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. ABSTRACT
§ The application of fundamental relations and concepts in

cilazsical solution thermedynamics te mixed-gas physical adsorption
was studied. |

Recently proposed metheds for predicting the binary
% equilibzia, such as the semi-empiricai methed (2), the ideal adsorbed

solution method {13) and the extended potential theory (22), were

extensively discussed. It was proved that the three methods are

equivalent to each other at ene condition of (m;) g = (n§)¢ .

The residual term between the semi-empirical method and
the ideal adsorbed solutiom method was derived. It was found that

the residue is of no significance for many systems.

Two methods of calculating the adsorbed phage activity co-
efficients were tested by using a number of literature data. It was

found that many systems exhibit non-ideal behavior.
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NOMENCLATURE

specific area of adsorbent

specific area per mole of adsorbate
thermodynamic activity |

Langmulr paz?ameter. function of temperature only
partial fugacity of a component in the ges phaee

saturation fugacity of pure unadms:bad liquid at
adsorption temperature

fugacity which a component in a mixture would exert
as a pure adsorbaie at the same temperature and
adsorbate volme as the mixture

Gibbs free energy of adsoxbed phase

Henry's law cmaunt for adaorpﬂen of pure i
equilibrinm comsunt in stoichiomsetric derivation
defined in Equation (73)

moles of component adsorbed from gas mixture per
unit mass of adsorbent

meoles of pure gas adscrbed per unit mass of adsozbent

total number of moles of all components adsorbed from
gas mixture per unit mass of adsorbent

equilibrium pressuze for pure i corresponding to
spreading pressure §

equilibrium partial pressure for component i
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gas constant

entropy of adsorbed phase

absoclute temperature

internal energy of adseakbed pha,;s'e

volume of gam adsorbed per unit mass of adsorbent
partial volume of component i adsorbed from gas mixture

molaz valume of adeorbed component 28 a pure un-
adsorbed liguid at the boiling point corresponding to P°

volume edsorbed when the surface is covered with a
complete unimelecular layer

mole fraction of component i in adsorbed phaée
mole fraction of component 1 in gas phase

defined in Equation (78)

Greeolz Letters
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relétive velatility or separation factor
correlating divisor in modified Polanyi theory
Polanyi potential

adsorbed phase activity coefficient

total pressure

spreading pressure

chemical potential of component i

function
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Superscripts

° pure component
a adsorbed phass
g ) gas phase
Subscripts

a adsorbed phase
g gas phase

e

component i

1 more volatile component in binary mixture




I INTRODUCTION

In recent years adsorption has become increasingly
important as 2 method of separating small amounts of a heavy
gas from a predaminantly light gas stream. The petroleum in-
dustry in particular has used adeorption columus on natural gas
wells to recover heavy components from & methane-rich gas.

The design of the adsorbers ie compliicated by the lack of reliable
equilibrium data for the multicomponent gas mixtures fnvolved and
by the absence of any reasonably accurate method of predicting
such data. A numbér of useful metheds for predicting binary
equilibria from the corresponding pure component isotherms can
be found in the literature, but the assumptions underlying these
methods, such as absence of interactions between the adsorbed
molecules, homogeneous adsorbent surface etc., limit their
usefulness to specific binary systems or to a particular range of
_the variables. Therefore, an extensive study of the behavior of

adsorbed phase is needed.

The fundamental concepts of classical thermodynamics
will be applied in the study of mixed-gas physical adsorption. The
notion of an activity coefficient has proved to be useful in corre-

lating and interpreting vapour-liquid equilibrium data, but no
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extensive calculation of the adsorbed phase activity coefficients is
available although Jelinek (17) and Myers et al. (13} iatroduced the

concept of adsorbed phase activity coefficient.

The chject of thie work was therefore divided into the
following parts:
1) the review of the application of claasical thermodynamics to the

mized-gas adsorption

2) the critical discussion of the recently developed methods of pte-'

dicting the binary adsorption equilibria

3) the investigation of the adsorbed phaae activity coefficients by
means of Myers and Prausnitz's method (13} and the stoichiometric

method {17).
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Il_LITERATURE REVIEW

The theoretical treatment of mixed-gas adsorption is
somewhat more difficult than that of simple adsorption. Neverthe-
less, some aitempts have been made to attack the problem. A
rather complete review of the current status of mixed-gas adsorption
is givén in the moncgraph by Young and G:cwen {1). Cock and
Basmadjian (2) bave aiao given a good b-:;iéf summary including the
principal m;bnéaﬁma in the literature ce_nc?e'rning adsorption of gas
mixtures, Nené of the methods to be mentioned consider adsorbate-
adsorbate interactions. In order to avold redundancy, only those
related to this woik or published after 1965 are discussed ix:; this

chapter.

Much of the early effort was centered on the extension of

pure component isctherm equations to include binary mixtures. For

instance, Markham and Benton (3) derived equations for the adsorpticn

of binary mixtures based on the same two a2ssumptions underlying the

Langmuir equation:

Vi = 1:’? P1+§» B n
1 2Pz
wz by P,
Vo  T70eP. +b°P (2)

[l P2F2
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A theoretical treatment extending the BET appreach to the adsorption
of gas mixtures has been suggested by Hill {4), on ihe basic assumpe
tion that moleculee in the second and higher layers have evaporation-
condensation characteristics of a liquid mixm‘re at the same compo-
sition and temperature. The main drawhack of this kind of approach
lies in the limited range of validity of the conventional isotherm
equations (Langmuir, BET) and the number of systems which can be

predicted by this method is consequently small.

Szepesy (5) cbtained the separation factor e by the division

of Equations (1) and (i):

x, P, 'm,’2
e e )
*1 T2 m, 1

For the purpose of calculating the full binary isotherms, Vl = fl (Pl)
and V = £ (PZ), Szepesy proposed that Equation (3) be combined with

an empirical relation used by Lewis and co-wozkers {6)

v \4 .
1 2
+ T =1 {4)
\F Vs

The novelty in Szepesy's proposgition was to consider V;nb° as a
variable parameter determined from the pure component isotherma

and applicable to binary systems with variable separation factora.
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Becauee Lewis' equation does not hold for many syetems, the Szepesy
method consequently requires a priori knowledge regarding the validity

of Eguation (4).

Several attempts have been made to extend the adsorption
potential concept to the binary adsorption equilibria. Téth (7) has
proposed a method to predict binary equilibrium data from individual
pure component isotherms. E=xcellent results were obtained when the
method was tested on the data of Szepesy and flies (8) measured ata
total pressure of one atmosphere, The assumptions made, in this |
methed, limit ite application to the monoclayer adsorption isctherms
and a pressure za.n@e of about 0.1 —vl. 5 atm. The calculation of total

and partial volumes reguires a somewhat lengthy procedure.

Other methods, based on the potential theory, were used by
iewis, et al. (6), Kapfer, et al. (9) and Bering, et al. (10). Lewis,
et al, combined the modified Pola.ny;i equation with their empirical
relation (Equation (4) ) to determine the separation factors by trial and
ervor. It gave fair éesulte when used at low total pressures. Lewis
et al. have stated that uncertainty exists in choosing the proper molar
volume for the adsorbed phase as the correlating divisor (' affinity

coefficient” of Dubinin (11) ).
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Kapfer, et al. (9) assume no binary interference, that is,
each gas is adsorbed from the mixture as if the other binary component

were not presant,

Bering, et al. {10) veed Dubinin's equation (11) as a starﬁng
point, assumed the standard state to be that of 2 bulk solution whose
saturated vapors have the same composition as equilibrium vapors
above the adsorbed layer, and by uéing Lewia'® empirical relaticn
{Equation {4) } were able to calculate the fun binary isctherms, Vl = £1 (Pl,
and Vz = { (Pz) ‘This method was tested only on the system chlorofarm-
diethyl ether on activated charcoal at 50°C. Rather good resulta were

obtained,

Grant apd Manes (12) have recently extended the modified
Polanyi thebry to pred&ct binary hydrocarbon gas adsorption on activated
carbon. They used the normal boiling point molar volume as the corre-
lating divisor, The method was claimed to extend over an extremely
wide range of separation factors. It was successfully applied to data
on mixtares of methane with propane, butane, and hexane at 25°C and

total pressure up to 1000 psig. but not so good for higher hydrocarbons.

