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Abstract. Adsorption equilibria and heats of adsorption were measured for mixtures of ethylene and ethane on
NaX at 298 K. The pure-component isosteric heat of adsorption of ethane increases with loading due to gas-
gas interactions; the heat of adsorption of ethylene is approximately constant with loading because of a balance
between cooperative interactions and gas-solid energetic heterogeneity. This mixture, which is nearly ideal on
carbon, exhibits moderate negative deviations from ideality on NaX. The nonideality is explained by a difference
in the polarities of the molecules: ethylene has a quadrupole moment but ethane is nonpolar. The infinite-dilution
activity coefficients are unity in the Henry’s law region and decrease exponentially to a value of 0.56 at high
loading. Regular-solution theory fails to agree with experiment. All three excess functions (free energy, enthalpy,
and entropy) are negative; thus, activity coefficients are less than unity and the enthalpy of mixing in the adsorbed
phase is exothermic. These results are consistent with an adsorbed solution in which the molecules are segregated
into regions of different composition.
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Introduction loading:

Although PSA processes are usually operated at ambi- alns »

ent temperature, the adsorption and desorption steps in [8(1/f):| =0 —Q 1)
Ny, N2

the cycle operate under approximately adiabatic con-
ditions. The magnitude of the temperature change in-
duced by adsorption or desorption is determined by Wheres;> = (X1y2)/(x2y1) is the selectivity of com-
the individual heats of adsorption of the components Ponent 1 relative to component 2 in a binary mixture.
of the mixture through an energy balance. Since load- The heats of adsorptionin Eqg. (1) refer to mixture heats,
ing is highly sensitive to temperature, the selectivity Which differ from single-component heats as shown be-
is closely coupled to the magnitudes of the individual !ow. The integrated form of Eq. (1), the derivation of
heats of adsorption. Therefore accurate design calcula-Which contains no assumption other than ideal-gas be-
tions require values for the heats of adsorption as well haviorinthe bulk gas phase, can be usedto calculate the
as selectivities. selectivity as a function of temperature. Therefore, the
Isosteric heats of adsorptiog J are directly related ~ complete equilibrium behavior of a multicomponent

to the temperature coefficient of selectivity at fixed Mixture in terms of its three independent variabfés (
P, and composition) can be derived from simultane-

*Presented at AIChE Annual Meeting, Los Angeles, November 18, OUS Volumetric-calorimetric measurements at a single
1997, Section 4, Experimental Methods in Adsorption. reference temperature.
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Vapor-liquid equilibria (VLE) are described interms  Equations (5) and (6) are the key equations for handling
of thermodynamic excess functions (Smith et al.,, adsorbed-phase nonidealities; they are identical to the
1996). The excess Gibbs free energy gives the activ- equations for bulk liquid mixtures. The difference be-
ity coefficients at a particular temperature; the excess tween a bulk liquid solution and an adsorbed solution
enthalpy (heat of mixing) gives the variation of the is an additional independent variable for the latter. The
Gibbs free energy function with temperature through isothermal activity coefficients of a bulk liquid solution
the Gibbs-Helmholtz equation. This concise and el- depend only upon its composition, since the effect of
egant thermodynamic description of liquid mixtures pressure is normally ignored. The isothermal activity
has never been applied to nonidealities in the adsorbedcoefficients of an adsorbed solution are strongly depen-
phase because of the lack of experimental data for mix- dent upon the loading as well as the composition.
ture heats. This paper reports a first step in that direc-

tion.
Regular Solution Theory

Heat of Mixing in Adsorbed Phase ) .

The simplest composition dependence for the excess
functions is quadratic and a system witlg® = Cx; %,

is called aguadratic mixturgRowlinson and Swinton,
1982). If in additionC is independent of temperature,
then the excess entropy is zero, a definition close to
that of a regular solution (Hildebrand et al., 1970). For
an adsorbed quadratic mixture (Valenzuela and Myers,
1989; Talu et al., 1995):

The normal procedure in VLE is to measure the ex-
cess Gibbs free energy from isothermal measurements
of activity coefficients and the excess enthalpy from
calorimetry. Then, the excess entropy is given by the
relationAg® = Ah® — T As®. The same procedure is
followed here.

