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Abstract--Equilibria data for the adsorption of oxygen, nitrogen and their binary mixtures were deter- 
mined on SA molecular sieve beads. The single species isotherm data were approximated by the Freundlich 
type isotherm in a piecewise manner. 

The binary equilibria were presented at the pressure of 1.5 atm abs. and the three temperatures: 273, 
283 and 293 K. The binary data were examined for values predicted by the ideal adsorbed soluti,.:,r~ fl~eory us- 
ing the piecewise Freundlich isolherms obtained from the single species isotherm data. 

Predicted equilibria data showed a good agreement with experimental values. 

INTRODUCTION 

TLe application of zeolite molecular sieve adsorbents 
in pressure swing adsorption(PSA) process, which is b~. ~ 
coming popular for air separalion[ 1,2], involves the ad- 
sorption of multicomponent mixtures. Therefore a 
reliable method of estimating mixture equilibria from 
pure component isotherm data is required for the design 
and cptimization of such a process. 

A number of techniquesli3-11] have so far been 
suggested but the deficiency ot a comparative analysis of 
their advantages makes it difficult to chouse between 
one method and another. And available experimental 
data at temperatures and pressures of interest to PSA 
process are limited {12-14i. This is true in the adsorption 
involving binary gas mixtures of oxygen ai~d nitrogen. 

The recent paper has provided useful data for ox- 
ygen, nitrogen and their binary nfixtures on 5A 
molecular sieve pelletsI151. Of the predictive methods 
which have been applied in that paper, the ideal adsorb- 
ed solution theory(IAST) is in good agreement with the 
experimental data. 

In this work Freundlich adsorption isotherms of ox- 
ygen and nitrogen on 5A molecular sieve beads are 
deteEmined at 273, 283 and 293 K in a piecewise man- 
ner. in the same manner those isotherms permit the 
calcL, lation of spreading pressure which is the main 
trouble of the lAST. And experimental adsorption 
equilibria data at 273,283 and 293 K and at 1.5 atm abs. 

for oxygen-nitrogen gas mixtures are compared with the 
corresponding predictive data that are obtained by the 
IAST. 

PREDICTION OF ADSORPTION EQUILIBRIA 
BY THE lAST 

Tile IAST is based on an analogy to Raoult's law 
(Pyi = P,~II)x,): the partial pressure of an adsorbate is 
equal Io the pwduct of the adsorbed mole fraction and 
equilibrium pressure that would be exerted by the pure 
component at the same temperature and spreading pres- 
sure as the mixture. 

The binary predictions obtained by this method are 
quite sensitive to the spreading pressure difference be- 
tween two components. This difference is a strong func- 
tion of the method used to extrapolate the pure com- 
ponent isotherms to zero pressure. 

Analytical titling of the isotherms to a nonlinear form 
vith 4 regression parameters leads to satisfactory results 
[151. But such fitting is not easy. 

In the present case the single species isotherm is 
written as 

n~= (K~),~(P~) 'x~'~ for (P~),~_~<P~< (P~),,, 

(1) 

namely the single species isotherm data are approximat- 
ed by the Freundlich expression in a piecewise manner. 

The spreading pressure IT of i-component becomes 
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= Te ,'; <K,)a<P:) ....... 
(P]) A a=, (P:),, P; -dP; 

(2~ 
where ( P ; ) o = 0  

When the number of segments m which depends on 
the data is taken two, Eq. (2) is written as 

R T [ / ' e : ' ,  (K~), (P;)  . . . .  
rr (p~) = ~ -  p,; dPl  + 

f m;;,=p: (K~),(P~) . . . . .  
,e:l, P~ dP~ (3) 

From Eq. (3) the binary equilibrium pressures of 
and j components can be expressed in terms of 1i", 

p~ ('T) = (C,m- + D , )  ;' (4) 

p;  (it) = (C,T + D , )  z, (5) 

where C,, Cj, D,, Dj, Z, and Zj are the constants depend- 
ing on the equilibrium pressure. These are listed ic 
Table 1. 

