIPO4-17, and 
A1PO4-18 were determined using the volumetric method at 40~ and at 23~ (A1PO4-11 only) over a pressure range 
up to 123 kPa, and subsequently fitted with the Langmuir or Freundlich equations, as well as the Flory-Huggins 
Vacancy Solution Theory equation. The capacities for the adsorbates investigated were found to depend on the 
geometry of the sieve pore size, as well as the molecular dimensions and the polarity of the adsorbate involved. At 
40~ and over the investigated pressure range, A1POa-11 and AIPO4-17 adsorbed pure CH4 in the highest amounts, 
while AIPO4-18 had a slightly higher capacity for pure CO. 

The model parameters obtained by fitting the experimental pure-component isotherms permitted the prediction of 
binary adsorption information for the CO-N2, CH4-CO, and CH4-N2 gas mixtures at 101.3 kPa total pressure, using 
the Extended Langmuir Model, the Ideal Adsorbed Solution Theory, and/or the Flory-Huggins Vacancy Solution 
Theory for mixtures. An explanation of the behaviour predicted by each model for each adsorption system is 
attempted. 
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1. Introduction 

Aluminophosphate molecular sieves are a recent and 
challenging addition to the adsorption scene, but 
knowledge of their adsorptive properties is rather 
scarce in the literature. Even less multicomponent 
mixture adsorption information is available. Consi- 
dering the difficulties associated with the experimental 
determination of binary mixture adsorption isotherms, 
pure-gas adsorption information becomes vital in the 
prediction of binary mixture adsorption isotherms and 
phase equilibria necessary in the design of adsorptive 
separation units. 

The overall objective of this study was to deter- 
mine the adsorption capacities of aluminophosphate 
molecular sieves for N2, CO, and CH 4 at 40~ and 
pressures up to about 125 kPa, to predict binary mix- 
ture adsorption of these gases in aluminophosphate 

molecular sieves of various pore geometries and di- 
mensions and to improve our understanding of adsorp- 
tion mechanisms. These gases were chosen for their 
difference in polarity in order to explain the interac- 
tions of non-polar aluminophosphate molecular sieves 
with a polar molecule like CO, as well as a quadropo- 
lar molecule like N2 and a non-polar molecule like 
CH4. 

For the prediction of the binary isotherms, the 
Extended Langmuir Model (Markham and Benton, 
1931), the Ideal Adsorbed Solution Theory (Myers and 
Prausnitz, 1965), and the Flory-Huggins Vacancy So- 
lution Theory for mixtures (Cochran et al., 1985) were 
applied using the parameters determined from pure-gas 
isotherms for the three adsorbents, at 101.3 kPa total 
pressure. In the case of the Ideal Adsorbed Solution 
Theory, the Langmuir fits for the pure-gas isotherms 
were used. 
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Table 1. Structural characteristics of investigated aluminophosphate molecular sieves 
(Szostak, 1992). 

AIPO4- I 1 AIPO4 - 17 AIPO4 - 18 

Chemical composition [Al2oP2oOso] [AIIsPIsO72] [AI24P24Og6] 
Symmetry Orthorhombic Hexagonal Monoclinic 

Channel s y s t e m  Unidimensional Three-dimensional Three-dimensional 

Ring system 10-member 8-member 8-member 

Pore dimensions [/~]0) 3.9 x 6.3 3.6 x 5.1 3.8 x 3.8 

Saturation H20 
pore volume ~2) [cc/g] 0.16 0.28 0.35 

(t)Meier and Olson (1992). 
(2)Wilson (1991). 

2. L i t e r a tu r e  Review 

Aluminophosphate structures, described in detail by 
Pluth and Smith (1987), Rudolf  and Crowder (1990), 
Bennett et al. (1986), lack the framework charge bal- 
ancing cations present in aluminosilicate molecular 
sieves. Therefore their frameworks feature overall en- 
ergetic homogeneity. Even though aluminophosphate 
molecular sieves are considered globally neutral, adsor- 
bate molecules featuring permanent electric moments 
can interact with a local non-zero framework electric 
field (Grillet et al., 1994). The stronger interactions 
existing in smaller-pore aluminophosphate molecular 
sieves have a greater effect on non-polar molecules like 
CH4 than on polar molecules. As the pore size de- 
creases, the short-range dispersive forces become more 
important than the long-range Coulombic forces. In 
micropores of size comparable to the size of the adsor- 
bate molecules, the micropore wall exerts an attractive 
force on the gas molecules which start to fill the micro- 
pore volumetr ica l ly- -a  phenomenon similar to capil- 
lary condensation that occurs in large pores at high par- 
tial pressures (Suzuki, 1990). The adsorbed phase in 
the micropores is different from the liquid phase result- 
ing from capillary condensation because of the effect 
of the force field of the pore wall. The adsorption of 
non-polar molecules in the micropores would have a 
non-localized character (Grillet et al., 1994). Micro- 
pore windows whose apertures are somewhat smaller 
than the kinetic diameter of the adsorbate molecules 
can be penetrated as a result of the effects of vibration 
of both the diffusing molecules and the crystal lattice 
(Ruthven, 1984). 

X-ray powder diffraction and neutron powder 
diffraction studies indicate that AIPO4-17 is the alu- 
minophosphate structural analogue of erionite (Wilson, 

1991). But from the adsorption point of  view, only 
the large cavities with eight-member ring openings 
of free aperture 3.6 x 5.1 ,~ in erionite are relevant. 
AIPO4-18 features monoclinic symmetry like clinop- 
tilolite and chabazite (Szostak, 1992; Simmen et al., 
1991), but its novel structure is more closely related 
to the latter (Lillerud and Akporiaye,  1994). A1PO4- 
11 features tubular, unidimensional, 10-member ring 
channels. Table 1 summarizes information related to 
AIPO4-1 I, A1PO4-17, and AIPO4-18. 

Aluminophosphate molecular sieves like the ten- 
member ring AIPO4-11 feature permanent dipoles ori- 
ented according to the channel direction (Martens and 
Jacobs, 1994). Because of the lower electronegativity 
of the A1 atom with respect to the P atom, each 
pair of adjacent AI-P atoms represents a permanent 
dipole. The polar properties .are less pronounced in 
the eight-member ring aluminophosphate molecular 
sieves AIPO4-17 and AIPO4-18, because of their three- 
dimensional channel system which does not allow for 
the representation of framework as stacked 2-D nets 
alternately linked by A1 and P atoms. 