Thermodynamics has played an important role in the study
of mixed-gas adsorption. Lewis, et al. {6}, Cock and Basmadjian {2)

and Myers and Prausnitz {13) have done much work in this kind of approach.
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Lewis, etal. {6) proposed a semi-empirical thermodynamic method

which was based on an eqguation proposed $y Broughton {14):

Vi Vi
(nP, avy) . nP, 4v,) -
0 , Pza 0 o | Pl + st'rr
\$) | Va
(InP.4av.) . (inP.dV.}
2" %5 20 2 25 ip.=
o 1 0 1t P,

{(5)
if the separation factor c is assumed constant, Equation (5) may be

combined with Equation {4) to give an expression for the prediction of

a from the pure component isotherms:

{a - 1) V'i.ir : j
—ETT Rep= Vi, - Vigp)iadl -
2, 1w
{(lnP,dV.) + (InP.4V,)
2 ¥p =0 R
0 ' 0
Yy, X% P,V :
where e = ;;3'- £ = -i-;li _{;% = constant
1 Y2 2 "1
vo
6 = V%J_




Complete binary isotherms may. be calculated by combining Equations
{4) and (6). The experimental results of Lewis and co-workers agree
well with the predicted separation factore for a number of hydrocazben
mixtures on activated carbon and silica gel. The lack of agreement
for some aystefms at higher values of é (>15) is undoubtedly due teo
the deviation from Egquation (4) and to the fact that e becomes mrw-

singly concentration dependent.

Basmadjian {15) modified the Lewis-Broughton relation and
obtained a simple expression for constant separation factor systems:

v'o

1 Sl P!°
loge = = log (g=5}) dV° n
1. Tz
0
where a< 4 and V"z‘v /V‘i 1.5
Py
If (-i-,-;- is constant, thies expression can be reduced to
2 v
PO
i
e = (57}
Py

;)Tr
which is analogous to Raoult's law for vapor-liquid equilibria,

A simple semi-empirical methed was developed by Gock and

Baemadjian (2) for the prediction of adsorption equilibria of binary gas
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mixtures from corresponding pure component isotherms. The ap-
proach used Equation (7) as its starting point. It is applicable to
systems with variable separation factors, valid at low and high con-
centrations and pﬁessuzes, -and is not contingent on the validity of
Eguation {(4). The 0#15' fzilure of this mﬁthod is that it cannot
providé a quantitative predicﬂon of binary equi_libria in the region
of multi-layer adsorption and for syetem._s exhibiting azeotropes.

It also does not take the adsorbate-adsq:batc interactions into

account.

Recently, Myers and Prausnitz (13) made a thermodynamic
study of mixed-gas adsorption equilibria. A simple technique for
calculating the adsorption equilibria for components in a gaseous
mixture was proposed, using only pure component adsorption equili-
brium data at the same temperature aad on the same adsorbent. The
essential idea of the calculation lies in the recognition that in an ideal
solution the partial pressure of an adsorbed component is given by the
product of its mole fraction in the adsorbed phase and the pressure
which it would exert as a pure adsorbed component at the aa.xixe tempe~

rature and spreading pressure as those of the mixture.
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I THERMODYNAMIC CONSIDERATIONS

The application of solution thermodynamics to mixed-gas
adsorption has been studied by Myers and Prausnitz (13). It was
shown that the traditional method of treating the problem using

classicel thermodynamics would dbe useful in: {1) cbtaining an ideal

adsorbed solution concept analogous to Raoult's Jaw in vapour-liquid
equilibria, (2) calculating the activity coefficients in the adsorbed
phase from pﬁre isotherms and binary equilibrium data, and (3)
deriving a method for predicting ihe binary equilibria. For this
purpose, it is worthwhile to make a general review of adsorption

thermodynamics,

A, Adsorption Egnilibria

Hill (16, 22) pointed out that the validity of the usual
thermodynamic equations for the adsorbed phase rests.upon three
assumptions:

{1) the adsorbent is assumed to be thermodynamically inext

{2) the adsorbent has a temperature - invariant area which

is the same for all adsorbates

{3) the Gibba'definition of adsorption applies.
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Based on these assumptions, Myers and Prausnite (13)

derived the phase ruie for adsorption:

(degr'eea‘af) 4 (fumberof, _  number of
freedom phase componen

+3 {8)
Now, the basic thermodynamic eguations for the adsorbed phase can

be written in 8 form almost analogeus to the familiar thermedynamic
equatiens. For instané.e. the equations for internal energy U and

Gibbs free energy G would be:

dUu

1

TdS- §dA +3 p, dn, (%)

dG

i

-S4 T+ Adf + Z W dn, {10)

where S is the entropy of the adsorbed phase; A ip the specific area of
adsorbent; ¢ is the spreading pressure or the surface pressure which

is defined by (16, 22, 25)

P;=P;
i i
RT ° ° e fo
¢(P;) = = N (Pi) dlnPi {constant T) (11)
Pi = 0

n; (P;’) is the adsorption isctherm for pure component i, and the inte-
gration may be performed graphically by plotting a; /P; vs. P and
determining the area under the curve. B is the chemical potential of

component i, and is defined ag follows:
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dU G
170 g, a, ny % "7, @, g

Thus, the intensive variables for the Gibbs free energy are
temperature, spreading pressure and composition. From Euler's

theorem, the total Gibbs free energy may be written as
G =3 n p {constant § and T) {13)
An &ctiw}ity coefficient of component i in the mixed adsorbed
phase may be defined as

= ¥
o p.i“ + RTlnyixi,

(14)

\vi—»-ia.a xi-»l

whers p.i* is a function of temperature and spreading pressure only.
It is identical to the molar Gibbs free energy of pure component i , when

i is adsorbed in the absence of the other components, at the temperature

T and the spreading pressure §.

Accérding to Equation (8), there are only two degrees of
freedom for the adsorption of a pure compenent. The pressure P; in
the gas phase is therefore uniquely determined by specification of T and

g, and

## (T, f) = W (T) + RTIn Py @) {15)
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where P'io is the chemical potential of pure i at the perfect gas state

and at unit pressure.

Equatians (14) and (15) may he. combined to give the chernical

potentia.l cf component i in the adsoxbed phase

#e (To fo %) ceeecd = 1 (T4 RT Iny, 5, P () {16)

Asguming the gas phase obeys the perfect gas law, the

chemical potential of component { in the gas phase would be
pf {T, T, yig = B ;T) # RT laTry, (an
At equilibrium, the chemical potential in the adsorbed phase

should be equal to the chemical potential in the gas phase, i.e.,

by (T %y ) = B (BT, ) | a8

therefore, the equation of equilibrium for mixed-gas adsorption is

Y 5P O (19

B. Adsorbed FPhase Behavior

The adsorbed phase may be classified into two categories:
ideal adsorbed phase and non-ideal adsorbed phase. These may be

defined in the same manper as used in solution thermodynamics {(26}.




a. Ideal Adsorbed Phase: An adsorbed phase may be
considered to be ideal if the chemical potential of every component
is a linear function of the logarzithm of its mole fraction accoiding to
the relation

a
B = pi* +» RTIn x, | {20)

where y.i* is a function only of temperature and spreading pressure.

The 9ignificance of B % will be seen whén x, is equal to unity. Thus,

if we consider Component i, pl* is simply the chemical potential of
pure 1, at the same temperature and spreading pressure as the adsorbed

solution under discussion.

Comparing Equation {20) with Equation (14), Y should be
equal unity for all values of temperature, spreading pressure and

composition. Thus Equation (19) can be simplified to
Y = P; #) x, {21)
This is analogous to Racult's law for vapour-liquid equilibria.

b. Non-ideal Adsorbed Phase: The method usually adopted
in dealing with real adsorbed sclutions, is to find the magnitude of the
pure number {ex ithe factor) which, when multiplied by the mole fraction
of the particular species, makes applicable a relation of the form like
Equation {20). That is to say, one defines an activily coefficient Y;

such that the equation
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a
B = P'i* + RTthxi {14)

is correct, however large the deviation from ideality. In this identity
p.i* iz to be taken as & function of &emper@hi:e aund spreading pressure
only, but y; may be a function of these variables together with the mole

fractions of all substances in the adsorbed solution.