By the definition which a total adsorbed mole frac- 
tion(x, + x!) is equal to unity 

Py~ Pyj 
f(1r) =x~+x j  - 1 F 1=0 (6) p ;  (rr) p;' (rr) 

Once nis calculated, x, and xj can be calculated from 
Eq. (4), (5) and (6). 

The calculation of'c(Eq. 6) is made using the New.. 
ton's iterative method; 

C~Z~Py~ CjZjPy,  
f '  (~r) o (7) 

(C,~@_DI:) gf+l (Cj T~+Dj I Z'/+, 

Table  1. Constants  depending  on the equil ibri-  

um pressure. 

~ #  ress., 
, 0<po _~ (po)~ (p~176 < (P~ 

Cons t an t s't't't't't't't'~'~ 

C~ 

Cj 

B (X,), 

(K,), 

B ( X , ) ,  

B (X, ) ,  

(K,), 

B(X, ) ,  

DL 

D, 

Z, 

Zj 

(K,), 

0 

1 

(X,), 

1 

(X,), 

(K,), 

(X,), (K,), 

(x , ) ,  (K,), 

(X,), (K,),  
1 

(X,), (K,)= 

1 

(X,), 

1 

(X, L 

f (lr~ ,) 
r  , (8) 

f' (W._,) 

where the subscript n denotes the n-th iterative value. 
Futhermore the total amount adsorbed is obtained 

by the following Eq. (9). 

1 x~ FX,2 =: x_L + x~ (9) 
n, n, ,1, n; < 

EXPERIMENTAL 

1. A d s o r b e n t  
The adsnrbent used in tile study was Davison Mole- 

cular Sieve type 5A(MS-5A), in the form of 8-12 mesh 
heads. Regeneration consisted of heating the adsorbents 
in vacuum at 573 K for 6 hrs. 

Porosity and solid density of the adsorbent measured 
by Helium Pycnometer were 0.51 and 2.38 g/cm 3 re- 
spectively. 
2, A p p a r a t u s  

The apparatus was of the volumetric type (Fig. 1). 
The volumes of the various parts of the dead space were 
determined by expanding helium gas from the un- 
known volume in~,) an accurately measured stainless 
steel vessel. 

The adsorption and holding column were made of 
stainless steel (double pipe of i.d. = 36.6 ram, o.d. = 70.0 
mm and length - 500 ram) and maintained at a constant 

9 @  

I X ~..i...~ ' ' 

Fig. 1. Experimental  apparatus 

1. Nitrogen cylinder 
3. Flow controller 
5. Solenoid valve 
7. g-way valve 
9. Vacuum gauge 
ll. Circulator (Gas) 
13. Digital thermometer 
14. Circulator (Water) 
16. Adsorption column 
[8. Vacuum pump 

18 

2. Oxygen cylinder 
4.DryerlSilica gel) 
6. Needle valve 
8, Pressure gauge 
[0. Pressure transducer 
12. Calibrated stainless steel 

volume 
15. Gas chromatograph 
17. Holding eMumn 
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temperature by thermostatically controlled water bath. 
Standard 6 mm copper tubing was used throughout the 
piping system. Porous metal plates were placed at both 
ends of the bed to hold the adsorbents in their position, 
and copper-constantan thermocouple was. inserted in 
the center of the bed. 
3. Pure gas adsorption 

The adsorption column had been filled with about 
0.373 kg of regenerated MS-5A with helium gas flowing 
through the column. 

After the circulating system which consisted of the 
holding column and the interconnecting tube had been 
evacuated together with the adsorption column, a quan- 
tity ~f adsorbate was admLtted into the circulating 
system from gas cylinder supplier via silica gel dryer. 
The charged adsorbate was then expanded into the ad- 
sorption column and reached equilibrium state. The 
pressures were measured before and after sharing ex- 
periment by a pressure transducer. 

Similarly successive charges of the adsorbate were 
expanded from the dosing w?lume (circulating system) 
into the adsorption column and successive measure- 
menls of pressure were carried out. 

This procedure was repeated until the final equili- 
brium pressure was up to 8 atm abs. at each tempera- 
ture; 273, 283 and 293 K. 
4. Binary gas adsorption 

The binary, gas adsorption isotherm were determin- 
ed by using the constant volume method. 