2.1. Modelling 

2.1.1. Single-Component Adsorption Equilibria. 
The Langmuir Isotherm. This isotherm remains the 
most useful for data correlation in separation processes 
based on physical and chemical adsorption (Langmuir, 
1918): 

v BP 
0 -- --  - -  (1) 

v,. 1 + BP 

Although derived for the ideal case of local- 
ized adsorption on a uniform surface without lateral 
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interaction, this isotherm fits experimental data for 
a surprisingly large number of systems. This perfor- 
mance can be attributed to the fact that large adsorbate 
molecules tend to average out the effects of heterogene- 
ity on an atomic scale (Graham, 1959). The Langmuir 
approach assumes that the adsorption system is in dy- 
namic equilibrium and that molecules may adsorb only 
on a fixed number of well-defined, localized sites which 
can hold one molecule with no interaction between 
molecules adsorbed on neighbouring sites, and that the 
energy of adsorption is constant over all sites. 

Freundlich Isotherm. This isotherm was obtained by 
Zeldowitsh (1935) for physical adsorption on nonuni- 
form surfaces. It is an empirical equation which allows 
the amount adsorbed to increase indefinitely with pres- 
sure: 

v =kp �88  (2) 

As is the case with all empirical equations, the para- 
meters have no significant meaning and therefore do 
not allow extrapolation beyond the range of operating 
conditions under which they have been determined. 

Flory-Huggins Vacancy Solution Theory (FH-VST). 
This theory is based on the assumption that each of 
the two phases involved in adsorption (the gas phase 
and the adsorbed phase) are binary solutions of ad- 
sorbate and vacancy, featuring different compositions 
at equilibrium. As defined by Cochran et al. (1985), 
the vacancy is an imaginary entity used to quantify the 
vacuum space which acts as a solvent for the system. 
Flory-Huggins equation is used to formulate the ac- 
tivity coefficients for the non-ideal solutions that make 
up the system. The adsorption isotherm is expressed as 
the equilibrium pressure as a function of the fractional 
coverage of the molecular sieve upon adsorption: 

P =  k . ~  1 - 0  exp 1+---~100 (3) 

where 
0=2-1-  

,,7 
bl 

13/1o 

is the fractional coverage of the surface of the 
molecular sieve 
is the limiting amount of adsorption 
is the Henry's Law constant 
is the gas-solid (adsorbate-vacancy) interac- 
tion parameter 

This isotherm equation reduces to the Langmuir 
equation when the gas-solid interaction parameter, cq v, 

is 0. In that case, the adsorbed phase is considered 
ideal as there are no interactions between the adsor- 
bate molecules and the vacancy in this phase. 

2.1.2. Binary Gas Mixture Adsorption Equilibria. 
Extended Langmuir Model (ELM). This model for 
multicomponent gas mixture adsorption is based on 
the same assumptions used for the Langmuir single 
component isotherm. For a binary mixture adsorption 
system, the partial pressures of the components in the 
gas phase, P1 and P2, are in equilibrium with fractional 
coverages 01 and 02 on the adsorbent surface. The Ex- 
tended Langmuir Model results from the equality of the 
rate of adsorption and the rate of desorption at dynamic 
equilibrium (Markham and Benton, 1931): 

vl BI PI 
01 - - -  - ( 4 )  

Vr~l I + B1PI + B2P2 

where vmt is the monolayer amount for component 1 
obtained from the single component adsorption data. 
A similar equation can be written for component 2, 
as well. This approach is herein termed as "direct- 
approach ELM" (labelled "d-ELM"). 

A thermodynamic consistency condition introduced 
by Broughton (1948) requires that the monolayer ad- 
sorption capacities be equal for all the species in the 
mixture, i.e., VMI = UM2 and that the area occupied by 
each molecular species on the surface of the adsor- 
bent be independent of the area occupied by the other 
species. 

Kemball et al. (1948) acknowledged considerable 
interaction between adsorbed molecules from the re- 
duction in the area occupied by the adsorbed species 
when binary mixture adsorption occurs, compared to 
the area occupied by the adsorbed species when single- 
component adsorption occurs. To account for the in- 
teractions present in the adsorbed phase for binary 
mixtures, Innes and Rowley (1947) calculated an ave- 
raged monolayer volume, v i  = VMI = VM2, from the 
pure-component monolayer volumes (v,, 1, Vm2) and the 
mole fractions in the adsorbed phase (xl, x2): 

1 l 1 x 1 x 2 
. . . .  + - -  (5) 

UM 1)MI UM2 Uml Urn2 

When this averaged monolayer volume is utilized, Eq. 
(4) becomes: 

vl Bl Pl 
01 - - -  - ( 6 )  

UMI 1 + BI Pt + B2P2 
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The resulting ELM equation is named in this study as 
the "averaging-approach ELM" (labelled "a-ELM"). 

Ideal Adsorbed Solution Theory (lAST). This theory 
was developed by Myers and Prausnitz (1965) as an ad- 
sorption analog of Raoult 's  Law for vapor-liquid equi- 
libria. It assumes that there are no interactions between 
adsorbate molecules in the mixture (ideal solution) in 
the adsorbed phase and that equilibrium is attained at 
constant temperature when the spreading pressures of 
the components in the mixture are equal. 

If the pure-gas adsorption isotherms on which the 
IAST predictions are based on are measured for 
pressure ranges below I01.3 kPa and the difference 
in polarity of the gaseous species is not too large, 
then the predictions are very likely to be accurate 
since at those pressures the assumption of ideal be- 
haviour can be considered valid (Valenzuela and My- 
crs, 1989). This theory would not apply, however, 
when a binary mixture forms an azeotrope, since the 
assumption of ideal adsorbed solution is not going to 
apply. 

Flol3'-Huggins Form of the Vacancy Solution Theor 3, 
forMixtures(FH-VST). This theory is acknowledged 
to be able to predict highly nonideal equilibria such as 
adsorption azeotropes. It treats gas mixture adsorption 
as an equilibrium between two vacancy solutions of 
different compositions. The components of these solu- 
tions (adsorbate and vacancy) are characterized by indi- 
vidual activity coefficients to account for the departure 
from ideal behaviour of the adsorbed phase. The pre- 
sence of these components in each phase is quantified 
by mole fractions specific for each phase. The activity 
coefficients describe the composition dependence of 
the nonideal solute-solvent (adsorbate-vacancy) inter- 
actions and solute-solute (adsorbate-adsorbate) inter- 
actions during multicomponent adsorption. Therefore, 
the further away the activity coefficient is from unity, 
the more intense these interactions are. The vacancy 
in the adsorbed phase is described by its own activity 
coefficient, ?'v, which is a function of the composition 
of the adsorbed vacancy solution. 

The isothermal computational method is described 
in detail by Cochran et al. (1985). The system of equa- 
tions is solved by iteration by setting the fugacity coef- 
ficients of the components equal to 1 (assumption valid 
at low pressures), and by selecting the composition of 
the adsorbed phase (xi) and the total pressure (101.3 
kPa in this study). 