C. The Gibbs-Duhem E@aﬁon

In classical solution thermodynamics, the Gibbs-Duhem
equation is primarily useful in checking the consistency of experimental
phase-composition data and in reducing the quantity of experimental
work required to determine completely the composition of vapor and
liquid phase in equilibrium. The same_argument'may be applied to the

cage of mixed-gas adsorption.

If the adzorbed phase is enlarged in size, its temperature
spreading piessure, and the relative proportions of its components
remain unchanged. Under such conditions the By 's which are intensive
variables like T and 4, must also remain unchanged. Thus the direct

integration of Equation (9) gives

avu

it

TAS - §AA ‘i'Zpiéni | {22)
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Let the original values of the internal energy, entropy, etc., of the

system be U, S, A, n,. If the system enlarged to k times its original
size then the final values of the internal energy, etc., are kU, kS, kA
and kni . Thie is because the extensive properties are proportional to

the size of the system. Thus

AU = kU-U = ¢(k-1)U {23)
etc. Substituting in the previous equation one obtains

e-1U= Tk-1)S-Fk-DA+)p (k-1)n {24)
and therefore
U= TS - fA+) pn (25)

Taking the complete differential of Equation {25) one gets

dU = TdS - fdA+T pdn,

+S4T - Adf + Tn dp, 26
Comparing with Equatiex (9) gives
SAT - AdfF +7 nidp'i =0 {(27)
At constant T, dT= 0, so that
-Ad¥ ~G-Znid;.a,3 = 0 {28}

thie is the Gibbs adsorption isotherm. When the spreading pressure

is constant, Equation {28) becomes




5 nidp.i = 0 (constant T and ) (29)

Substituting Equation (16) into Equation (29), one gets
indlnyiso | {30)

This 1s the Gibbs-Duhem equation for an adgorbed phase at

constant T and @.

D. Separation Factor - Relative Volatility

The composition of the adsorbed phase‘will usually be diffe~
rent from that of the gas phase, and in considering a binary mixture
three types of equilibrium relations may be visualized. Figurel is a
sketch of the typical equilibrium curves that may be expected if the
compeosition of the two phases are plotted in the manner commonly used
to express vapour-liquid equilibria. Curve A represents a situation in
which Component 1 is leaner in the adsorbed phase than the gas phase
and Curve B represents the case where the adsorbed phase is always
richer in Component 1 than the gas phase. It is conceivable that volatility
reversals may occur in some Binaxy gas systems, and such a case is
represented by Curve C. This situation is analogous to the existence of
an azeotrope in vapour-liguid equilibria. Molecular interactions in the

adsorbed phase are apparently responsible for effects of this kind (1, 27).

The concept of relative volatility in vapour-liquid equilibria

can also be used conveniently in the interpretation of binary gas mixture
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adsoxption data. Separation factor or adsorption relative volatility

of Component 1 with respect to Component 2 is defined as

X, Y x, P
12 % Yy x, PZ

The prediction of adsorption relative volatilities from single
gas isotherms is of considerable interest in chemical engineering.
Several methods {2, 5, 6) have been proposed. It is evident that pre-
diction of adsorption relative volatilities from the izsotherms of the
individual gases will be difficult. Clea.rlv; it cannot be assumed that
relative volatility does hot vary with composition. In fact, the variation
in ¢ is so large in many systems, that the assumption of any sort of an

"average " value would lead to incorrect equilibrium representation.

It would appear that any atterapt to predict adsorption
equilibria in mixtures of gases from pure gas isotherms is bound to be
unsuccessful unless some way is also available of predicting the likeli-

heed of interactions between the adsorbed molecules.

z
P
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IV. COMPARISON OF RECENTLY DEVEILOPED METHODS
FOR PREDICTION OF BINARY EQUILIBRIA

Although Myers and Prausnitz's is a more rigorous method,
other methods seem to give equally good prediction. Below, we give
a discussion of these and show that for a certain condition, the three "

methods are completely equivalent.
A. Presentation of the Vaﬂous Methods

a. Semi-empirical method of Cock and Basmadjian (2):
The method is based cn Egquation (7) derived by ‘Basmadjian,(l 5} on the
assumption of small and constant relative volatility. From Equation

(31), it is seen that 82 has an indeterminate value for x, = ior

x, = 1. Equation (7) is employed for evaluating these limiting relative
volatilities at total pressure 7. Thus
R A
log (tx)}g el =TT log (-Eg-) av {32)
1 i 2 Ve
0
and o
‘vz;Tr Po
i 1
log (a) T oo log {=— ave {33)
%=1 Vg P2

; Vo

>
>
.
£
b
b
A
%
b
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Using these limiting e¢'s, end-point (;E-) values for the binary (-E)

versus V., curve may be cbtained as follows:

T
Py P, - -

{—=) = =} {a) =/l {a} {34)
xlxzal xezsl %2 1 2 1

and

P P

=2 = (=) : S— (35)
X2 =1 xlx:l“ (a)xsl

| 1 1

The values are located at the points C and D in Figure 2,
which also shows plots of the pure cméonwt isotherms ! and 2. The
binary curves AC and BD are next constructed based on the assump-
tion that they can be represented by the same form of equation as the

pure component isoctherms over the binary concentration range.

Using the binary curves, the fraction x, may be calculated

and hence also the partial isotherms V, = fl (Pl) and V, = fz (Pz) for

1 2
a given totzl pressure. The appropriate equation for ®, is given by

®y
(;—) - T
1V,
X, = =5 5 {36)
e ———

T g AL e Tt et e

)
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b. IKeal Adsorbed Solution-Method of Myers and Prausnits

{13): The calculation of the isothermal binary adsorption equilibria

proceeds as follows:

(1) Equation (11) is applied to the experimental data for
pure component adsorption n; = Fi (P:). yielding two relationehips:

g =, ® e

£ )

g5 = @, P (38)
(2) Equation {21) is written for both components:
Ty = Pyx (39)

Y = Pyx, (40)

{3) Since the mixing process is carried cut at constant

epreading pressure as indicated by Equation {30}

g1 = 95 (41)
{(4) Also
X +x, = i {42)

Yy ty,= 1 {43)
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{(5) There are nine unknowns: i, ¢§. Pi. P T, Xy
x50 Yy and Yz Equations {37) through Equation {43) yield seven
independent equations. By epecifying two independent quantities, such

as 7 and Yy it is possible to calculate all of the other variables.

{6) The total amount of adsorption B, can be calculated by

means of Equation {4).

c. Extended Potential Theory of Grant and Manes (12):

The calculation is made as follows:

{1} Assuming Racult’s law for gas mixture fugacities can

be applied for each compcaent,

fi = %X fi'? (44)

where fi is the fugacity of the i‘'th component in the gas phase and fiﬁ

is the fugacity which the component would exert as a pure adsorbate

at the adeorbate volume of the mixture.

{2) The adsérpticn potential, <¢,, of each component, can

io

be written as

(45)
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combining Equations {44) and (45) gives
fa
€, = RTlax (T)s (46)
where (ia)i is the saturation fugacity of pure unadsorbed liquid at

adsorption temperature.

Since according to the Pelanyi theory all characteristic
curves on a given adsorbent are superimpcsable on a single curve by
means of 2 correlating divisor applied to the abscisss, i.e., since at

equal adsorbate volumes we can write

€3 . €2
B CF, @7

where ﬁl and ﬁz are the correlating divisors, it follows that at constant

temperature
£ £
i 8 1 8
-—ﬁl in xl (——-f )x = -_ﬂg in xz e }2 {48)

The normal beiling point molar volume has been used as the correlating

divisor in this case.
{(3) Ecuation {48), together with the condition

xl-i-xzz 1 {49)

suffice to determine the % from the given values of fi’ (fsb i apd ﬁi .
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B. Comparison and Residue Study

{1) The comparison of two adeorbates at the same spreading
pressure is équivalént to comparing Py at equal adsorbed (liquid)
volumes {as in Polanyi theory), provided that the curves of the individual
pure components can be cullaésed to & single curve by using the molar
volume ag correlating divisor. This equivalence may be seer by writing

the expression for spreading pressure as
. F
g = %?— j n; (P;)dlnPfi' = -i- j n; ind (%i') {s0)
| 0 0

the second equality following from the substitution of d<  for ldelnP;
and raultiplying and dividing the integrand by \r}; The geometric
equivalence of the latter integral is seen from Figure 3. It is simply
the area beneath the generanseé correlation curvé of Lewia et al. (6}
and to the right of a perpendicular dropped from ‘the ordinate n; Vi (P;).
It thus appears that the methéd of Myers aml Prausnitz is practically |
equivalent to the extended Polanyi theory. The method of Myers and
Prausnitz has the disadvantage of requiring an integration of the adsorp~

tion pressure from zero coverage which ie extremely difficult for com-

penents of low volatility.