After the whole system (adsorption column and cir- 
culating system) had been evacuated, the circulating 
system admitted a certain amount of one of pure gases. 
It was then expanded to the adsorption column arid 
pressurized with a certain ,amount of the other gas 
which was controlled by the flow controller. 

When the whole system was pressurized the gas 
mixture was circulated around the system by the cir- 
culating pump until equilibrium was reached which was 
indicated by the constancy of the total pressure. Then 
the whole system was sealed off. The hoMing column 
was solated from the system and its gas analysed using 
the ~:as chromatograph. 

The system was evacuated and the circulating 
system admitted the same second gas and the same pro- 
cedure repeated again. 

RESULTS AND DISCUSSION 

1. Pure gas adsorption 
The amount of pure gas adsorbed was determined by 

performing a material balance on the number of moles 
present in the gas and adsorbed phase before and after 
the addition cf a new dose of gas to the adsorption col- 
umn using the appropriate P-V-T measurements. 
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P (at m abs. ) 
Fig. 2. Freundlieh plot of adsorption equilibria 

data for nitrogen on MS-5A a t  273, 283 
and 293 K. 

The experimental equilibria data for both gases are 
approximated by the piecewise Freundlich isotherms 
(hi-- K,p,~ in Fig. 2 and 3, and the parameters K and X 
are given in Table 2. With the result of each approxima- 
tion, the standard deviation is about 0.015-0.04 in all 
cases. In those isotherms, the pressure of component i 
and j in segment 1, (pc)p is chosen to 1 atm abs. and 
that in segment 2 is above 1 atm abs. 

On the basis of Freundlich isotherms(Fig. 2 and 3), it 
is apparent that nitrogen exhibits higher intercept Ki 
than oxygen at each temperature. And for nitrogen the 
slope Xi is higher in segment 1 than that in segment 2 
while for oxygen the opposite is true. These results may 
be due to the adsorptive capacity of each gas; the quanti- 
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Fig. 3. 
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Freundlieh plot of adsorption equilibria 

data for oxygen on MS-5A at 273, 283 

and 293 K. 
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Table  2. Coefficients of Freundlich adsorpt ion 

isotherm. 

~emp., 1 dsor- 273K 283K 293K *278.15 K 

[ [ - I - - - T - -  

qKI l  0.64 0.22 0.5 0.19 0,38 0.15[ 0.471 0.16 

x , ,  o% o o 096 I, 91 
I 

'~Kl~ 0 . 6 8  0,1.9 0 . 5 8  0 . 1 6  0 , 4 2  0 . 1 4  I 0 .471 0 . 1 6  
I / 

(x~, o.~a ~.0 0.6~ 0 .~  0.68 0.% I 0.6a I 0.,% 

*Based on fine data of G. A. Sorial et al. ( 1 S -  

ty of nJitrogen adsorbed is larger over the segment than 
oxygen, while that of oxygen adsorbed increases more 
sharply in segment 2 than nitrogen. 

Though the adsorption data of G. A. Sorial et al. [15] 
have only a few points below 1 atm abs. and slightly dif- 
ferent values to ours, the Freundlich plot of their data 
(Fig. 41 shows the similar changes of slope to ours. 
2. Binary gas adsorption 

The total quantity of each gas admitted to the system 
and the amount of each gas in the vapor remaining after 
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Fig. 4. I?reundlich plot of adsorption data  of G. 

A. Sorial et al. at  278. 15 K. 
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Mole fraction of 02 in adsorbed phase 
Fig. 5. Predicted phase diagram for oxygen.ni-  

trogen mixtures on MS-5A by IAST at  

273,283 and 2 9 3 K ( P = l .  5 atm abs.). 

adsorption equilibrium was established were determin- 
ed by appropriate P-V-T measurements and analysis by 
a gas chromatograph. The adsorbed phase compositions 
and the adsorption quantities were then determined by 
the difference between the quantities of admitted and re- 
maining gases. 

The theoretica~ predicting data of bina~' adsorption 
equilibria are shown graphically in Fig. 5 and 6. From 
Fig. 5 and 6 it can be seen that the separation factor 
(yo x,, /y~ xo) is much less sensitive to temperature 
chaq~ge ti{~n ~s the total amount adsorbed. The total 
quantity adsorbed is a strong function of the adsorbed 
phase composition, decreasing more sharply at high ox- 
ygen concentration. 