Table 2. Synopsis of relevant physical characteristics of the adsor- 
bates investigated. 

N2 CH4 CO 

Molecular configuration Linear Tetrahedral Linear 
Pauling molecular 

dimensions 1 [/~] 3.0 • 4.1 4.2 3.7 • 4.2 

Kinetic diameter I [,~] 3.64 3.8 3.76 

Formula weight 28 16 28 

Normal boiling point [~ -195.8 -161.4 -192 

Quadrupole moment 2 
Ix 10 4o Cm 2] -5.0 - -  -12.3 

Dipole moment 2 [x 103o Cm] - -  - -  0.39 

Polarizability [• 1024 cm 3] 1.74 2.593 1.844 

1Breck (1974). 
2Grillet et al. (1994). 

3. Experimental 

The adsorption isotherms were determined using the 
volumetric method, with the amount adsorbed at 
each step determined from PVT measurements ap- 
plied in a mass balance analysis. Prior to each run, 
approximately one gram of molecular sieve (powder 
form) was regenerated by heating it in the sample glass 
flask at 350~ under vacuum (<10  Pa) for a period of 
minimum 11 hours. Due to the pressure limitations 
imposed by the pressure transducers on the volumetric 
adsorption apparatus, isotherms could be determined 
only for pressure ranges up to 123 kPa. 

The adsorbents investigated (A1PO4-11, A1PO4-17, 
and AIPO4-18) were synthesized and kindly supplied 
in powder form by Dr. Serge Kaliaguine of Laval Uni- 
versity, Ste-Foy, Quebec, Canada. The gases used were 
nitrogen (min. 99.99%) and methane (99.99%) from 
Air Products, as well as carbon monoxide and helium 
(99.995%) from Matheson. Table 2 presents several 
characteristics of these gases. 

Isotherms were determined for the adsorption of N2, 
CH4, and CO at 40~ with A1PO4-11, AIPO4-17, and 
AIPO4-18, and at 23~ with only AIPO4-11. 

4. Results and Discussion 

4. I. Single-Component Adsorption Isotherms 

Langmuir and FH-VST fits were determined for all 
the pure gas adsorption systems involving A1PO4-11 
and A1PO4-18. In the case of AIPO4-17, Freundlich 
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fit proved to be an excellent alternative when polar CO 
was involved. The Langmuir equation was unable to fit 
this experimental isotherm since negative values were 
obtained for nm and Bi. Although Langmuir equation 
could adequately represent the N2 and CH4/AIPO4-17 
adsorption systems, the Freundlich fits were also deter- 
mined, Linear regression on Lotus 1-2-3 spreadsheet 
was used after the linearization of Langmuir and Fre- 
undlich isotherms to determine the coefficients for cor- 
responding pure isotherms. For the calculation of the 
FH-VST parameters, non-linear regression in SAS by 
using the Marquardt Algorithm was used. 

4.1.1. ALP04-11. The experimental pure-component 
isotherms of N2, CH4, and CO in A1PO4-11 at 23~ 
and 40~ (Stelmack, 1994) are presented in Fig. 1 along 
with the corresponding Langmuir and FH-VST fits de- 
termined in this study. All six experimental isotherms 
are favourable, which supports the hypothesis of the 
relationship between the shape of an isotherm and 
the steric constrictions encountered by the adsorbate 
molecule at the micropore aperture: with medium- 

CH4 (23 C) 

CH4 (40 C) 

Y 
co (23 C) 

CO (40 c) 

N2 (23 C) 

N2 (40 C) 

0 H 

0 20 40 60 80 IN) 120 140 
kPa 

Pressuee 

Figure1. Adsorption of CH4, N2, and CO in AIPO4-11 at 23~ and 
40~ with corresponding fits: - -Langmuir  and . . . . .  FH-VST. 

sized pores like those of A1PO4-11 (3.9 x 6.3/~), the 
three adsorbates (molecular dimensions 3.0 x 4.1 ,~, 
for N2, 4.2 ,8, for CH4, and 3.7 x 4.2 A, for CO) 
do not have to overcome steric impediments and the 
isotherms are therefore favourable. Figure 1 shows 
that over the investigated pressure range AIPO4-11 
features the highest adsorption capacity for CH4 and 
the lowest for N2 with CO being in between. This is 
an expected result of "equal access" offered by this 
medium-pore molecular sieve to all gaseous adsor- 
bates of similar molecular dimensions, smaller than 
those of its pore aperture. CH 4 being the largest 
molecule is trapped easily within the pores, while N2 
being the smallest molecule can easily leave the ad- 
sorbed phase. The capacity for CO accordingly fea- 
tures intermediate values. As expected, the slope of 
the isotherms as well as the capacities decrease with 
increasing temperature. 

All the Langmuir (rim, B1) and F H - V S T  (nil nf, 
bl, ~1 v) parameters were determined by regression us- 
ing the experimental data points. These model para- 
meters are valid for the pressure range investigated and 
are listed in Table 3. With the gas-vacancy interaction 
parameters (determined from the regression) equal to 
zero for all six adsorption isotherms, it is not surprising 
that the Langmuir and the FH-VST fits are excellent and 
are very similar, since FH-VST reduces to Langmuir 
at the limit (Henry's Law constant: bl = n,, B~, satu- 
ration capacity: nil nf =r im).  Difference in parameters 
come from different approaches to regression which 
were carried out completely independent from each 
other. Henry's Law constants are much more closer to 
each other for these 2 fits than the saturation capacities, 
since the data are in the range close to the region where 
this law would apply. 

4.1.2. ALP04-17. The experimental pure-component 
isotherms of N2, CH4, and CO in A1PO4-17 at 40~ are 
presented in Fig. 2, along with the corresponding FH- 
VST and Freundlich fits. Langmuir fits for N2 and CH4 

were carried out, but are not shown in this figure since 
they would block other fits. This figure shows that at 
40~ A1PO4-17 prefers to adsorb CH4 much more than 
N2 and CO in the pressure range studied. The slightly 
"unfavourable" S-shape observed in the experimental 
CO/A1PO4-17 and N2/A1PO4-17 isotherms is due to 
the steric hindrance encountered by these adsorbate 
molecules when attempting to penetrate the microp- 
ores. AIPO4-17 is a structural analogue of erionite and 
presents the same "bottle-neck" type of pore geometry, 
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Table 3. FH-VST (nil nr, bl,~h,) ,and Langmuir (rim, BI) parameters for single-component/AIPO4-11 (All)  
adsorption isotherms. 

