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i - .. AHSTRACT

Adsorption isotherms of some gaseous mixtures and
their pure constituents have been determined experimentally with -
a Cahn electrobalance assembly. ‘The investigation was carried
out at subatmospheric pressures and at temperatures ranging from
-10°Cc to 50° C. The three binary systems adsorbed by silica gel
were C,H), - C,Hg, CO

- C,Hg and C,Hg =~ CO,

2 3
An exact thermodynamic relationship, representing the ™
equiliprium between the gas phase and the adsorbed gas, has been
used to.obtain thermodynamic properties on the adsorbed phase
"which cannot be measured directly. - _
Fugacity equations relating the equilibriam between
the gas phase and the adsorbed phase have been obtained from a <
rigorous thermodynamic treatment. Descé¢ription of measured phase
equilibria has been successfully accomplished when these equa-
tions are combined with the analog of the Redlich-Kwong equation -
of state,
Following a procedure analogous to that employed by
- Chang and Lu in vapor-liquid equilibrium studies, the coefficients .
of the equation of state for the gdsorbed phase have been obtain-
ed from tne isotherﬁsffor the pure components,
The mixing rules employed in vapor-liquid equilibria
have been extended to gas adsorption equilibria. These ruies

" requiré -the critical properties of the gases. an interaction

constant. and two coefficients to be Obtained from pure component

. | B S \
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adso;ptioh isdthéfms conatitutiﬁg the binary mixture considered,’ -

- The results obtalned from our proposed method for pre-
dlcting adsorption equilibria agree well with the experimental
values. The,difference betwean the_calcu}ated and measured val-
ues of the gquilibrium-propefties for the binary systems inves-

7 tigated in this work are sumﬁari;ed in thetfollowing tables

o

SYSTEM . . | AP % ‘AT%  AX%.  Overall %

M CO2 - C2H6 l. 5-_06 Il 2-88 . . 5-26 . ’ ’4‘.40
CoHy = CyHg 3.86 3.72 3.37 3,63
C4tg = COy _10.69 1,28 7,10 6.33
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INTRODUCTION

. E"“ -

Purification and recovery of induétrial gaaeé-by
physical adsorption as.a separation process is today done on a;v
large scale (1). Engineering design of adsorbers for separat-
ing gas mixtures.requires among other things, pure component
isotherms for each maierial present and a method for predicting
the adsorptive properties of a mixture frogithe pure component
isotherms (2). In many instances, experimgntal data on adsorp-
tion isotherms are not always available in the desired region
of temperature, pressure and composition. These data‘are not {
only;necessary for equipment design; they are also needed to
test theories or to work on an equation of state. Ultimately, ‘
one must turn to predictive or correlatife techniques to obtain
the, surface properties. The accuracy of a predictive method fo®
mixed gas, adsorption phase equilibria requires a basis for
comparison, free from any mathematical modeling. Thug a certain
"brand” of data are needéd which are readily obfained from a
well designed experimerital technigue and can satisfy a fundamen-
tal thermodynamic relationship (3).

The objectives of this thifis were to set-up an ex-
perimental apparatus capable of yielding datasatisfying an
exact thermodynamic relation, and to work on an equation of

state capalile of predicting mixed gas adfiorption equilibria from

a knowledge of the pure component adsorption isotherms only.

Adsorption isotherms have been determined
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experihentally for the binary systems o£;02H6 - 02H4. 02H6 - 002
and €0, - 03H8 with their pure constituents on silica gel for
temperatures ranging from 50°C to -10°C. The investigation was
carried out at subatmospheric pressures using:a Cahn electro-
balance to measure the tdtal mass.adsorbed at the correspond-
ing system pressure. These data were employed to calculate the '
supface properties using an exact thermodynamic relation,

The calculated adsorbed phase properties of the binary .
mixtures for the systems 03H8 - CO, and CO, - C,H, at 0.0° have
been verified with a constant volume apparatus equipped with a

recirculating pump. ‘

The prediction of .the surface properties of a mixture

Lcan be obtained by applying a) the ideal solution theory or
b) an equation of state to the adsorbed phase. An expression
for the ideal adsorbed solution theory, analogous to Raoult's
law in wvapor-liquid equilibria, has been used to cdmpute the
surface properties and the Redlich-Kwong equation of state
usually applied to the liquid or vapor phase has been extend-
ed to the adsorbed phase. The predicted surface prop-
erties obtained from these two correlations were compared with
thoge obtained using the exact tﬁermodynamic rglation.

