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The Adsorption of Nitrogen-Methane 

on Molecular Sieves 
PETER B. LEDERMAN and BRYMER WILLIAMS 

The University of Michigan, Ann Arbor, Michigan 

Adsorption has been an important method of commer- 
cial and laboratory separations. Increasing use of lean 
natural gas recovery systems and chromatography suggests 
that adsorption can become a major tool for separations 
processes rather than a method used, in general, for re- 
moval of trace impurities. 

The system methane-nitrogen-helium was originally 
chosen for this work because of the current interest in 
helium conservation. Equilibrium measurements were then 
made with the binary system methane-nitrogen. The first 
experiments showed the adsorption of helium to be vir- 
tually negligible. 

ADSORPTION THEORY 

The customary method of correlating adsorption equi- 
libria involves isothermal treatment of the data. Many ad- 
sorption isotherms for single-component systems have been 
proposed over the years. Among the first was the Freund- 
lich isotherm 

N = Kpl /n  

In recent years this form has been derived on theoretical 
grounds (1, 24) .  The Langmuir isotherm (11)  in its sim- 
plest form 

(1)  

Peter B. Lederman is with Esso Research Laboratories, Baton Rouge, 
Louisiana. 

aP N = -  
1 + bP 

has been widely used to fit isothermal adsorption data and 
was originally derived from thermodynamic principles as- 
suming adsorption in a single molecular layer. It has been 
rederived from kinetic (12)  and statistical (9) considera- 
tions as well. The equation has also been derived by Schay 
(22)  without resorting to the limitation of no molecular 
interaction present in the original derivations. If the ad- 
sorption is multilayer, the more general isotherm of Bru- 
nauer, Emmet and Teller (6) is a good starting point. 
More sophisticated approaches seem necessary when deal- 
ing with systems where Knudsen flow and internal molecu- 
lar adsorption exist. In this present study the Langmuir 
and Freundlich isotherms fitted the data satisfactorily. 

Adsorption of multicomponent mixtures has received 
less attention than pure-component adsorption, although 
industrial applications commonly deal with mixtures. 
Markham and Benton (15)  extended Langmuir’s isotherm 
to mixtures by deriving results in two equations which as- 
sume no interaction between the adsorbed components. 
Schay (23) has developed a similar equation which con- 
siders interaction of the components and gives a better 
prediction of adsorption from mixtures especially at higher 
partial pressures. In the model these interaction coeffici- 
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Fig. 1. Adsorption cell in cross section. 

ents, @i, are a complex function of the two-dimensional 
residual volumes of the components of the mixture, the 
maximum capacity of the adsorbent, and the adsorbent 
area. The resulting equation for multicomponent adsorp- 
tion becomes 

AiPi/j3i 
Z (3) N1= 

1 + 2 (Wd&) 
j = 1  

No review, no matter how short, would be complete 
without mentioning the work of Polanyi (1 7, 18, 19, 20) . 
The potential theory of adsorption was first advanced and 
developed by Polanyi and used by others such as Lewis 
(12, 13 )  and Dubinin (7, 18). The theory, based on 
thermodynamic principles, states that enough work must 
be supplied to compress the gaseous molecules into their 
adsorbed state such that 

Ei = J:VdP (4) 

where Ei is the work required to compress molecules from 
the gas phase to adsorbate in the ith layer. This work or 
adsorption potential varies from zero for the outer layer to 
some maximum a t  the solid-adsorbate interface. The ad- 
sorption potential Ei is a characteristic function of the 
amount of adsorbed material. A characteristic curve for a 
given adsorbate-adsorbent system may be established: 

(5) 
Once it has been determined for a temperature the curve 
will yield adsorption isotherms a t  any other temperature. 
This theory has been used to correlate adsorption data, 
but no critical test has been possible because the adsorbed 
phase density has never been evaluated or predicted suc- 
cessfully. In  this work it has been assumed that the density 
of the adsorbate equals the density of liquid. The problem 
is acute a t  conditions above the critical point of the ad- 
sorbate. Dubinin has suggested several possible empirical 
approximations to the adsorbate density in the regions 
near the critical (7, 1 8 ) ,  but none have proved satisfac- 
tory in the present work. 