Adsorption Temperature nil nf bl x l0 n n,,, Bl x 10 6 
system [~ [mol/kg] [mol/kg Pa] ul~ [mol/kg] [l/Pa] 

N2/AI 1 40 0.3025 0.56 0 0.3391 1.624 

CH4/A 11 40 2.5117 3.113 0 2.7105 1.14 

COlA 11 40 2.5765 1.472 0 1.9247 0.776 

Nz/A 11 23 0.2319 0.903 0 0.29 2.923 

CHjAI  1 23 2.304 4.383 0 2.264 1.94 

CO/A 11 23 1.2702 2 19 0 1.3186 1.652 
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Fig,r 2. Adsorption of CH4, N2, and CO in AIPO4-17 (AI7) at 
40~ with corresponding fits: - - Freundlich and . . . . .  FH-VST. 

with elliptical pore apertures which may constitute an 
impediment for less spherical molecules like N2 and 
CO. Steric hindrance is also responsible for the lower 
capacity for CO. In the case of CH4 of tetrahedral 
molecular dimension 4.2/~ (kinetic diameter 3.8/~), the 
tetrahedral geometry of the molecules facilitates pore 
penetration when the molecules approach the opening 
with one of their four vertices, and then ease them- 
selves as a result of their translational, rotational, and 

vibrational energies (still present even though reduced 
upon adsorption on the external surface of the crystal). 

The pure CH4 adsorption isotherm could be cor- 
related with all the isotherm equations with FH-VST 
equation yielding the best fit. The Langmuir (nm, BI), 
FH-VST (nil nr, bl, c~l~) and Freundlich (k, n) param- 
eters are listed in Tables 4 and 5. As can be seen 
from Fig. 2, Freundlich isotherm starts to deviate 
from the data points at pressures above 90 kPa. Fre- 
undlich isotherm fits the N2 isotherm slightly better 
than FH-VST. The Langmuir equation was unable to 
fit the CO experimental isotherm as the linear regres- 
sion (of P/v vs. P) yielded negative parameters, but the 
Freundlich equation provided an excellent correlation 
for this system. Slightly unfavourable shape of CO and 
N2 isotherms makes them difficult to fit with Langmuir 
and FH-VST isotherms. 

Several desorption points were also determined on 
the CO/A1PO4-17 isotherm (Fig. 3), revealing consi- 
derable irreversibility of adsorption in the investigated 
pressure range and the necessity to resort to ultra-high 
vacuum to desorb most of the CO adsorbed, and ulti- 
mately to thermal desorption. The irreversibility curve 
appears to indicate that once the CO molecules are ad- 
sorbed in the micropores, steric considerations concur 
in impeding desorption when the pressure is reduced. 
The CO molecules do not have the same translational, 
rotational, and vibrational freedom (energy) in the mi- 
cropore cavity, and therefore cannot orient themselves 
in the position that would permit them to exit the mi- 
cropore and return to the gas phase above the external 
surface of the AIPO4-17 crystals, no matter how high 
the vacuum is. 

4.1.3. ALP04-18. The experimental pure-component 
isotherms of Nz, CH4, and CO in A1PO4-18 at 40~ 
are presented in Fig. 4, along with the corresponding 
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Table 4. FH~ST(ni~n~b~et~)andLangmuir(nm~B~)parametersf~rsing~e-c~mp~nent/A~P~4-~7(A~7)ads~rpti~n 
isotherms at 40~ 

A d s o r p t i o n  T e m p e r a t u r e  nil nf b l  • 106 nm BI x 106 

system [~ [mol/kg] [mol/kg Pa] ~1,, x 106 [mol/kg] [1/Pa] 

N2/A 17 40 1.2682 1.531 4.436 2.6771 0.482 

CH4/A 17 40 4.1226 3.853 0 3.877 0.999 

CO/A 17 40 0.6675 1.563 -4.58 rda n/a 

T, ble 5. Freundlich parameters for single-component/AlP�9 0.3 

adsorption isotherms at 40~C. 

Temperature k 
Adsorbate [~C] [mol/kg Pa l/'~] n 

N2 40 7.0 x 10 -7 0.949 

C H 4  4 0  5 . 7  x 10  - 6  1 . 0 4 4  

C O  4 0  7 . 8  • 10 - 7  0 . 9 6 1  o~ 
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Figure 3. h-reversibility in small-porealuminophosphate molecular 
sieves at 40~ as evidence of steric hindrance. 

Langmuir and FH-VST fits. The Langmuir (rim, BI) 
and FH-VST (nil nf, bl, C~lv) parameters are provided in 
Table 6. The capacity of ALP�9 for the three ad- 
sorbates investigated decreases in the order CO > CH4 
>> N2, with the N2 and CH4 isotherms featuring ob- 
vious linearity within the pressure range studied. The 

COlA 18 

/ i  / / "  

14/A 18 

2]AI8 

2 0  4 0  6 0  8 0  100  1 2 0  

kPt 
Pre~ure 

Figure 4. Adsorption of CH4, N2, and CO in AlP�9 (A18) at 
40~ with corresponding fits: - -  Langmuir and . . . . .  FH-VST. 

capacity hierarchy could be explained in terms of steric 
hindrance effects, given the circular pore openings of 
ALP�9 (3.8 x 3�9 ,&) and the molecular dimensions 
of each adsorbate (Table 2). 

N2 is adsorbed in the smallest amounts by ALP�9 
because of two reasons. Firstly, the larger dimension 
of the "capsular" N2 molecule (3.0 x 4.1 ~)  cannot fit 
easily into a circular pore aperture of slightly smaller 
diameter�9 Molecular sieves with circular pore apertures 
are less accessible to "nonspherical" molecules like N2 
or tetrahedral molecules like CH4 (4.2/~). Secondly, 
the weak quadrupole moment in the Nz molecules is 
unable to induce electric moments in the atoms on the 
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Table 6. FH-VST (ttllnf. t,'l.C~h ,) and Langmuir (n,,,,Bi) parameters for single- 
component/AIPO4-18 (A 18) adsorption isotherms at 40:C. 

Adsorption Temperature t/ilnf b I x 10 6 ttm B I x 10 6 

system ['~C] [mol/kg] [mol/kg Pal cq~, [mol/kg] [l/Pa] 

N2/AI8 40 4.0747 0.717 0 3.3478 0.215 
CH4/A 18 40 2.4393 1.843 0 1.9684 0.952 

CO/AI8 40 0.7093 3.125 0 0.839 3.517 

surface of the adsorbent, but can generate close-range 
repulsions between neighbouring adsorbed molecules. 

CH4 is more easily accommodated than N2 since the 
lack of polarity of the CH4 molecule prevents the gene- 
ration of close-range repulsions in the adsorbed phase. 
The smaller adsorption capacity range of A1PO4-18 for 
CH4 with respect to CO is due to the higher kinetic dia- 
meter of CH4 (3.8/~.) being equal to the diameter of the 
pore opening. 