The general format of the subject matter of this
thesis is as follows, _

A review and discussion of thé’pertinent literature
are first presented in Chapter I. 1In Chép%er i, éome thermo-

dynamic considerations of gag-solid equilibria are developed



which lead to 'a statement of a very useful exact thermodynamic
relation, and to the derivation of equations necessary for the
calculation of pure and mixed adsorbed phase properties. The
description of the equipment and procedures employed in ﬁhe ’
study qf gas-sdlid equilibria, and the experimental results form
the sdbject of Chapter III. In Chapter IV, we present a discus-
sion of the results of the correlation of experimentally
determined isotherms, and of the predictive methods for the
~calculation of the adsorbed phase properties. Chapter V summa-
rizes the work done in this investigation with some conéluding
remarks. The general approach followed in this investigation

is presented in Figure I.1.

-
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CHAPTER 1
LITERATURE SURVEY OF GAS-SOLID EQUILIBRIA

Presented in this chapter 1s a brief survey of the
work that has been done on the detarmination of adsorption iso-
therms of pure gases and their mixtures on silica gel, Experimeé-
tal methods for the measurement of gas-solid equilibria are then
discussed ih the light of their usefulness to this work, Final-
ly, the correlative and p}edictive methods pertinent te this in-

vestigation for the predictiqﬁ of phase equilibria are reviewed.

I.A Measured Adsorption Isotherms

Physical adsorption has been extensively studied and a
comprehensive review of the subject has been done by Young and
Crowell (%), Ross and Qliver (5), Flood (6, 7) and others (8) as
mentioned in a recent review on the subject (2). Presented in
this work is only a brief, selective, survey of the adsorption
of gases and their mixtufes on silica gel, in particular, for
those systems investigi%ed in this work,

The references of Table I.1 are taken from an updated
survey (2) and an examination of it leads to the foilowing comments.

Sufficient tabular and graphically reported data for

'
the adsorption of the pure components C3Hé’ 02H6 and CzHu are )

available covering the pressure range investigated by the



authors, although fewer isotherms gré avaiiable. ‘Measured data -
for 002 have been obtained only at low temperatures, Further-
more, most of these data were obtained by different workers,
hence probably on different grades of silica gel.

| The pressure range investigated for the adsorption of
mixtufes is limited fo a few reported isotherms., Data for the
binary system C2H6 - szu are rep?rted graphically and analyti-
cally at 25°C and at prgssures of 0.33 and 1,3 atm, In many
cases the isothermal data reported were not at exactly the same
pressure., Data available for C3H8 - CO, at 0°C and 760 mmHg, |
however, were found to be unreliable (17). '

The scarcity of the adsorption data on silica gel
commands the need for more equilibrium data covering a wider
temperature range for pressures ranging from 15 to 750 mmHg.
The scarcity is especiaily true for mixtures.,

Such data taken on the same sample under controlled
laboratory conditions can be used to expand our knowledge about
the adsorption process, viz, to permit the correlation of phase
equilibria of multicomponent sjstems through an equation of state

and finally to test theories involving phase equilibria prediction.

I.B Experimental Methods for the Determination of Gag-Solid

Equilibria

This section is a brief survey of the
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TABLE I.1

LITERATURE SURVEY OF GASEQUS ADSORPTION ON SILICA GEL

Component Temperature Pressure

Pure Component Adsorption Isotherms

760-230

Author Reported Year

o Range . Form

i c mmHg
C4Hg -35 £$¢732 Maslan(9g Tabular 1972
-20 17-762 Maslan(9 Tabular 1972
0 25-754 Maslan(9) Tabular 1972 .
. 25 5=775 Lewis(10) Tabular ' 1950
100 96-753  Lewis(12) Tabular 1950
0 16-762 Lewis(12) Tabular 1950
40 10-768 Lewis(12) Tabular 1950
CoHy 25 14~-764  Lewis(1l1l)} Tabular 1950
0 2=-745 Lewis(12) Tabular 1950
40 10-764 Lewis(12) Tabular 1950
CoHgr CgHg 25 10-760 Lewis(13)  Graphical 1950
co, - =195 0-700  Brunauer(i5) Graphical 1937
Mixed Adsorption Isotherms
C,Hg=00, 0 760 Jelinek(16) Tabular 1953
30 760  Jelinek(16) Tabular 1953
COZ-CBHB 0 760 ‘Jelinek(lé) Tabular 1953
25. 762-774  Lewis(13) Tabular 1950
40 770-776  Lewis(13) Tabular 1950
02H6-C2Hu 25 Lewis(ll{)

Correlation 1950




techniques employed in the measurement of the adsorﬁtion_of
gaseé on solids. It is not a comprehensive review on the sub-
ject. The advantages associated with each method, which are of
~value to this investigation, are pointed out. ¢

The two principal approaches are classified as the
gravimgtric and the manometric methods, The measurable quanti-
ties assoclated with the gravimetric method are the total system
pressure and the total mass of gas adsorbed while those with the
manometric method are the total gas pressure and the volume of
. the adsorbed phase, The composition of the gas phase is required
when dealing with gaseous mixtures.~the temperature of the ad-
sorption cell is also an important controlled variable, The
temperature and gas composition are quantities that need to be

measured in both techniques.