A summaff of the experimental results obtained is 
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o. 8 ~- - 283 K 
~. .  - - .  e93 K 
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- _ [ 
E 0 L , , , 

0 0.2 0.4 0.6 0.8 1.0 
Mole traction of 0~ in adsorbed phase 

Fig. 6. Predicted total  amount  of adsorption for 

oxygen-nitrogen mixtures  on MS-5A by lA-  

S T a t  273,283 and 293K(P= l .  5a tm abs.) .  
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Fig. 7. Experimental  resul t s (adsorpt ion  phase) 

for the adsorption of oxygen-  nitrogen 

mixtures  on M S .  5A at 273, 283 and ~-93 

K ( P = I .  5 a t m  abs . ) .  

given graphically in Fig. 7 and 8. The temperature 
dependency of the separation factor is not particularly 
strong 'Fig. 7) but the total quantity adsorbed is a strong 
function of temperature (Fig. 8), These experimental 
results exhibit the same trend as would be predicted. 

In order to see the success in using the piecewise 
Freunclich isotherm to predict binary adsorption equili- 
brium, predicted values are compared with the experi- 
mental results in Fig. 9 and 10. In those Figures method 
1 and 2 are the adoption of piecewise isotherm and 
single Jsothernl (.Freundlich isotherm in whole segment) 
to calculate the spreading pressure respectively. 
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Fig. 8. Experimental  results(total amount  adso-  

rbed) for the adsorption of oxygen-ni t  - 

rogen mixtures  on MS-5A at 273,283and 

2 9 3 K ( P -  1, 5 atm abs . ) .  
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Pig. 9. Comparison of theoretical predictions 

wi th  experimental  data at 2 7 3 K { P = 1 . 5  

atm abs . ) .  

From Fig. 9 it is seen that the predicted values by 
method 1 are in good agreement with the experimental 
values and the accurate prediction depends on the 
method of extrapolat ing the pure component  isotherms 

ta zero pressure. 

t h e  comparisons at 283 and 293 K are not shown, 
but they look quite similar to the case at 273 K. 

Fig. 10 is based on the piecewise Freundlich plot of 
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Fig. 10. Comparison of theoretical predict ions 
with the experimental  d a t a  of G.A. 

Sorial et al. a t  278. 15 K( P =  l. 7 bar). 
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the adsorption data of G. A. Sorial et al. (Fig. 4) and then 
method 1 shows a fairly good prediction. 

CONCLUSION 

Adsorption equilibrium data of nitrogen and oxygen 
were approximated by the Freundlich isotherm in a 
piecewise manner. 

Predicted equilibrium data by the IAST using the 
piecewise Freundlich isotherm to calculate the spread- 
ing pressure showed a good agreement with experi- 
mental values. 

NOMENCLATURE 

A : specific surface area of adsorbent, m2/gr 
B : defined as AJRT 
C : constant depending on the equilibrium pres- 

sure 
D : constant depending on the equilibrium pres- 

sure 
K : coefficient in Freundlich isotherm, mole/kg. 

(atm abs,) x 
n ~ : number of moles of pure component in adsorb- 

ed phase per unit mass of adsorbent, mole/kg 
n, : total number of moles in adsorbed phase per 

unit mass of adsorbent, mole/kg 
P total pressure, atm abs. 
po pressure of pure component 
P~ equilibrium pressure for pure component cor- 

responding to spreading pressure Tr 
R gas constant 
T absolute temperature 
X coefficient in Freundlich isotherm 
x mole fraction in adsorbed phase 
y : mole fraction in gas phase 
Z : constant depending on the equilibrium pres- 

sure 
~r : spreading pressure, joule/m2 

Subscripts 
i component 
j component 
m number of segments for the Freundlich iso- 

therm 
n iteration 
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P age 

p. 16 

Equation Correct  form 

4 K,C~x~ ~ K,C, ~ 

5, 6, 9, 10 KoCoxo -'-" KoCo ~~ 

7, 8, 11, 12 K~C~x~,. ~ K~C., ~' 
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