The slightly unfavourable S-shape of the CO 
isotherm up to 25 kPa could be interpreted as the re- 
sult of the conjugated effect of energetic interactions 
and steric factors. Although the kinetic diameter of 
the CO molecule is 3.76 A. (lower than the diameter 
of the AIPO4-18 pore aperture), the molecular dimen- 
sions are 3.7 • 4.2 A.. It appears that at low pressure 
when the concentration of CO molecules in the gas 
phase is small, the first few molecules end up in the ad- 
sorbed phase as a result of the non-specific (adsorbent- 
related) interactions. The pressure being so low, the 
first molecules adsorbed in the micropores are prob- 
ably those which, after being initially adsorbed on 
the external surface of the crystal, diffuse toward and 
through the pore openings drawn by the non-specific 
(adsorbent-related) adsorption potential, and happen to 
have the adequate orientation necessary to enter the mi- 
cropore cavity, i.e., they approached the pore window 
with their smaller molecular dimension (3.7/~). 

The unfavourable part of the CO isotherm in the very 
low pressure region appears to enforce the idea that 
pressure was insufficient to help a large number of CO 
molecules get adsorbed on the external surface of the 
A1PO4-18 crystals and then diffuse with the appropri- 
ate orientation toward and through the pore apertures. 
Given the energetic homogeneity of the adsorbent, the 
adsorption potential of the system is also too low at 
those low pressures. The self-potential contribution 
paid by only a small number of molecules adsorbed is 
insufficient to enhance the overall adsorption potential 
of the system. As soon as some more CO molecules are 
adsorbed, the self-potential component increases and 

continues to do so with further adsorption of additional 
CO molecules. 

The adsorbed CO molecules induce "mirror" dipole 
and quadrupole moments in the framework atoms in 
the vicinity of which they are lying, thus polarizing the 
surface of the adsorbent. These electric moments can 
be more easily induced in the case of this adsorption 
system because of  the close values of the kinetic diam- 
eter of the adsorbate and the pore aperture diameter of 
the adsorbent. As pressure is increased, the concen- 
tration of CO in the gas phase above the surface of the 
adsorbent increases, and the interactions between these 
gaseous molecules and the polarized adsorbent surface 
(which now features "self-made" adsorption sites) in- 
tensify. 

The number of molecular collisions in the gas phase 
above the crystal also increases with increasing pres- 
sure, thus increasing the probability that the molecules 
in the vicinity of the pore openings have the proper 
orientation permitting diffusion into the micropore 
cavities. There appears to be a "threshold" pres- 
sure at which the self-potential has reached a value 
corresponding to a sufficiently polarized surface for 
the non-polar aluminophosphate molecular material to 
start behaving like a polar adsorbent with higher po- 
tential sites analogous to the cationic sites in zeolites. 
Above that pressure the slope of the isotherm increases 
abruptly only to start decreasing the way any favourable 
type I isotherm flattens when the saturation capacity 
is approached and close-range repulsions between ad- 
sorbed molecules become dominant. 

N2 and CH4 isotherms were easy to fit with Langmuir 
and FH-VST equations since they behaved linearly 
within the pressure range studied. This was not the 
case for the CO isotherm. Since its shape was slightly 
unfavourable, these models' interpretation was not as 
good as the N2 and CH4 isotherms, as can be seen from 
Fig. 4. 

Several desorption points were also determined on 
CH4/A1PO4-18 and CO/A1PO4-18 isotherms (Fig. 3), 
revealing that the hysteresis effect is quite important 



Adsorption of Nitrogen, Methane, Carbon Monoxide, and Their Binary Mixtures 15 

in the investigated pressure range. Again, the presence 
of this effect can be explained in terms of steric fac- 
tors: the adsorbed molecules (whether CH4 or CO) can- 
not translate, rotate, and vibrate within the micropores 
in order to orient themselves in the position that would 
allow them to leave the micropores and the adsorbed 
phase in favour of the gas phase around the AIPO4- 
18 crystals. During desorption, steric hindrance cannot 
be overcome by a gradient of pressure (as in pressure- 
swing adsorption system). The solution to this problem 
would be the incorporation of a thermal-swing desorp- 
tion, in which case the amplitude and frequency of 
vibration of the framework increases allowing the ad- 
sorbed molecules to exit the micropores at higher tem- 
peratures. 

4.1.4. Summary. In the absence of adsorbent energetic 
heterogeneity, adsorption of pure N2, CO, and CH4 
into aluminophosphate molecular sieves is governed by 
steric effects. In these systems, the gradient of chem- 
ical potential is very small because of the absence of 
cations, and the success of the adsorption process re- 
lies, almost exclusively, on the concentration gradient 
even at the lowest pressures. Volume filling becomes 
the predominant mechanism of sorption at high pres- 
sures in the gas phase, which permit a large number of 
molecules to "squeeze" in the micropores. 

As far as adsorption capacities are concerned, 
AIPO4-11 and AIPO4-17 adsorb CH4 in the high- 
est amounts in the pressure range investigated, while 
AIPO4-18 prefers to accommodate CO in higher 
amounts. The smaller molecular dimensions of N2 are 
responsible for the inability of AIPO4-11 and A1PO4- 
18 to retain it in large amounts. These results indicate 
that steric factors are of tremendous importance in gas 
adsorption in aluminophosphate molecular sieves. 

The adsorption capacities of aluminophosphate 
molecular sieves are influenced by the nature of the 
adsorbate. Non-polar and larger molecules would be 

preferentially adsorbed since the lack of repulsive in- 
teractions at high pore fillings enable neighbouring 
molecules to tolerate the proximity of their peers, and 
their larger molecular dimensions allow them to be 
more easily entrapped within the pores. Polar and 
smaller molecules would be adsorbed in the lowest 
amounts because of the intense repulsive interactions 
which are likely to appear at high pore fillings and 
the smaller molecular dimensions which allow them 
to readily exit the micropores and return to the gas 
phase. 

Steric factors (pore dimensions and geometry, as 
well as adsorbate molecular dimensions and geometry) 
are also responsible for the presence of hysteresis oc- 
curring in single-component adsorption in small-pore 
aluminophosphate molecular sieves. The larger the dif- 
ference between the micropore aperture diameter and 
the dimensions of the gas molecule, the less likely is 
hysteresis in an adsorption system. If steric factors are 
not favourable (similar pore size and molecular dimen- 
sions, and different pore and molecule geometries), the 
adsorbed molecules are not likely to leave the microp- 
ores easily when the pressure is reduced during desorp- 
tion. Strong hysteresis in an adsorption system makes 
pressure-swing desorption inefficient and therefore re- 
quires incorporation of temperature swing to enhance 
desorption. 