Figure 3

GEOMETRICAL. EQUIVALENCE OF THE LATTER
INTEGRAL OF - EQUATION (50)

Adoo 4
(L)
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(2) The method of Myers and Prausnitz may be transformed
to the semi-empirical method of Cook and Basmadjian if (n;)¢ = (ni)g

at the same spreading presesure. This can be proved as follows:

For binary adsorption, Myers and Prausnitz‘s method re~

quires
Py PRy |
ni dlnP‘l’ = J ni dlnP:;_ {51}
4 0
Integrating each side by parts gives
(Pi)y ‘(P2)¢ (n;)¢ (ni)g
n; lnPi - ni lnPi = } lnPidn; - | In Pédni
0 0 0 ]
{52)

As Pi — 0, we have

Pl"‘"’?z*‘"'P

n;-—,ng—-—xf

Hence

nd In P2

: : -nilnPE z2n°InP®«n° InP® =0 {53)

0 0
Thus the left hand side of Equation {52) becomes

LHS = (), In (Pg)g - )y In (P g

Po
- © c-l b - o i o
= (nz}¢ in (P§ )¢ + [(nl)g (nz )QJ in (P1 ’9 (54)
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But according to the derivation of Myers and Prausnitz for an ideal
adsorbed solution, one obtains

P; ' : :
Ine = In (-P-;-) {55) :.,
29 :
FHence
° ° . ) o i
LHS = n3)yna + [ fa)y - (agly | 1n (B} )y (s6) ;

The right hand side of Equation (52) can be rearranged to give

L
(ni)¢ (n2§¢
- ' ° o ° ° X
RHS = S In P} dn} g In P} dnj ;
0 ¢ :
o o ° )‘
= in Pi dn'i - in P;.dn‘é + S lnP; dn;
3
{57 g
The first two integrals can be combined as follows h
:
J (né)g (n§)¢ (nz)g pe 5
o [ (] @ e _m}.
lnPgénl - J landna- j h‘a(Pib dn°
0 0 (4]
{(58)

The validity of this is seen from the geometrical equivalence of the

integrals (Figure 4).
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Thus
(’%’g Pi (ni)g
RHS = j ‘P") dn° 4 J in P; d ni {59)
2 n° o
0 (n2)¢
Equating Equations (56) and ({59) gives
) (nz)g P; (n§)¢
(n3)gine + | (@f)y- €n§;¢] aPf) = ln(gs) dn'+ InP;dn;
Y (ni’g
(60)
or
z’¢ PO (nl)ﬁ |
1 .
Ing = o= 1n(-—,~) An°® + e j InP? dn? - (nd «n2), In(P°) ‘,
‘“z’g’ j qu (z)¢ 171 1 72'g 1¢ H
0 gy )
(61.) ‘

Comparing Equation (61) with Equation (33), Equation (61) is

identical to the Cook-Basmadjian expression for limiting ¢ at x,=1if

%
~

.. mm AT
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i
ki
s
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"n:,.
f:g b

i ' :
the resident term, -!-;1;—[ j luPidn" Qn - nz)lnl” }. is zeroc. The
2

"2
geometric interpretation of the residue is shown in Figure 4,
Thie residue will be zero if |
(1) Isotherm 1 is horizontal over the range in question
(2) Isotherm 1 is vertical over the range in question 1 ~‘

{3) (n )g (n ¢



- 32 »

Actually, the cases (1) and {2} seldom occur within the
range of pressures which we arev interested in. As for the last
case, there are two poasibilities to have (n§)¢ = (ng)g : {1) very
low surface coverage and (2) equal a.; at the same spreading
preesure {(where a! is defined as the specific area per mole of

i
pure adsorbate 1). The specific molar area ratios of the adsorbates
for some systems at varicus spreading pressures have been inves-
tigated and listed in Table 3 (Appendix A). Some systems reveal
almost equal adeorbed specific molar area, and for these cases

the Myers-Prausnits and Cook-Basmadjian methods yleld identical

results.
At very low surface coverage we have

n; = Ki. P; {62)

where Ki is Henry's law constant, a function only of temperature.
Substituting Equation {62) into Equation (11) gives

gA

§T 0 KB v oo s (63

1
Several systems have been tested, and the results are
presented in Table 4 (Appendix B). Maay systems have zero residue,

but some systems, such as the system HZ - NZ on charcoal (23), have

1§
38
il

.
¥
38
il
iy
ie
38
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a rather big residual value. However, it turns cut to be of little

significance in view of the high value of a.

Ideal behavior of the adsorbate was assumed for all three
methods, but non-ideality may actually exist because of the adsorbate-
adsorbate interactions. An extensive investigation of the behavior of

adsorbed phase is therefore needed,

F YTLANPI I SR TA XU S A
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‘v INVESTIGATION OF BINARY ADSORBED
" PHASE ACTIVITY COEFFICIENTS

Myers and Prausnits (13) claimed that their method was
tested on the squilibrium data for the systems CH, - C,H, (8) and

C.H

2Hy - CO (18) on activated carbon and fcr CO - 0 {3} and 63 8" -

(19) on silica gel and that they found the calculated acﬂvity
coeiﬂcients to be egua.l to unity within me expenmental error,
However, they did not show the calculation resslts. Jelinek (17
calculated y's fér only one system dniﬁg'hia ngtoichiometric method",
In order to obtain a better understanding as to whether the method is
useful and valid for any binary system, it was decided to extend the

investigation to other‘"éystems.

A, Calculation

a. Myers and Prmsnitz's method' Equation (19) can be

used to calculate an activity coefﬁcient if we know the tom pressure

of gas-phase mim\u'e, the compoeition x of the adgorbed phase, the
composition y, of the‘gals phase, the spreading p&essum § for the
adsorbed mixture, as well as the ‘pu'm' c::m:nponent' adsorption isctherms

for each adsorbate.l

The problem encountered is the evaluation of the spreading

pressure @ for the adsorbed mixture. The spreading pressure § for

i
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the corresponding individual components at the same temperature T
aad total pressure T can be calculated by means of Equation {11).
For the case of adscorption of 2 binary mixture, Equations (16), {19)

and (28) may be cembined to give

s

T df = n!dln"rr v + n, d ln'rryz {(constant T) {64)

With the total pressure —of the mixture held constant, Equation (64)

becomes
A
T dg = n, d!.nyl +n,dlay, {constant T and T) {65)
Integration of Equation (65) gives
N g R 2
£ j ag = } a dlny, +J n,dlny, (66)
ﬁ% 0 1
or
9 ¥, Y,
A
BF j dg = J “ldm”l + J nz dlnyz (67)
23 1 0

Thus, the spreading pressure ¢ for the adsorbed mixture, can be calcu-
lated, provided that the experimental adsorption data, at constant
temperature and pressure for the entire range of vapour compositions,
are available, Once the spreading pressure for the adsorbed mixture

is obtained, the correepohding individual equilibrium pressure Pi and
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P?’Z at the same spreading pressure can be found from the results of

Equation {(11). Substituting Py, P"Z.‘ﬂ‘ o Eyo Xpe ¥y and V2 in Equation

{19). v, and :yé can then be calculated.
% This methed is applied to the equilibrium data for the g

following systems:

Systems

No. Coml't. 1 Comp%. e Adgorbent Temp, Préssure Ref.