ADSORPTION APPARATUS 

As with other forms of interphase equilibrium measurement, 
a choice exists between closed or flow apparatus. Adsorption 
cells used to obtain isotherms have historically been closed 
systems, which are ideal for pure components. In their more 
common forms, such as the McBain balance, they are not 
suited for multicomponent adsorption studies or for studies at 
high pressures. The large amount of gas that does not come 
into contact with the adsorbent in these cells precludes ac- 
curate measurement of the equilibrium adsorption compositions. 

Flow systems are satisfactory for multicomponent adsorption, 
but do introduce some critical flow measurement and control 
problems. An added disadvantage is that relatively large 
amounts of gas are required. 

For the ranges of pressure and temperature required by this 
study, the closed system was preferred because of lower con- 
sumption of materials, fewer operating problems and, possibly, 

- 1/4" S .S .  TUBING 
----GLASS TUBING 
- -. - - - - ELSCTRICAL COHHBCTIONS 

Fig. 2. Flow diagram of adsorption apparatus. 

slightly greater accuracy than exist in a flow system. The re- 
sulting design is shown in Figure 1. The cell was constructed 
of stainless steel for low temperature service. The entire volume 
was filled with adsorbent, and the open end was sealed with 
the pressure-sensing element. The assembly was then con- 
nected to the feed system and placed in a constant temperature 
bath. The adsorbate volume not in contact with the adsorbent 
is minimized, and in this case it amounts to less than 2% of 
the void space in the filled cell. The entire system is shown 
schematically in Figure 2. 

The pressure-sensing element was a strain gauge which 
proved to be stable and sensitive. The signal from the trans- 
ducer is balanced and amplified in a bridge amplifier. The am- 
plified signal was read out on an oscilloscope, but a recording 
oscilloscope may also be used. 

The system was tested with a helium leak detector and 
found free of leaks. The pressure in the adsorption cell in- 
creased only lop at the lop level in 24 hr. Temperature dur- 
ing test runs was controlled by a combination of dry ice and 
heaters. Supplementary liquid nitrogen at lower temperatures 
was supplied on demand from an on-off recorder-controller. 
This system controlled the temperature of adsorption within 
&0.5"C. Temperatures were measured with a copper-constan- 
tan thermocouple. 

ADSORBENT AND ADSORBATES 

The adsorbent was a calcium substituted alumina silicate 
(5 ,  21 ) . This material has a large interior cavity formed 
by a framework of alumina and silica tetraheda linked a t  
the apexes. The opening into the cavity was about 5W in 
diameter. The sieve used was in the form of 1/16 in. pel- 
lets and contained about 80% actual crystals. The surface 
area was measured in this work; the area of square meters 
per gram agreed with the data of Breck (5, 21 ) . In  order 
to assure that the sieve was free of water it was activated 
at 175°C. and lou2  mm of mercury for 12 hr. before use 
and for 4 hr. at the same conditions between each equi- 
librium measurement. 

The gases were used as received. The methane was pure 
grade and analyzed 98.7% methane and 1% nitrogen. 
The nitrogen was the prepurified grade. It analyzed 
99.9+ % nitrogen with no evidence of water or oxygen by 
mass spectrometer. 

EXPERIMENTAL METHOD 

The experimental technique needed to obtain an adsorption 
equilibrium point is quite straightforward. The two gaseous 
components were mixed thoroughly in a calibrated reservoir. 
A measured amount of gas was admitted to the evacuated ad- 
sorption cell which was in a constant temperature bath. The 
gas was allowed to equilibrate with the adsorbent. The ad- 
sorbate-adsorbent was found to be at equilibrium within meas- 
urable precision 4 hr. after the pressure in the cell stabilized. 
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Fig. 3. Methane adsorption isotherms on molecular sieve. 
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The gas phase was sampled and analyzed. Replicate samples 
were taken on a number of runs after another 8 hr. to verify 
the equilibrium assumption. In all cases there was good agree- 
ment between the first and last samples. The cell was then 
evacuated and the off-gas recovered. The absorbent was re- 
generated after each such manipulation. 