Table 7 summarizes steric accessibility granted by 
each aluminophosphate molecular sieve to each adsor- 
bate studied. 

Confirmation of the reliability of each theory as far as 
pure gas adsorption modelling is concerned would in- 
volve determination of experimental data in the higher 
superatmospheric pressure range. 

4.2. Predicted Binary Mixture Adsorption Isotherms 

All predictions have been determined for a total pres- 
sure of 101.3 kPa. ELM predictions can be obtained 

Table 7. Extent of steric accessibility for the adsorption of N2, CO. CH4 in 
AIPO4-11, AIPO4-17, and AIPO4-18. 

AI PO4-11 AIPO4-17 AIPO4-18 
Adsorbate (CH4 > CO > N2) (CH4 >> N2 > CO) (CO > CH4 >> N2) 

N2 Full High Very high 

CO Full Low I High 2 

CH4 Full Very high Medium 1 

1 Molecular sieving effect. 
2Especially at higher pressures. 
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using two different equations: (i) the "direct-approach" 
(d-ELM) equation developed by Markham and Benton 
(1931) and calculating the capacity of the adsor- 
bent for each component in the mixture from the 
Langmuir monolayer capacities of the pure compo- 
nents, or (ii) the "averaging-approach" (a-ELM) equa- 
tion resulting from the amendment of the d-ELM 
equation with the thermodynamic consistency equa- 
tion developed by Broughton (1948) and used by 
Innes and Rowley (1947) as well as Innes et al. 
(1951). 

With the linear trend of most of the experimental 
single-component adsorption isotherms in the pressure 
range investigated, prediction of binary mixture ad- 
sorption must be looked upon with caution. For those 
aluminophosphate molecular sieves for which pure- 
gas adsorption data could be correlated by both the 
Langmuir equation and the FH-VST equation, (that 
is A1PO4-11 and AIPO4-18), all three models (ELM, 
IAST, FH-VST) were used to obtain binary mixture 
adsorption information. For the AIPO4-17 binary 
mixture adsorption systems, only FH-VST predictions 
were determined because no reasonable fit could be 
obtained with the Langmuir equation for the single- 
component CO isotherm, which is well represented by 
the Freundlich equation. 

Predicted equilibrium separation factors for all the 
binary systems studied are given in Table 8. 

4.2.1. ALP04-11. 
Carbon Monoxide-Nitrogen/AlP04-11. Figures 5 and 
6 show that the models do not agree upon the adsorp- 
tive behaviour of this system when compared to each 
other, but do forecast for each system similar behaviour 
at different temperatures. IAST and d-ELM predic- 
tions are very similar and estimate that the separation 
would be feasible through preferential adsorption of 
CO, while a-ELM predicts the preferential adsorption 
of N2. The FH-VST predicts an azeotrope formation at 
40~ for high CO partial pressures in the gas phase. 

Methane-Carbon Monoxide/AlP04-11. Figures 7 
and 8 show that IAST, FH-VST, and d-ELM virtu- 
ally agree in their predictions, according to which the 
separation of CH4 from this mixture using AIPO4- 
11 would be slightly more successful at 40~ The 
a-ELM predicted selectivities are the most conser- 
vative, probably as a result of the averaging effect. 
The predicted selectivity ranges are closer to each 
other for different models at 23~ than at 40~ (Ta- 
ble 8). 

Methane-NitrogerdAIP04-11. Figures 9 and 10 show 
that FH-VST calculations yield a very asymmetric X- 
Y diagram (which indicates that the values of the sep- 
aration factors can become huge at very low partial 
pressures of CH4). Given the much larger capacity of 

Table 8. Predicted equilibrium separation factors for AIPO4-11 (A11), AIPO4-17 (AI7), and 
AIPO4-18 (AI8) at 101.3 kPa total pressure for all the adsorption systems. 

Binary gas mixture Temperature 
adsorption system [~ 

Predicted equilibrium separation factors 

a-ELM d-ELM IAST FH-VST 

CO-N2/A11 40 0.48 2.71 2 .89-3.23 600.2-0.84* 

23 0.57 2.57 2 .09-2 .12  66.4-1.17 
CH4-CO/A 11 40 1.47 2.07 4.51-5.68 2.113-2.111 

23 1.17 2.02 2 .09-2 .15  2.49-1.80 

CH4-N2/A11 40 0.70 5.61 6 .01-7 .97  1065-1.86 
23 0.66 5.18 5 .82-9 .48  6779-1.44 

N2-CO/A 17 40 n]a rt/a n/a 1.28-0.85" 
CH4-CO/A 17 40 n/a n/a nla 121.01-0.96" 
CH4-N2/A 17 40 n/a n/a n/a 8.34-1.69 
CO-N2/AI8 40 16.36 4.10 3.97-3.69 91.99-0.0007" 
CO-CHn/A18 40 3.70 1.57 1.48-1.44 21.08-0.0004" 

CH4-N2/A 18 40 4.43 2.60 2 .58-2 .56  2.86-2.25 

�9 Azcotrope. 
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AIPO4-11 for pure CH4 than for N2 at 101.3 kPa, the 
preferential adsorption of CH4 indicated by IAST, FH- 
VST, and d-ELM looks reasonable. As expected, the 
X-Y diagrams yielded by IAST and d-ELM are much 
more symmetric, predicting similar selectivity values, 
and the shape of the respective binary isotherms indi- 
cates no interactions in the system. At both temper- 
atures, a-ELM predicts the preferential adsorption of 
N2, undoubtedly the consequence of averaging. 

Summary for AIP04-11. The diversity of predictions 
yielded by each model in the case of binary mixture 
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adsorption in AIPO4-11 makes comprehensive inter- 
pretation a difficult task. In Table 8, the range-end 
selectivity values are given for the lowest mole frac- 
tion of the reference species (quoted first in the pair) 
and the highest mole fraction of the reference species 
for which FH-VST calculations were performed. 

Theoretical considerations would indicate that steric 
effects are not likely to be exerted on the adsorbate 
molecules seeking access to this medium-pore molecu- 
lar sieve. Even though the pore apertures are elliptical, 
since the smaller dimension is larger than the adsor- 
bate molecule with the largest kinetic diameter, CH4, 
equal accessibility is offered to both components in all 
of the three mixtures. The fact that all models agree 
that CH4 is preferentially adsorbed from its mixtures 
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with CO or N2 supports the conclusion that this ener- 
getically homogeneous molecular sieve accommodates 
bulkier non-polar molecules like CH4 in larger amounts 
since they present a clear advantage with the absence 
of close-range repulsions in the adsorbed phase. The 
molecular-dimension criterion also applies in the case 
of  CO-N2 mixtures, from which A1PO4-11 preferen- 
tially retains the larger molecule (CO), which also has 
the greatest ability to contribute the self-potential much 
needed by energetically homogeneous adsorbents. 