A-l o, co Silica Gel 0°C 1 atm. (3) 3
A-2  CH, C,H, Activated Carbon 20°C 750 mm Hg  (8)
A-3 C,Hg C,H,,  Activated Carbon 20°C 750 mm Hg (8)
Aed N, Arx Silica Gel 89.5°K 250 mm Hg (20) x‘
A-S N, Ar Silica Gel 111°K 250 mm Hg (20) %
o v S
A-b C,H, co, Col. "G* Carbon 0°C 1 atm. {(17) H'g-;_, 3
A-7 C,H, €O,  Col. "G"Carban  30°C 1 atm. 1 =
A-8  C,H, CO,  Col. "G"Catbon  0°C 1atm., (17 s
A-9  C.Hg CO,  Col. "G"Carben  0°C latm. (17 ;};%%
A-10 C,H Co,  silica Gel 0°C  latm. (17 2
276 2 e
A-11  CHg Co,  silica Gel 30°C 1 atm. (17 i

The results are presented in Tables 5-15 (Appendiai C} and

Figures 5~ 14, The summary is shown in Table. 1.
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- Table 1

Summary of Calculation of Adsorbed Phase Activity Coefficients
by the Method of Myers and Prauenita (13)

System Adgorbed Phase Actiﬁty Céefiicients Reference
A-1 All y's are near unity. R £3)
A2 Only helf the range of adsorbed phase con- {8)

centration ie covered. The smallest 'y‘ is

about 0.74 at x, = 0. 025 and the largest Yy

is about 0.82 at x

1 ° 0. 395, Yy increases

with increasing x, . The largest Yy is
about unity and the smallest Y2 is about

0.905 at x, = 0. 395, Y, decreases with E%

increa.aing. % ‘:",'“;, :
A-3 Yy changes with %, in the range of 1.22 - {8) ;:5

0.82 (xl from 0.262 to 0.868), v decreases ’;‘9?! |

with increasing . vy, varies with x, in the 1%

range of 0.67 - 0.33, Y, also docreases with 5%

increasing x,. "3
Al The smallest Y ie about 0.45 at % = 0.062, {20)

and the smallest vy, is about 0. 66 at B s

0.925. Yy increases with increasing x and
Y, decreases with increasing e ¥y 1
as %, —= kandyz-—v- ] as &, —> e.
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Table 1 {Continued)

Adsorbed Phase Activity Coefficients

The smallest Y, is about 0. 756 at %, =

0.19, the smallest v, is about 0. 82 at
%, = 0.923, v, increases with increasing
x, and y, decreases with increasing .

— 1 and \lz-—-*l as x, — 0.

Yl—"l as x 1

!

The largest vy is about 8. 4 at x = 0.072,
the smallest Y is about 2. 58 at x, = 0.875;
Y, = 1.03 at %, = 0.072, ki 1.041 at 0.875
and the maximum value of yz is about 1.15

at %, = 0.415. e e

The largest Y is about 5.26 at %y = 0. 36,

the smallest Yy is about 3, 25 at ®) = 0.95,
7} decreases with increaging 1. The
largest Yy is about 1. 52 at = = 0,95 and the
smallest v, is about 1. 105 at x, = 0. 36, ¥,

increases with increasing X

|

The largest Yy is about 7.4 at x = 0.415,
the smallest Y ie about 2. 44 at %, = 0.979,

7} decreases with increasing x
Y, is about 1. 294 at x

ll
1

with increasing x, .

The smallest
= 0,415 and the largest
Y, ie about 5.95 at x; = 0.979, v, increases

Reference

(20}

(17}
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Table 1 {Continued) |

Adsorbed Phase Activity Coefficients

* Only balf the range of x is covered. The

largest Yy is about 12.1 at %) = 0.094 and

ahe smallest Y is about 6,19 at x, = 0.541,

¥y decreasss with ineressing %y - The

sinaliest Yy iz about 1.041 at xy = 0.094

and the largest Yz is about 1. 24 at x, =
3413 ?2 iﬁg@mmaz wltb izsr:maaing x, .

&
&)‘Yﬁ \! ,:‘-"a—idggg@ )

i : v“ft apd ¥, are méaxly x;ammt, ’253 ==, 74

Yi &Ba Yz are nearly @ﬁﬁﬁm %, ng:: .35
ang ¥, #= s | ‘
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b. Steichiometric method: This method was suggested by

Jelinek {17}, and i® based on an approach proposed by Argersinger,
et al, {2l) for use with {on-exchange equilibria. It may be described

as follows:

Stoichiometric relations are written for the adsorption of

each gas at a total pressure 7T :

Gag A n“i A {gas) + Surface = n] A (Adsorbed)
= ni B (Adsorbed)

Gas B3 iifz B {gas) + Surface

Subtracting these two equations, we obtain & replacement reaction for a

binary system at constant total pressure 7.

:n; A {gas) + n; B (ads.) = n"[A(ads.) + n;‘ B (gas) (68)

An, equilibrium constant is then defined for this relation in the usual

manner,

ng n;
2 |
{a,) {a,) ~
K = 28° lao _ (69)
n n

1 2
@), by,

where {(@T D’)@ and :(a:a;z')g are thermodynamic activities of the two components
A and B, respectively, in the gas phase, and (a.l)a and (a;‘:)a their acti-

vities in the adsorbed phase.
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X perfect gas bshavior in the gas phase is assumed, then
(&133 = ¥y, end (az)g =¥, {70)

In the adsorbed phase, the standard state for each component is taken

as pure adsorbate at total pressure T,

By = vy x amd (@B, = v%, (71)

These definitions are now substituted into Equation (67) to give

nO no ne
{y,) z(yl %) ! - () !
K = - = = K - (72)
2y ) )
K is defined as
< n’i , n% |
- 1 2 : .
R = (=2 £ 73
G0 =) (73)

Thus K ie readily calculated from experimental values of x and y and
the pure gas isothermas.

In logarithmic form, Equation (72) is written

InK-InK = By In Y, -8 In Y, (74)

The differential of this equation, at constant T and %, is

~-dinK = nl dlntyﬁ - rnz dlin Y;Z} : {75)
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Combining Equations (75) and (30), one gbtains

n’ x

ntdlay, = - L j, — awm®& (76)
2 S S

n’ =

; 2 1 -

g ntdlny, ®= =% i d In K (77)
? 2. 2 ny xl + n} x,

A new variable Z ie introduced in order o eimplify the solution. Z

is defined as .
0 n x
2w zjln"x ’endz'l:'nfxl*‘i’x (78)
2% "M% 251 ¥ ™1 %2

Making this substitution, Equations {76) and (77) become

-0t dloy = (1 -2) dinK (79)

aj dlay, = zdlnK (80)

These equations may be integrated with the boundary conditions

B.C.1 x, = i, 2=1; Y < i ' (81)

B.C.2 ®, © 1, 2= 1; A P 1 (82)

However, since K is indeterminate according to Equation (73) when
x, = 0 or 1, the right hand side of Equations {79) and (80) must be inte-

grated by pazrts

vy & |
n3 { diny, = (Z-1) mE - 1 mKaz (83)
o ' + 1
1 0
: ‘xs dlay, = -2WaK - g InKdz (84)
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The integrated forms of these equations are

~Z
—_— -
njlny = {Z-l)an-} mKdz (85)
i ____ « & -
: myiny, = -ZlK+ ’1 wmRaz (86) :
Upon adding Equations (85) and (86) ome cbtains |
1
nllnyl-nzlnyz = =InK + InKd2z {(87)
)
Comparing this equation with Equation (74), it is seen that
1 -
InK = inKd2z (88)
)

This integral may be evaluated graphically, by plotting In' K

:
1
|
'a
|

versus Z, as calculated from experimental data.