The amount of gas admitted into the cell was determined 
from the pressure difference in the reservoir, and the quantity 
of each component absorbed was obtained by the difference 
between the amount admitted to the cell and the amount re- 
maining in the void space (as determined from free-space 
measurements using helium). Since samples taken to deter- 
mine equilibrium gas phase compositions were less than 3 % 
of the gas volume, the equilibrium was not appreciably dis- 
turbed. These samples were analyzed by mass spectrometer. 

Adsorption isotherms were calculated from the experimental 
data for nitrogen, methane, and their mixtures as described 
by the material balance 

Ni = [( VIpZ - V F ~ F )  Yr,j - v V S p F S Y F S , j ] / G  (6)  

where the density, p, is a function of temperature and pressure. 
The Benedict-Webb-Rubin ( 2 ,  3 )  equation as modified by 
Bloomer ( 4 )  and Ellington (8) was used to define the P-V-T 
relationship of the pure and mixed gases. The evaluation of 
the experimental data was made with the help of an IBM-704 
computer. In general, a material balance was made around 
the process of adsorption and desorption which supported the 
validity of the technique. 
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Fig. 4. Nitrogen adsorption isotherms on molecular sieve. 

Fig. 5. Mixed.adsorption as a function of pressure and temperature 

EXPERIMENTAL RESULTS 

The equilibrium loading of the molecular sieve with 
methane and with nitrogen* is shown as a function of the 
equilibrium pressure in Figures 3 and 4. 

The total amount adsorbed' on loading for the mixed 
adsorbents is presented in Figure 5 which shows that the 
total loading is independent of composition. The results 
for the pure components are believed correct to 5% 
(at the 95 % confidence level). The mixture data are good 
to only *7% at the same confidence level. 

The data may be correlated with good accuracy using 
either the Freundlich equation or the Langmuir equation. 
The constants in these equations which were determined 
by the method of least squares are shown in Figures 6 and 
7 as functions of temperature. As seen, the data are fitted 
rather well. In the logarithmic form the correlation coeffi- 
cients are 0.96 and 0.99 for the Freundlich and Langmuir 
relationships, respectiveIy. In  all cases the 95% confidence 
limit is less than f 0.16 mg. moles adsorbed per gram ad- 
sorbent. 

Tabular material has been deposited as document 7718 with the 
American Documentation Institute, Photoduplication Service, Library of 
Congres?, Washington 25, p .  C., and inay be obtained for $1.25 for 
photoprints or for 35-mm. microfilm. 

100 I I I I I I 
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Fig. 8b. Volume of methane adsorbed as a function of the adsorp- 
tion driving force. 

nitrogen. This difference is probably attributable to the 
difficulty of estimating a density above the critical tem- 
perature to be used in the correlation. A similar correla- 
tion was attempted for the mixed nitrogen-methane ad- 
sorption. The results are shown in Figure 9. In this case 
the density of the adsorbate was taken as the weight aver- 
age of the pure-component densities. A better understand- 
ing of the molecular packing and density of the adsorbed 
state would probably allow a correlation by this method. 

The total adsorption or loading from a mixture of nitro- 
gen and methane is independent of composition over the 
range of mixtures studies (15 to 80% methane in the gas 
phase). The FreundIich isotherm predicts the total mixed 
adsorption well. Constants for this equation are presented 
in Figure 6. 

The adsorption of the individual components from the 
binary mixture may be predicted with the Langmuir iso- 
therm as modified by Schay and simplified for binary sys- 
tems 

TEMPERATURE, ' K 

Fig. 7. Langmuir constants for pure component adsorption. 

If the value of n in the Freundlich equation is near 
unity and if the value of bP is substantially less than unity 
in the Langmuir equation, the two become similar. Hence, 
it is not surprising that either the Freundlich or the Lang- 
muir isotherms fit the data well with the proper choice of 
coefficients particularly in the middle-pressure range. 