4 . 2 . 2 .  A I P 0 4 - 1 7 .  FH-VST predictions for binary 
isotherms of N2, CO, and CH4 in AIPO4-17 at 40~ 
were carried out. As the pure CO experimental equilib- 
rium isotherms could not be fitted with the Langmuir 
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equation, no ELM and IAST predictions were deter- 
mined for the adsorption of the binary gas mixtures 
investigated in AIPO4-17 at 40'C. 

Nitrogen-Carbmi Monoxide~AlP04-17. According to 
FH-VST, it would be impossible to separate N2-CO 
gas mixtures at 40~ using AIPO4-17 (Fig. 11) be- 
cause the selectivity values are around unity and be- 
cause of the anticipated azeotrope. These phenomena 
should not be surprising considering the similarly low 
adsorption capacities of AIPO4-17 for pure N2 and pure 
CO at 40~ and 101.3 kPa (Fig. 2). Furthermore, both 
gaseous species must overcome sterically unfavourable 
geometric factors in order to get adsorbed, with CO be- 
ing more affected. 
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Methane-Carbon Monoxide~AlP04-17. F i g u r e  1 2 r e -  

veals that the preference of AIPO4-17 for tetrahedral 
CH4 molecules is higher than that for "capsular" CO 
in the adsorbed phase with separation factors being 
much higher at lower partial pressures of CH4 in the 
gas phase. 

Methane-Nitrogen/AlPO4-1Z AIPO4-17 might be a 
promising adsorbent for the separation of CH4-N2 gas 
mixtures at 40~ and 101.3 kPa total pressure. Figure 
13 shows that, according to the FH-VST predicted X-Y 
diagram, the separation would be efficient at low CH4 
partial pressures. As there is no CO in the system (the 
adsorbate which encounters most steric hindrance for 
adsorption in AIPO4-17), FH-VST does not forecast 
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azeotrope formation and selectivity reversal for this 
system. A1PO4-17 is known to adsorb pure CH4 in the 
largest amounts (compared to N2 and CO) for pressures 
below 123 kPa. 

Summao, forAIP04-17. A I P O 4 - 1 7  could be consid- 
ered a potential adsorbent for the reputably difficult 
separation of CH4-N2 gas mixtures. It could also be 
used for the separation of CH4-CO mixtures at low CH4 
partial pressures. 

4.2.3. ALP04-18. 
Carbon Monoxide-Nitrogem'AlP04-18. F i g u r e  14  

illustrates the discrepancy in the predictions yielded 
by the three models. The a-ELM binary isotherm fea- 
tures a "hook" for the curve representing the N2 and the 
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total amount adsorbed, lAST and d ELM predict vir- 
tually linear binary isotherms with similar separation 
fac to rs .  

FH-VST predicts selectivity reversal which trans- 
lates into a rounded curve for the total amount of  
mixture adsorbed, forming a positive deviation from 
ideality. This seems to enforce the idea that non- 
ideal behaviour such as azeotropy and selectivity re- 
versal is very likely in small-pore aluminophosphate 
molecular sieves which feature similar capacities for 
the components of the binary gas mixture and consid- 
erable steric hindrance upon adsorption into the micro- 
pores. 

The adsorption of a polar adsorbate can constitute 
both a benefit and a disadvantage for an energeti- 
cally homogeneous aluminophosphate adsorbent. The 
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dipole and quadrupole moments of CO molecules im- 
part a certain degree of energetic heterogeneity to the 
adsorbent surface once they get adsorbed and become 
"part and parcel" of the adsorbent. Consequently, 
the benefit of  CO adsorption in AIPOa's lies in the 
fact that the adsorbed CO molecules contribute self- 
potential to the total adsorption potential, a contribu- 
tion much greater than that of adsorbed quadrupolar 
N2 molecules. However, as the CO concentration in- 
creases in the adsorbed phase, the same electric mo- 
ments of the CO molecules become responsible for 
more intense close-range repulsions, thus threatening 
the stability of the adsorbed phase (a drawback for the 
adsorption of polar gases). The energetically homoge- 
neous adsorbent thereby faces a conflicting situation in 
which the tendency to retain the adsorbate which can 
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pay a large contribution in sell-potential (CO) must 
oppose the tendency to ensure the stability of the ad- 
sorbed phase by restricting the access of the major self- 
potential contributor (CO). 

Carbon Monoxide-Methane~AlP04-18. A s  illustrated 
by Fig. 15, the models predict virtually similar trends 
for the adsorption of tiffs binary gas mixture as for the 
CO-N2 gas mixture (Fig. 14), with CO expected to 
be the preferentially adsorbed species. The a-ELM 
"hook" for the curve representing the total amount 
adsorbed is less obvious. IAST and d-ELM predic- 
tions agree well for this system and are quite linear. 
FH-VST provides no surprise with its azeotrope and 
selectivity reversal prediction, and the rounded curve 
for the total amount adsorbed with positive deviations 
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from ideality. The hypothesis regarding the relation- 
ship between non-ideal behaviour and steric hindrance 
can be again considered for this adsorption system. 

Methane-Nitrogen~AlP04-18. Figure 16 shows that 
from the adsorption point of view this is a "normally- 
behaving" system in which CH4 would be adsorbed in 
larger anaounts. The selectivity values higher than 2 are 
predicted by these models with AIPO4-1 8 for CH4-N2 
mixtures (Table 8). 

Summal 3'for ALP04-18. Data on single-component 
equilibrium adsorption indicates that AIPO4-18 has the 
highest capacity for CO, compared to the other two 
gases, at 101.3 k_Pa and 40~ but it is not much higher 
than that for CH4 at the same pressure and tempera- 
ture (Fig. 4). IAST and d-ELM reflect this relative 
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difference in pure-gas capacities by predicting easier 
separation if tile relative ratio of the single-component 
capacities is high. Thus, the separation would be more 
successful for CO-N2 <gas mixtures than for CH4-N2 

gas mixtures at 40: C and 101.3 kPa total pressure. The 
" o d d s "  would be less favourable for the CO-CH4 gas 
mixture because of the close values of the pure-gas 
adsorption capacities. 

4.2.4. Summary for Binary Isotherm Predictions. 
The reliability of the information provided by the 
application of each of the three theories chosen (ELM, 
IAST, and the FH-VST for mixtures) depends on the 
accuracy of the pure gas adsorption isotherm fits. The 
greater the accuracy of the fits of the single-component 
adsorption isotherms, the higher the reliability of the 
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binary gas mixture adsorption predictions. Collection 
of" experimental binary adsorption data would be nec- 
essary for a final say on the predictive ability of each 
model. We are in the process of obtaining experimental 
binary isotherms for the systems studied in this work. 