Thiz method was applied to the following equilibrium data:
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Systems

No. Comp®h. 1 Comp't.2 Adaoibent Temp. Pressure Ref.

t
[

[
O

€O silica Gel o 0°C  1atm (3)

| 92'2:6 Activated Carbon  20°C 750 mm Hg  (8)
-G 41'110 . Activated Carbon 20°C 750 mm Hg (8) I
Ar Stlica Gel 89.5°K 250 mm Hg (20)
Ar  Silica Gel 111°K 250 mm Hg (20)
Col. "G" Carban e°c
- Col, "G" Carbon 30°C
Col. "G" Carben 6°C
Col. "Gf"‘Car.bon 30°C
Col. "G"Carbon  0°C
Col. "G"Carbon  30°C
Col, "G"Carbon  0°C
Gol. "G"Carbon - 30°C
‘Sil‘.ica Gel = o°C
Silica Gel 30°C
SilcaGel = ©  0°C
Silica Gel '~ 30°C
Silica Gel ~ 0°C
Silica Gel . 30°C
_Silica Gel ~ 0°C atm (7
Silica Gel  30°C  latm  (17)

W W ow

[ 3 [

N U ¥
» wn Q.
) wm u&m ™

v
'
w
Z
™~

vy
¢
o~
(¢]
0
O

atm (17)
atm (17)
atm (17
atm an

o

1

-~

0
m.&m&m

Q

8]

tw
'
]
O
o

(9]
O

(3]
(1
£
O
NN NN NN NN NN NN N NN

o
aaq
0 0

B-10
B-11
B-12
B-13
B-14
B~-15
B-16
B=17
B-18
B-19

(2]
o]

>

atm (a7

O
w{wAwmmwmwmwwmmwwmm
o
Q
O

atm (27)

O
X

w
Q
o

atm (17

<
12
-
Ca)|
2

o

O
Q
O

atm (17
atm (17)
atm (17)
atm {17)
atm (7
atm  (17)

Fct

§

O

ﬁm m:ﬁ
Q.
o

QO
Q
O
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Q
o

Q
8]

0
X

]
iy
o
Q Q
0o O

i Whay
o
e
1,
e
2
=
o
2
=

i

;Q" O‘i
o

atm (17)
B-20

O
43
Q
o

B ]

B-21

O
L
o0
A
0

The summary of the results is shown in Table 2. These

results are also presented in Tables 16-36 (Appendix C) and Figures 15+35,



Table 2

Summary of Calculation of Adsorbed Phase
Activity Coefficients by Stoichiometric Method (17)

System Adsorbed Phase Activity Coefficients Reference
B-1 The smallest Y, is about 0.914 at %, = 0.193 (3)
and the smallest v, is also about 0.914 at
Xy = 0.653. Y increases with increasing x,
and Y, decreases with increaesing X . Y -1

as x, —1 and yz'-—a...l as xl.-.>o.

1
B-2 Only half the range of x is covered. Y, (8)
increases with increa.sipg x and y, decreases
with increasing x,. The smallest Y, is about
0.015 at %, = 0.026, the smallest Yy is about
0.606 at x, = 0. 342, y,—~1asx,—0and

1
vy 1 as xl->1.

B-3 Yy 1 as x,

maximum value of Y is about 1.041 at X =

0.68 and the corresponding minimum value of
Yy is about 0.939.

—=1 and \7 e 1l as xl-m-O. The (8)

B4 Yo 1 as Ry 1 and Yo 1as L. 0. Y (20)

 increases with increasing Xy and 7 decreases
with increasing x, . The smallest Y, is about

0.514 at *, = 0.062 and the smallest Yo is

about 0.697 at xy = 0. 925,
P9

3
-2
b
wut

By 4]

B AL

&
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Table 2 (Continued)

System ' Adgsorbed Phase Actlvity Coefficients Reference

B-5 \ e 1as x,— 1land Y, 1as x,—> 0. Yy (20)
increases with increasing x

1 and Y, de-

creasses with increasing X . The smallest )
is about 0,712 at x, = 0.097 and the smallest

Y, is about 0.819 at Xy = 0.928.

= 1 and Yy~ 1as x;~ 0. (17)

31+_3.46 as xl—»o and Y- 1.116 as %y 1.

The minimum value of v = 0.9802 at %, =

B-6 v, lasx

0.545 and:the corresponding maximum value

of Y, = 1,22,

- —— B —— ) ——, ' ‘a-
B-7 Y 1 as x) 1 and Y, 1as xl-—s—o. Yy 4.05 (17) §
e 0 and Y 0.497 as "y~ 1. The mini- ¢:

mum value of y, is about 0. 887 and the corres- :

ponding maximum value of Y, is about 1.222 at <

X, = 0.6 7:

B-8 \ T ua i as %y > 1 and v~ 1as Xy 0. yl—a.s‘. 58 (17) %
as x, > 0 and P 0.223 as 2~ 1. The mini-

mum value of y, is about 0. 887 and the corres-
| ponding maximum value of v, is about 1,272 at

Xy = 0.v6?-. |
B-9 Yy~ ias x> 1and v;™ 1as x> 0. e 1.82 {17)
2s x,—> 0 and y,~ 0.122 as Hy> 1. The mini-

mum value of ¥ is about 0. 678 and the corres-
ponding maximum value of Y, is about 1.062 at
x, = 0, 23,



Table 2 (Continued)

System Adsorbed Phase Activity Coefficients Reference

B-10 \ 1 e ias x> 1 and \ 7S las Xy 0. {17)
Yy decreases with increasing x and Y, in-
creases with increasing e W 2.48 as

=~ 0 and Y, 2.64 as x> 1.

B-l1 ™ 1l as x, 1 and y,~ lasx,—0. (17)

v;> 1.43¢ a8 x,~ O and y .
x, > 1. The minimum value of Y; is about ‘i
0.803 and the corresponding maxirnum value

of Y, is about 1. 38 at x = 0.71.

i 72 20t

3

ié‘-}'

!

A

B=-12 \ 1 as x> 1 and Y, 1as x> 0. (17)

Eth)
i tat
3T

W Te e e L 45

\T\ae 6.06 as x = 0 and Y, 1.03 as x, = 1.

The minimum value of y, is about 0.942 and

i
X

the corresponding maximum value of Yy is

about 1,252 at xl = 0,54,

B-13 “w isas xl—> 1 and \02-' ias xl-b' o, {17)

“w™ 3.67 as x, —> 0 and y,— 0.223 as x

—= 1,

1
The minimum value of ¥y is about 0. 712 and the

corresponding maximum value of vy, is about
1.18€ at x = 0.44.
B-14 v~ lasx —1and y,—>1asx—~ 0. (17)
Y 3.32 as %, 0 and y,— 0.905 28 x ~= 1,

1
The minimum valuse of Y, is about 0.961 and

the corresponding maximum value of y, is about

1.105 at xy = 0. 32,




System
B-15

B-16

B-17

B-18

- B-19
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Table 2 (Continued)

Adeorbed Phase Activity Coefficients Reference
1= 0. {17)
— 0 and \’ 0.862 as

Yl-»lasxi—.- i1 and Y, 1asx
\ e 1.03 as x,
x> 1. The minimum value of Y is about - -
0.914 and the correspoanding maximum value

of Y, is about 1.02 at x = 0, 36.

¥y 1as x, 1 and y,—~1 a8 x, - 0. {17)
e 0 and yzw-l.'lﬁ' as

x‘l—-’-"l.‘ Tyl‘ decreases with increasing %y and

Yy é.l14as x

Y, increasss with increasing % -

yl - 3} as xl-ar 1 and Yz-)v- 1as 21-*"’ a, ‘ (1?):

vy Z.14as x, —0 and 72»1.03 as xr—;-'L.

3
¥y decreases with increasing x, and \7 increases

i
with increasing X, .

y,~~l3sx-~lasy,~1asx 0. {1n

\ T 3.06asx, -~ 0and Y, 0. 719 as x; - 1.

1 e
The miniroum valae of vy is about 0. 905 and

the corresponding maximum value of Y is about

1.246 at %y = 0. 56.

W™ 1as = 1as yz-—»l as x

vy 1.77as x

1»0. (17)
™ 0 and yz—,o.?sé 3s x,-=1.

The minimum value of vy is about 0.96) and the
corresponding maximum value of Y, i8 about

1.162 at %, = 0. 66.
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Table 2_(Continued)

System Adsorbed Phase Activity Coefficients Reference

e 0. (17)
Yy~ 1.52 a8 x, - 0 and y,—~ 0.97 as %, = 1.

The minimam value of Y is about 0. 97 and the
corresponding maximum value of v, is about

1.083 at %y = 0.43.