I.B.1 Manometric Method

In the manometric method, the number of moleg of a pure
adsorbed gas is calculated from accurate measurements of the
preésure. volume and temperature., In addition, the gas phase
compositions are needed for mixtures.,

The principle underlying this method is the following.
The pressure. volume and temperature of a uantlty of gas adsorbed
i8 measured and the number of moles preségg calculated., This

material is then brought into contact with the adsorbent and,

when constant pressure and temperature readings show the system



.......

the gas phase is again calculated, The difference between the
initial and final values of the number of moles represents the
gas transferred to the adsorbed phase.

The accurate determination of the number of moles
unadsorbed at equilibrium depends on a precise(§nowledée of the
"dead space® or the space surrounding the adsorbent particles.
The dead space volume is usually evaluated by expansion mea-
surements using helium, whose adsorption is assumed to be neg-
ligible (&),

The manometric apparatus is illustrated schematically

in Figure I.2.

I.B.2 Gravimetric Method

The adsorbent is located at the bottom of an isother-
mal well in a light bucket suspended from a weighing assembly.
The amount of gas adsorbed is obtained directly from the mea-
surements of the weight gained by the adsorbent at equilibrium,
The two measurements of final pressure and the quantity of gas
ads;rbed are independent of each other, unlike in the manometric
method where the equilibrium pressure is used in the calculation
of the amount adsorbed. The calibration of the weighﬂhg mecha-
nism is done by gdding known weights to the eample container,

Figure I.3 illustrates schematically the main com;

ponents found in this adsorption apparatus.
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Figure 1.3 Gravimetric Adsorption System



Each method has its advantages and inconveniences;
both methods have been employed in- this investigation. The
properties of each method arellisted in Table i.2. A gravimetric
method, when properly adapted, ylields data satisfyigg an exact
thermodynamic relation which is used to calculate tﬁe surface
ﬁfoperties. These calcuiated gsurface properties are then
readily verified with a manometric method. This general approach

is illustrated schematically in Figure I.4,

I.C Correlation and Prediction Methods

The main items recalled in this section are the dif-

12

ferent forms of the Brunauer, Emmett and Teller equation (22) .:

”and the method for measuring the heat of adsorption from gas ad-
"“sorption isotherms, Also presented are some of the existing
eqﬁations of .gtate, such as the Redlich and Kwong (18) equation,
and the application of the ideal solution theory (19, 20} to
the adsorbed phase, Also, a correlation developed by Pitzer

(21) is reviewed.

I.C.1 Brunauer - Emmett - Teller Equation - (BET) - (22) *#

The BET equation for the isothermal adsorption can be

expressed in the form
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TABLE I.2 — - %
3 AR
GENERAL PROPERTIES OF THE MANOMETRIC AND GRAVIMETRIC
METHODS USED IN THE STUDY OF PHASE EQUILIBRIA

hY

-

Manometric t
1, Calibration of the volumes in the apparatus are
needed because they are required in the calculat}on

of the adsorption of. gases.,

2, Cumulation of* errors are possible because there
is an interrelation between the pressure and tem-
perature through the ideal gas law for each “

equilibrium calculation, : '
: i :

3. Larger samples are needed so as to observe with

5

accuracy the equilibration in the system.

1

L., 'Static method is preferred because the measure-

o

ment of the dosage volume is reduired.
- 7
5, The number of moles of a.mixture adsorbed is
. o ‘ . o
calculated directlly by applying a2 mass balance and

using the ideal gas law,

it]




Gravimetric

1,

5.

TABLE I.2 (CONTINUED)

Calibration of the weighing mechanism is easy and
flexible, |

Measurement of the pressure and maéé adsorbed are

independent of each other.

More data are measured in a shorter time and
attainment of equilibrium is directly observed.

1

Lends itself easily to "flow-thro" systems.