When the a-ELM equation is applied, tile constant 
selectivity value characteristic to ELM is affected only 
by the ratio of tile Langmuir constants (Bi/Bi) re- 
gressed from the respective pure-gas adsorption ex- 
perimental isotherms. The influence of the Langmuir 
constants is obvious in the variatton of the capacities 
of the adsorbent for the components and the mixture. 
When the d-ELM equation is applied, the constant se- 
lectivity value obtained is influenced by both the ratio 
of the Langmuir constants (Bi/Bi) and the ratio of the 
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monolayer volumes of the pure species (v,,,i / v,, 0). The 
effects of the Langmuir constants on the capacities of 
the adsorbents for the components and the mixture are 
tuned down by the effects of the monolayer volumes 
of each pure species. The investigation of the CO-N2/ 
AIPO4- l 1 adsorption system at 23~ and 40~ shows 
that, as a result of the averaging of the monolayer vol- 
umes, when all the other models (IAST, FH-VST, d- 
ELM) predict equilibrium separation factors between 1 
and 3, a-ELM predicts a value lower than 1 (indicating 
selectivity reversal), and should be considered ques- 
tionable. 

lAST predictions may be very sensitive to the 
difference in the spreading pressures of the two compo- 
nents, which can be very high if the adsorption capaci- 
ties of the molecular sieve for the two components are 
widely different (e.g., mixtures of polar and non-polar 
or weakly polar gases, such as CO-N 2 and CO-OH4). In 
addition, as Myers and Prausnitz (1965) emphasized, 
the accuracy of the tit in the low-pressure range is very 
important for reliable mixture predictions. 

5. Conclusions 

1. Physical adsorption is governed by steric effects 
in energetically homogeneous aluminophosphate 
molecular sieves. 

2. In the pressure range investigated (<123 kPa), 
equilibrium adsorption capacities for CH4 are the 
highest in AIPO4-11 and AIPO4-17, while CO is 
preferentially retained by AIPO4-18. N2 is adsorbed 
in relatively low amounts compared to the other two 
adsorbates in all the aluminophosphate molecular 
sieves investigated (except in AIPO4-17). 

3. Adsorption of CO in AIPO4-17 and A1PO4-18 and 
of CH4 in AIPO4-18 feature hysteresis which neces- 
sitates the incorporation of a thermal swing cycle 
when these adsorbents are used in pressure-swing 
adsorptive separation units. 

4. For the pressure range investigated (<123 kPa), 
the Flory-Huggins form of the Vacancy Solution 
Theory (FH-VST) proves to be an excellent fitting 
tool for the pure-gas adsorption isotherms of N2, 
CO, and CH4 in aluminophosphate molecular sieves 
A1PO4-11 and AIPO4-18. Its fitting capabilities 
are slightly less satisfactory in the case of small-pore 
molecular sieve AIPO4-17 in which steric effects 
are considerable when it comes to "capsular" adsor- 
bate molecules such as N2 and CO. These isotherms 
show slightly unfavourable S shape at low pressures. 

5. The Langmuir equation also provides excellent fits 
for the pure N2, CO, and CH4 adsorption isotherms 
in AIPO4-11 and AIPO4-18. Its failure to fit the 
slightly unfavourable isotherm representing the ad- 
sorption of pure CO in A1PO4-17, for which the 
Freundlich equation had to be used, indicates that it 
is not suitable for those systems in which adsorption 
is controlled by steric effects. 

6. Prediction of binary mixture behaviour reveals that 
the energetically homogeneous aluminophosphate 
molecular sieves are more suitable for the sepa- 
ration of gas mixtures involving non-polar adsor- 
bates (CH4) and adsorbates with very small electric 
moments (Nz). According to model predictions, 
AIPO4-11, AIPO4-17, and AIPO4-18 appear to have 
the potential to separate CH4-N 2 mixtures. 

7. FH-VST appears to predict an azeotrope and selec- 
tivity reversal in aluminophosphate systems when- 
ever steric effects are considerable and the single- 
component equilibrium capacities are very similar. 
In the adsorption systems studied, most of the bi- 
nary pairs containing CO as one of the components 
showed an azeotrope with small pore A1PO4-17 and 
AIPO4-18. These systems are expected to behave 
non-ideally. 

8. The influence of adsorption temperature on binary 
mixture equilibrium in AIPO4-11 is acknowledged 
by all models through a decrease in individual ad- 
sorption capacities and total amount adsorbed with 
an increase in temperature, as expected. 

6. Future Work 

This work will be continued by the determination of 
the experimental binary isotherms for the verification 
of the predicted binary isotherms. 

Nomenclature 

B, Bi, Bj 
bl 
T 

Langmuir constants 1/Pa 
Henry's law constant mol/kg Pa 
atom capable of forming 
tetrahedra Si, AI, P 

k Freundtich parameter mol/kg Pa 
n Freundlich parameter 

dimensionless 
ni amount of species i 

adsorbed mol/kg 
n/~ amount of speciesi 

adsorbed at pressure pO mol/kg 
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n~,  nil ~f limiting amount of 
adsorption mol/kg 

n., Langmuir monolayer 
capacity mol/kg 

P pressure Pa 
Pi partial pressure of 

species i Pa 
P,~ equilibrium pressure of 

pure component i at the 
same temperature and 
spreading pressure as 
the adsorbed mixture Pa 

R universal gas constant m 3 Pa/mol K 
T absolute temperature K 
v volume of gas adsorbed m 3 

v,,, monolayer volume 
adsorbed m 3 

v,,,, monolayer volume of 
species i adsorbed m 3 

vMi(=VM) averaged monolayer 
volume I113 

v l volume of gas adsorbed 
from a mixture m 3 

xi mole fraction of species 
i in the adsorbed phase 

Yi mole fraction of 
species i in the gas phase 

Greek Letters 

C~l adsorbent polarizability cm 3 
c~le equilibrium adsorption separation factor 

(selectivity) dimensionless 
eq,, gas-vacancy interaction parameter dimensionless 

rr~ spreading pressure of species i in the mixture 
Pa 

0 fractional coverage of the adsorbent surface 
dimensionless 

Oi partial fractional coverage in multicomponent 
gas mixture adsorption dimensionless 

A bb reviations 

A l l  
A17 
A18 

a-ELM 

d-ELM 

molecular sieve A1PO4-1 ! 
molecular sieve AIPO4-17 
molecular sieve AIPO4-18 
averaging-approach Extended Langmuir 
Model 
direct-approach Extended Langmuir 
Model 

IAST Ideal Adsorbed Solution Theory 
FH-VST FIory-Huggins Vacancy Solution Theory 
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