The isosteric heat of adsorptiog)(measured calori-

metrically or from the Clapeyron equation is a differ- e e _By

. : . . Ag®=Ah®*=C 1- 7

ential heat.q is actually a differential enthalpy but the 9 xaxe(l =€) 0
“heat” terminology is widely accepted. Define amolar \where the exponential factor with = —¢/RT ac-
integral enthalpy of vaporization by: counts for the dependence of the excess functions upon

loading. For single-gas adsorption:

1 n
Ah:(—) gdn 2)
n /0 "dinP

P
n
= —dP = n 8
For a binary mixture: v /0 P o dinn ®
1 M ph2 The two constantJ, B) are determined from exper-
Ah= <n1 + nz) /O /0 (Qdm +gadnp)  (3) iment. The assumption that the excess free energy is

independent of temperature is tested in this paper by
The excess enthalpy or heat of mixingh®) in the calculating mixture heats from the model and compar-
adsorbed phase is: ing them with experiment.
o . The following equations in this section are de-
Ah® = Ah — Z X A (4) rived from Eq. (7) with no further assumptions. The
' adsorbed-phase activity coefficients are:
The standard-state enthalpies of vaporization of the

2 —B
pure componentsyh?) are measured at the surface po- Iny, = Cxx(1— ™) 9
tential () of the mixture. The excess enthalpy is related Iny, = Cx3(1— e B¥) 9)
to excess Gibbs free energy by the Gibbs-Helmholtz 1
equation: The change in total loadingn{) upon mixing is
A 72 2AG/T) 5 O by:
- oT 1 x3 X CB By
L2 —_—— — = — X1X2€ (10)

_ _ nn n; ny RT
The excess Gibbs free energy is
where the superscript refers to the standard states

(AQ¥/RT) = x¢Inys + x2In s (6) for single-gas adsorption at the samieand T as the
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Figure 1L  Single-gas adsorption isotherms gftfy (o) and GHe (A) on NaX at 305.55 K. Solid lines are a best fit of the experimental data

using the virial equation.

mixture. The condition for phase equilibrium (ideal
gas phase) is:

Pyi = P{y1x1
(11)
Py, = Pyya X2

For an ideal adsorbed solution (IA%),= B = 0 and
y1 = 2 = 1. The IAS prediction of mixture heats is
(Karavias and Myers, 1992):

173 xGne(q° — Ah?)
— AhC 4+ — i i M i
o 1t n°[ > %Gy

oAby L > X Ginf (g7 — Ahy)
G = Aty [ YiX%GP

where G? = (dInn/dIn P)O/(nf)z. Nonideal behav-

1
(12)

o
2

regular-solution assumption that the excess entropy is
zero.

Experimental Method

The 20 cni pyrex sample cell of the mixture calori-
meter is surrounded by thermopiles and embedded
in an aluminum heat sink. The incremental dosing
of each gas is calculated from a mass balance using
the volumetric technique. The composition of the gas
phase is measured with a residual gas analyzer con-
nected to the sample cell by a leak valve (Dunne et al.,
1997).

Incremental dosings to the sample cell are alternated
between both components so that the total loading in-
creases while the loading of one component remains
approximately constant. The total heat releaseyli$

ior in the adsorbed phase introduces correction terms measured by integrating the voltage signal from the
in Eq. (12); comparison of the experimental and thermopiles until the signal returns to baseline and
calculated heats provides a stringent test of the the pressure and composition of the gas phase have
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Figure 2 Isosteric heats of adsorption 0§84 (o) and GHg (A) on NaX at 305.55 K. Solid lines are a power-series fit of the experimental
data.
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Figure 3  Selectivity of NaX for GH,4 relative to GHg. Open symbols for constant loading ofdy: (0): 0.967 mol/kg, 297.65 K.A):
2.062 mol/kg, 297.85 K{): 3.025 mol/kg, 297.25 K. Closed symbols for constant loading414Z (e): 1.250 mol/kg, 298.85 K.): 1.850
mol/kg, 294.75 K. Solid lines calculated from regular solution model.
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Figure 4 Comparison of calculated and experimental pressure for adsorption of mixturgld pa6d GHg on NaX. Pressure calculated from
regular solution model at experimental values of temperature and loadjmg,(n2). Standard deviation of error in calculated pressure is 5%.

equilibrated with the adsorbed phase at constant tem-equilibrium are reported elsewhere (Siperstein et al.,
perature. The hea€)) released by incremental adsorp- 1999).

tion of both componentsA(n;, Any) is related to their

individual heats of adsorption by:

Results
Q" = qiAng + geAny (13)
QB = quAn® + gANE (14) Pure-component adsorption isotherms and |§osterlc
heats for GH4 and GHg on NaX are shown on Figs. 1
The individual heats of adsorptiog;(andq_) are ob- and 2. In VLE, the accurate determination of activity

tained from two experiments (A and B) as the solution coefficients demands accurate values of vapor pres-

of two linear Eqgs. (13) and (14). Mixture heats and sure. The same principle applies to adsorption; accu-

mixture equilibria are measured simultaneously. rate measurements of “vapor pressures” or adsorption
Details about the design criteria, construction, and isotherms are essential, especially in the Henry's law

operation of the calorimeter, the calibration of the ther- region.

mopiles, the spurious heat of compressioninthe sample  For mixtures of GH; and GHg on NaX, the two

cell, the RGA calibration, the (negligible) error asso- parameters extracted from our experimental data are

ciated with using finite increments of gas to measure C = —1.437 kJ/mol andB = 0.200 (mol/kg) . The

a differential heat, and the verification of adsorption activity coefficient at the limit of high loading and
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Figure 5. Experimental and calculated isosteric heats of adsorption from mixtureg-of @d GHg on NaX for constant loading of &s.
(o and line 1): 1.250 mol/kg, 298.85 KA(and line 2): 1.850 mol/kg, 294.75 K;i(and line 3): 2.590 mol/kg, 298.15 K. Solid lines calculated
from regular solution model. Dashed lines are pure-component isosteric heats at limit of zero loading.
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Figure 6. Experimental and calculated isosteric heats of adsorption from mixtureg-of @d GHg on NaX for constant loading of £s.
(o and line 1): 0.967 mol/kg, 297.65 KA(and line 2): 2.062 mol/kg, 297.85 K;i(and line 3): 3.025 mol/kg, 297.25 K. Solid lines calculated
from regular solution model. Dashed lines are pure-component isosteric heats at limit of zero loading.



infinite dilution isy*> = e*/RT = 0.56 at 25C. The
two constant® andC were derived by minimizing the

calculated values of selectivity.

The selectivity of NaX for the mixture is plotted
on Fig. 3. The solid lines calculated from the model,
Egs. (7)—(11), show that the fit of the selectivity is ex-
cellent over a wide range of composition and loading. g
Furthermore, the agreement of experiment with a two-
constant model supports the validity of the quadratic 5
composition factor and exponential spreading-pressure
factor built into Eq. (7). Age

Figure 4 compares the experimental and calculated A,
total pressure. Since these data were not used to derive, e
the constants, the excellent agreement provides addi-,
tional support for Eq. (7) and confirms the thermody-
namic consistency of the experiment (because it agrees
with a model which is thermodynamically consistent).

Figures 5 and 6 show that the heat of adsorption of p
either component increases with loading of the other
component. However, the agreement of regular-sol-
ution theory with experiment is unsatisfactory for the
mixture heats. Eq. (7) describes isothermal data but
breaks down for heats of adsorption, which are sensi-
tive to the temperature dependenc€ofThe mixture is y
quadratic but the excess entropy in the adsorbed phase
is appreciable.

Conclusions 4
¢
A regular solution model with two constants provides v
an excellent representation of the isothermal adsorp-
tion equilibria for mixtures of @H, and GHg on NaX.
The excess free energy in the adsorbed phase at 298 K
has a limit of—359 J/mol at high loading. The activity =~ ©
coefficients exhibit the usual negative deviations from
Raoult’'s law associated with adsorbed solutions: the
infinite-dilution activity coefficients vary from unity in
the Henry’s law region to 0.56 at high loading. Thus
the quadratic approximation for composition depen-
dence in Eq. (7) agrees with experiment. However, the

Binary Gas Mixtures

by minimizing the difference between the experimen-
tal and theoretical mixture heats. We will report on thiek

sum-of-squares difference between experimental andaccuracy of this three-constant model of binary adsdefpwed
tion in future work.

Nomenclature

constant in Eq. (7) mol/kgt
constant in Eq. (7) J/mol
quotientd Inn/d In P/n? for —
single-gas isotherm in Eq. (12)

excess Gibbs free energy J/mol
enthalpy of vaporization J/mol
excess enthalpy J/mol
amount adsorbed mol/kg

heat measured by calorimeter J

isosteric heat of adsorption J/mol

pressure Pa

gas constant 8.3145
J/mol-K

selectivity for component No. 1  —
relative to No. 2

temperature K
mole fraction in adsorbed phase —
mole fraction in gas phase —

Greek Letters

activity coefficient —
surface potential J/mol
—¢/RT mol/kg

Superscripts

refers to standard-state property of —
pure adsorbate

Subscripts

refers toi th component —

regular-solution assumption that the excess free energyAcknowledgments
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