In Figures 8a and 8b the data have been correlated 
using the Polanyi adsorption potential as modified by 
Lewis. Instead of using pressures as suggested by Polanyi, 
the present correlating equation substitutes fugacities, thus 

( 7 )  
f 
f s  

Ei= R T p s h -  

The density of saturated liquid at the temperature of 
saturation at the equilibrium pressure is used as the cor- 
relating density, ps. A characteristic curve is obtained for 
a system such that 

Actual liquid-density data obtained by Bloomer and co- 
workers ( 4 )  were used. This method of correlation seems 
to be quite successful above the critical temperature. For 
methane, the data just below the critical temperature fell 
on the same characteristic curve. A different correlation 
exists below the critical temperature of the adsorbate, 

Ei = cp ( N I P )  (8) 

6 ' 1 ' 1  1 ' / 1 ' ' 1 1 ' ' ,  I l l  
5 
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Fig. 8a. Volume of nitrogen adsorbed as a function of the adsorp- 
tion driving force. 

al'Pi 
1 + bl'P1 f h " P 2  

N 1 =  

The constants for Equation (9) are plotted as a function 
of temperature in Figure 10. In the original extension of 
the Langmuir isotherm to binary adsorption, Markham 
and Benton found the coefficients, a', b' and b" to be 
equal to the respective coefficients for the pure isotherm. 
Schay in his extension of the theory found that the pure- 
component coefficients would be modified by interaction 
coefficients as discussed previously. The results of this 
study indicate that interactions do exist. 

The maximum loading is equivalent to approximately 
95% monolayer coverage. This might indicate that the 
B.-E.-T. equation is more applicable than the equations 
discussed above. This did not prove to be the case. It is 
interesting to note that the data for mixed adsorption, 
shown in Figure 11, show that the relative volatility is es- 
sentially constant over the range of pressure studied above 
the critical temperature. The data indicate that the relative 

Tc. I n  li/r 

Fig. 9. Volume of nitrogen-methane mixtures adsorbed as a func- 
tion of the adsorption driving force. 
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Fig. 10. Langmuir constants for adsorption from nitrogen-methane 
mixtures. 

volatility of the gas-adsorbate state is of the same order of 
magnitude as the gas-liquid alpha. 

CONCLUSIONS 

The equilibrium adsorption of nitrogen and methane on 
molecular sieves follows either the Langmuir or Freund- 
lich isotherms. By a suitable choice of coefficients the ad- 
sorption of mixtures can be predicted by a Langmuir type 
of relationship. The Polanyi equation, which should be 
useful from a practical point of view does not give as good 
a correlation, probably because of the inability to predict 
the apparent density of the adsorbed phase especially at 
temperatures above the critical. 

The adsorption of methane upon molecular sieves is 
somewhat greater than that reported for silica gel or acti- 
vated carbon, while limited data from the literature indi- 
cate less adsorption on the sieves than upon carbon. In 
this study the maximum adsorption is equivalent to a 
monomolecular layer about 95 ’% complete. The selectivity 
of the sieves in this study is based upon adsorption alone, 
since either component is small enough to pass through 
the pores into the interior structure. 

The various models used for correlating the data can- 
not be critically evaluated in the pressure range con- 
sidered. The potential theory is a fundamentally sound 
correlating technique. I t  should have the added advantage 
of showing the continuum between the adsorbed and liq- 
uid phases in equilibrium with the gas phase. The lack of 
data on the nature of the adsorbed state precludes draw- 
ing any conclusions at this time, A detailed study of the 
microscopic nature of the adsorbed phase is necessary in 
order that progress be made in this area. However, meth- 
ods discussed here are useful in estimating mixed adsorp- 
tion relationships from single-component adsorption data. 

PRESSURE, &%I. 

Fig. 11. Relative volatility as a function of pressure: [n = 
(VN2/XNZ)/(YCH4/XC€14) 1. 

NOTATION 

a = 
A =  
b =  
E =  

F =  
G =  
K =  

N =  
n = 

- 

Langmuir constant, mg. moles/atm. g. 
constant, mg. moles/g. atm. 
Langmuir constant, l/atm. 
work of compression, adsorption potential; calor- 
ies/g. mole 
fugacity 
g. of adsorbent 
Freundlich constant, mg. moles 
Freundlich exponential constant 
mg. moles adsorbed/g. adsorbent 

P = pressure, atm. 
R = gas constant 
’1’ = temperature, O K .  

w = volume adsorbate, cc. 
b7 = volume, cc. 
Y 
,8 
p = density, mg. moles/cc. 
(o = function of 

Su brcripts 
a = adsorbed state 
F = final, load cell 
F S  = final in system 
g = gaseous state 
i = ith layer 
I = initial, load cell 
i = jth component 
s = saturated 
VS = free space in system 
1,2 = components 
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