B-20 Yy 1as 2y — 1as y,~ lasx

T A R A B s s e iais e e

B-21 7} -1 as - 1as yz---’_l 28 X, 0. (17)
yl-—a-l as x; ->0 anpd "2""0'496 a8 x, — 1.
The minimum value of Yy is about 0. 896 and
the corresponding maximum value of Y, is about

1.02 at xx = 0,495,
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Figure 15 CALCULATION OF ADSORBED PHASE ACTIVITY
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Figure 16  CALCULATION OF ADSORBED PHASE ACTIVITY
COEFFICIENTS (STOICHIOMETRIC METHOD(IT))
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No-Ar-S6
89-5°K, 250mmHg.(20)
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Figure I8 CALCULATION OF ADSORBED PHASE ACTIVITY
COEFFICIENTS (STOICHIOMETRIC METHOD(I7))
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Figure|s  CALCULATION OF ADSORBED PHASE ACTIVITY
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Figure20  CALCULATION OF ADSORBED PHASE ACTIVITY
| COEFFICIENTS (STOICHIOMETRIC METHOD(I7))
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C2Ha-COz-CGC B
30°C, latm. {I7)
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Figure 2 CALCULATION OF ADSORBED PHASE ACTIVITY
COEFFICIENTS (STOICHIOMETRIC METHOD(I7))
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Figure22 CALCULATION OF ADSORBED PHASE ACTIVITY
COEFFICIENTS (STOICHIOMETRIC METHOD (17))
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Figure23 CALCULATION OF ADSORBED PHASE ACTVITY
~ COEFFICIENTS (STOICHIOMETRIC METHOD(I7))




.69 &

C3Hg-C0,-CGC
0°C, latm. (I7)
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Figure 24 CALCULATION OF ADSORBE PHASE ACTIVITY
| COEFFICIENTS ( STOICHIOMETRIC METHOCD (i7})
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Figure25 CALCULATION OF ADSOBED PHASE ACTIVITY
COEFFICIENTS (STOICHIOMETRIC METHOD(I7))
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Figure 27 CALCULATION OF ADSORBE PHASE ACTIVITY
COEFFICIENTS (STOICHIOMETRIC METHOD(I7))
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Figure 28 CALCULATION OF ADSORBED PHASE ACTIVITY
COEFFICIENTS ( STOICHIOMETRIC METHOD(I7))
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Figure29 CALCULATION QF ADSORBED PHASE ACTIVITY
COEFFICIENTS (STOICHIOMETRIC METHOD(IT))
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Figure 32 CALCULATION OF ADSORBED PHASE ACTIVITY
COEFFICIENTS (STOICHIOMETRIC METHOD(I7))
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Figure 33 CALCULATION OF ADSORBED PHASE ACTIVITY

COEFFICIENTS (STOICHIOMETRIC METHOD (7))
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B, Discussion

The following conclueions can be drawn from the results

of the sbove calculations:

(1) Very accurate egquilibrium data are requiréd for these
calculations, and sametimes éxtrapelaﬁon is needed to cmsirnct the
curve for graphical integration. 'I'hergfore. calculating érmrs aré
always involved during curve fittings, extrapolation and graphical
integrations. The analysis of errors which is involved in the method
of Myers and Prauenitz for calculating the adsorbed phase acﬁviey

coefficients is discussed in Appendix D‘_._

{(2) From the results of the calculations.' it is easily seen
that the adsorbed phase activity coefficients of many systems are
far from unity. Thus, thé conclusion of Myers and Prausanitz, that
the calculated activity coefficients were found to be equal to unity

within the experimental error, needs to be modified.

{3) Examining the results of the method of Myers and
Prausrits, the values of adsorbed phase activity coefficients of many
eystems (see Figure 6 and Figures 9- 14) are not consistent with the
derived Gibbs-Duhem eguation if the syatém is treated as & binary one

{i.e. the third component - solid is not considered). The methoeda
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generally employed for testing the thermodynamic consistency of
binary ﬁpwr-liquﬁ equilibrium data (28) might be used for this
purpose. Among these methods, the visual test proposed by Lu (29)
would be the simplest and quickest one. it may be seen, from a

log y vs. x plot, whether or not the data are thermcdynamically
consistent according to the Gibbs-Duhem equation for a binary

system. The visual test method may be summarized as follows:
(a) At x, = 0.5

, ~ L
log v, ~ g log vy =0

{b) (log Vl)xl =0.25 7 UOB Yy =0.75

(e} I (log vl)xl =0 (log v}, .,

i

ANV

. |
then log (;Yl’xl =0.5 3 UoB Yz?xl =0.3

(d) Both log y curves approach their zero values with &

horizontal tangency

{e} The two areas bounded by the log y curves and the

) =0 and x, = i lines should be identical
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{f} K thereisa minimum oF 2 maximum on one of the
log y curves, there should be a corresponding
mazximum or minimum on the other curve at the

same composition.

(g) ¥ there is no maximum or minimum, beoth log y curves

should be on the same side of the log vy = 0 line,

(h) At x) = 0.5, the slopes of the log y curves should be

equal but opposite in eign.

Obvicuely, the results shown in Figure 6 and Figures 9~ 14 do not
satisfy the necessary conditions of the test listed above. There is
no way of correlating the data since no common character could be
found among these resulte. This difficulty may be due to the effect

of the adsorbent.

(4) Although the .result‘s of Myers and Prauenitz's method
are inconsistent with the Gibbs-Duhem equation when the system was
treated as a binary one, they at least cculd provide information con-
cerning the adsorbed phase bebavior. It Was found that using any
value of y on the smogcthed lny, ve. x, plot, one might calculate the
gas phase compositions v and Y, corresponding to a given value of
the adsorbeﬂ phase compositions x, and x, by means of Equation {19}.
For the aystem tested, an error of 25% with respect to the experi-

mental value of y, wae cbserved {see Appendix D).
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(5) The stoichiometric relation (Equation {68)), which was
used as & atérting point for oucﬂatim‘&e adsorbed phase activity
coefficients by Jelinek, has a doubtful basis (ion-exchange). Since
he did not peint cut whether his method is empirical or not, at total

pressure 77, the pure component adsorption amount ni and ~n§ can

no longer be used instead of », and n,, respectively. The Gibbs-
Duhem equation was inserted already in the derivation of the method.
Therefore, conglstent results were to be expected. Furthermore,
the velues of y's, calculated by stoichiometric method, cannot be
used to calculate back the gas phaée composition y from the given
adsorbed‘phase composition x by meane of Equation {(19). Thus, the
method cannot be employed to correlate and interpret the equilibrium

data.
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V1l CONCLUSIONS AND RECOMMENDA TIONS

The principal cenclusions and recommendations included

in the above discussion may be summarized as follows:

(1) The applications of clasaiqal solution thermodynamics

to the mixed-gas adsorption have been extensively zeviewed.

(2) Three recently proposed methods for preﬂicti#g the
binary equilibria are equivalent to eacﬁ other provided that n‘i is
equal to n"z at ihe same spreading pressure.

{3) It was found that the residual term by which the three
methods difiér is of little significance for all systems tested, There-
fore, the semi-empirical method of Cook and Basmadjian for predicting

binary equilibria is equivalent to the ideal adsorbed solution method of

Myers and Prausnitz, regardless of whether or not (n“i) ¢ is equal to (n“z)ﬁ.
{4) The adsorbed phase activity coefficients fo;.- eleven
systems were investigated by Myers and Prausnitz's method, and the
adsorbed phase activity coefficients for twentyQo;xe systems were invese
tigated by the so-called stoichiometric method proposed by Jelinek.

(5) The adsorbed phase activity caefﬁcients of many systems

%

#

are mot even near unity. Thus, the conclusion made by Myers and

SRS S SHEGS

Prausnits, that the calculated activity coefficients were found to be
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equal to unity within the experimental error, needs to be modified.

(6) The vames of gctivity cqefﬁéieqts of many systems,
calcﬁlated by Myers and Pgauenitz'a'methoﬂ. are not consistent
with the derived Gibb“fmm equation when 4;ﬁ;te ajrsteim is tzeaﬁgd
as a binary one. There is no way of correlating the data since no
common character could be found among these values. This handicap
may be due to the diffei-ént solid effect for different binary gas
mixuzreé. since.‘the ad'sorbénzt'v;vava asa@e& to bp inert for thie

method.

(7) 'I_‘he effect of the type of so!,id on the adaorbgd mole~
cules is considerable. A correlation may be obtained if a number of
systems, each of them measured on a different kind of adsorbent at
the same tempemtnre and pressure, are investigated. Further proof

of the solid effect is needed for future work.

{8) The erzor inherent in the quthqi of Myers and Prausnitz,
for calcﬂaﬁng the adsorbed phase activity coefficients, wae estimated,
for the system 63_1-16 - (:C’z -C, 0°C, 1 atm., tobe about 25% with
respect to the experimental value of y when the calculated y's were
used to calculate back the value of y corresponding to a given value of x%

by using Equation (19).




(9) The predicted result of bi#ary equilibria, by means of
the ideal adsorbed solution method of Myers et al., is also shown
in Figure 40. It is easily seen that the value of y, calculated from
hwi ve. x, plot, is closer than that by the ideal adsorbed solution .

method.

{10) A doubtful stoichiometric relation was used as the

starting point for calculating the adsorbed phase activity coefficients

by the so-called stoichiemetric methéd of Jelinek. Consistent curves

of Iny, and lnyz were obtained but this is probably due to the fact
that the Gibbs-Duherm equation was ineerted already in the derivation.
Furthermore, the values of y's, calcuiated by this methed, cannot be
used to calculate back the gas phase composition from the given ade
‘sorbed phase composition by means of Equation {19). Thus, the method -

cannot be employed to correlate and interpret the equilibrium data.

{11) It is suggested that the future adsorption investigations
include the study of solid effect ae well as the vapour=-liquid equilibria

and PV T of gas mixtures.




Appendix A

Specific Molar Area Ratio of Adsorbates
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Table 3

Spe cific Molar Area Ratio of Adsorbed Mgolecules

System gA/RT Py P n'i ni ai/ai
CZHQ. COz- C 1 7.4 57.3 0,702 0.696 0.991
0°C (1D F 22,3 153.0 3.157 1.348 1.165

3 47.5 273.5 1.639 1.968 1.201

5 122.5 610.0 2.390 3.279 1.372

CZH6- COZ- C 1 4.9 181.0 0.730 0.753 1.932
30°C (17} 2 12.5 465.0 1.235 1.596 1.292
3 26.7 758.0 1.520 2.282 I. 501

0°C {17} 4 12.0 446.0 2.700 2.700 1.000
6 21.5 B810.0 3.042 3.108 1.022

0°C(17) 2 4,9 153.0 1.980 1.348 0.681
3. 7.5 273.5 2.660 1.968 0,740

5 15.0 610.0 3,053 3,279 1.074

CZH6 - COZ- sG 0.2 86.5 45.0 0.17F1 0.170 0.994
ro (17) 0.6 3‘8.0 16000 0. 523 0&498 00953
' 1.0 §87.5 300.0 0.845 0.832 0¢.985

CBHB. CO, SG 6.2 47.5 144.7 0.141 0.187 1.326
30°C {17) 0.5 153.0 381.0 0.393 0.456 1. 160
.8 275.0 639.8 0,632 0.732 1. 158
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Table 3 {Contimned)

System gA/RT Pi 2 n{ nj a;/afz
89, 5° K (20) 200 50.0 45,2 85.8 97.0 1.131
300 98.4 115.0 98.7 127.4 1,291

400 235,0 245.0 116.6 159.2 1. 365

500 525.0 448.0 135.9 184.1 1.355

N, -Ar- SG 100 300 56,0 44.1 52.6 1,193
111°K (20) 200 1450 240.0 73.8 89.8 1,217
250 2700 389.0 87.7 106.1 1.210

C,Hg - CyH) - C -so 7.7 3.8 27.3 3L.5 1.15§
20°C (8, 24) 100 28.0 10,8 45.5 4l.1 0.903
| 200 150.0 749 73.1 69.5 0.951

300 500.0 259.0 89.9 84.2 0.937

CH, - C,H - C 10 276.0 15,0 8.7 11.0 1,264
20°C (8, 24) 30 1075.0  45.0 22.9 20.5 0.896
50  2160.0 85.0 34.9 29.0 0.831

70 3560.0 160.0 45.0 39.8 0,884

90 5275.0 250.0 53.9 48.1 0.893

0,- €O~ SG 10 262.0 138.0 10.1 10.0 0.990
0°C (3) 20 527.0 276.0 19.8 19.5 0.985
30 792.0 421.0 29.0 29.0 1.000

CHQ- Céﬁlﬂ-c 50 216‘000 3.8 34.9 3‘05 00903
20°C {8, 24) 100 4250.0 10.8 57.9 4i.1 0.710




u%.

Table 3 gcantimed!

System gA/RT P; P‘é n’i ny a;/ai
czaé-csa'é-c 2 22.3 5.2 1.157 1,640 1.417
0°C (17) 4 80.5 12.0 2.044 2.700 1.321

6 375. 3 210 5 z. 743 30 043 l 9'109

czn4-c3xaa»c 1 7.4 2.0 0.702 1.160 i.652
o°c{17) 2 22.3 4.9 1.157 1.980 1.7i1
3 47.5 7.5 1.639 2.660 1.623

5 122.5 15.0 2.390 3,083 1.277

czaé-céaw-c 50 as.o 3.8 29.0 31.5 n._ose
20°C (8, 24) 70 160.0 5.0 39.8 34.4 0.864
cn4~csna-c 50 2160.0 7.7 34.9 27.3 0.782
20°C (8, 24) 100 6250.0 28.0 57.9 45.5 0.786
czaé-csz-x&_c 50 85.0 7.7 29.0 27.3 0.941
20°C (8, 24) 70 160.0 12.5 39.8 35.0 0.879
100 300.0 28.0 52.0 45.5 ©.875

Coz’ CSHBO c l 6390 10.0 0. 73 09 83 1. 13_8
20°C {8, 24) 3 290.0 57.0 2.04 1.78 0.873
‘ 5 619.0 142.0 3.31 2.53 0.765

6 815.0 205.0 3.95 2.925 0.741
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Appendiz B

Calculation of Residue
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Appendix C

Calculation of Adsorbed Phase Activity Coefficients
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Amendix D
Sources of Errors in the Calculation of y
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SOURCES OF ERRORS IN THE CALCULATION OF y BY THE
METHCD OF MYERS AND PRAUSNITZ (13)

The total deviation from the actual value of y ia extremely
difficult to estimate because of tedious graphical steps involved in
the calculations, and the propagation of errors. However, the erroz
in each step can be roughly analysed. The system C3l-l6 - coz -

Columbia "G" Carbon at 0°C and 1 atm {17) is taken as an example.

(1) Pure component spreading pressure:
) Curve fitting: The error of plotting o /P° versus Py
is trivial. It may be assumed to be + 2%.

b) Extrapolation: The extrapolation of the curve n /P
versus P; to zero pressure is required. This is extremely difficult
for components of low volatility. The data of C3H6 show that the
maximum deviation of puze compeonent equilibrium pressure at the
same spreading pressure is about 20% at the low pressure region

when two different values of n; /P; (that is, 0.41 and 0, 64) are used at

zero pressure. In other words, at the same P°, the maximum deviation

of ﬁi would be 20% in the low pressure region (see Figure 36).

c) Graphical integration: The mechanical erzor of graphical

integration is about + 3%.
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{2) Binary spreading pressure:

a) Curve fittiag: Two curves, nl/y1 versus y; and :nz/y2 VS. ¥,
are plotted. The scatiering of the experimontal data for Component 1
(Csﬁé) makes the construction of the curve extremely difficult. Two
limiting curves showed + 27% deviation. After the integration of the
curves, the maximum deviations would be + 10% {see Figures 37 and 38).

b) Extrapolation: Either Equation {66) or Eguation (67).
could be uséd according to the actual distribution of the experimental
points. Usually, the extrapolating range is small, unless the given
data cover only the middle compositicn range. The error of extra-
polation is within ¢+ 5%.

c) Graphical integration: The mechanical error of graphical

integration is about + 3%.

(3) Using Equation (19) to calculate y:

a} Reading off P; from ] ; versus Py plot: For Component 1
(03!-16}. the reading error is about + 1 mm Hg, and the larger error is
attributed to the extrapolation to the higher pressure for Component 2
(COZ) which is sbout + 20 mm Hg.

b) The propagration of errors from the above steps to the
final value of y is difficult to estimate. |

Since the thermodynamic method can only be used for testing

the data consistency but not the data accuracy, there is so far no method
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which can be used to test the data accuracy. The above snalysis is
limited to the amy of errors inherent in the graphical method, As
o the total error of calculation, it may be estimated by using the
values on the smoothing curve (Figure 39) and subamuﬁug into
Equation (19) to calculate back., The rosults are then compared to |
the experimental data. The maximum final error is seen tobe about
25% (Figure 40). {Excluding the point atx, = 0.95, the maximum
erroi' cbserved is about 25% (at x, = 0.8), Atx, = 0,95, the reli-

ability of P (%) is doubtful due to the extrapolation pracedure).
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