Measures the tofai mass adsorbed thus the number
of moles of a mixture adsorbed are not directly

measured,

14
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' L ./ .‘ ) . - [
vV = _fm ®r [1-(n'+ 1) r® + n " T 7 Ia -
' 1 -r"° g . n'+ 1 .
-1+ (c-1)r~cr . : .
where r = P/P, relative adsorbate pressure .
. v
v ) amount of gas adsorbed
Vo - amount of gas necessary to form monolayer
c related to the heat of adsorption of a
' monolayer (E;)} and the heat of liquefaction
(Ez) by the relation
RT In¢c = E1 - E2 -
n' number of layers to which the gas is ) .
limited
P, vapor ‘pressure of liquid nitrogen at 77.4°K.

For the purpose of calculating the specific surface
area, Equation I.1 is commonly used in one of its two limiting

forms, one of which is the Langmuir equation ( 8)

r _ r ‘=
v =Y +v._n1 - I.2

-1

; - c -1 —
V(1 = 1) Vc+Vmc r n'= I.3

For n'>3 and x< 0.25, Equation I.3 is a fair approxi-

-

mation to Equation I.1 provided ¢>> 1. On the other hand,
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7

5 :
Equation XI.2 can be used only for isotherms which have an n' val-
ue very close to unity. ‘

By a simple algebraic transformation, the n-layer EET

Equation I.1 can be put into a more convenient form (23)

Vmc @(n'. I‘)

VET7F¢ (a0 I.b
where .
nt) n'
s (e, =-L{1=x ‘onr (1-7) I.5
' (1 - )2
and
nl
o (n',r) = r(i — ) I.6

The Equation I.4 may be rearranged in a linear form

n,r) - _ 1 + 2 (n, r)

' 1.7
v Vm c Vm

i

The slope of Equation I.7 is 1/Vm while the intercept is 1/Vm c.
_ The value of n'is usually selected until Eqﬁation I.7
yields a best straight line as directed by the method of least-
squares (23, 24),

-

I.C.2 Isosteric Heat of Adsorption

The isosteric heat of adsorption, Q_,. is deflned by an



¢

application of the Clausius-Clapeyron equation of the adsorption

isostere (65). It is defined by the following equation

a

P | Qst “ .
(g'r) T TV - V) I.8
n,A £

in which Vg and_Va are, respectively, the molar volumes of the
gas phase and the adsorbed phase. Neglecting the molar volume
adsorbed compared with that in the gas phase and assuming the

gas to be ideal, Equation I.8 becomes

0 1n P = - st - I
B (=t R . -9
(=% )
n,A

The isosteric heat, Q. ig a differential molar quantity (4, 65)

which varies with the degree of surface coverage, hence with

the amount of gas adsorbed, n. It is related to the differential

molar entropy of the adsorbed phase (65) §;, by the following

equation,

Qst = T A5 = T(Sg - Sa) _ I.10

in which Sg and gg are, respectively, the molar entropy of the
gas phase at temperature T and the differential molar entropy

of the adsorbed phase, (> S/ n)T A (4).

I.C.3 Equation of State

For a given isotherm, a two-dimensional equation of

18
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state for a pure adsorbed component can take the following form

(5):

T —[R;I| F(, T) I.11

in which
£

(s}

8 = E I.12

in which p represents the area of an adsorbed molecule., The

adsorbed phase quantities are somewhat different from those of a

,three~dimensional phase (gas phase), The spreading or surface

pressure is represented by the symbol ™ , whereas, the molar
area of the adsorbed phase is represented by o. The latter is

defined by the equation

= _A
g = =2

/e -

whefe A and n are, respectively, the specific surface area of

I.13

J:zf adsorbent and the number of moles of gas adsorbed (moles of
. : .

4
i

orbate).
The function F(s, T) for various mathematical models

of a mobile adsorbed film (5) are listed in the following table.

19 N
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TYPE Fl{a, T)
Ideal-gas law q I.14
8 )

Volmer . ( 25) T 5 I.15
Hill-de Boer 8 e 2 I.16
- e - . .

(5) 1 -6 RIS a(1 + g) -

The constants « and p are terms introduced in the equa-
tion of state that provide corrections for non-ideality of the
adsorbate, It should be noted that the Hill-de Boer
equation is the analog of the van der Waals equation of state.
- The two-dimensional constants cand p are ndt identical to the
customary van der Waals constants a and b.for gases but are di-
rectly reiated to the three-dimensional constants a and b by

Equations I,17 and I1.18

1/3 -
aid=a(—2§—63—) I.17

and .
1/3
Bid = 2b (—E%Eb—) I.18

The constants a and b are listed in Table I.3 along with P
i
and ﬁid for the adsorbed phase of the components studied in this
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work (5).

The subscript *id*' is used to distinguish the ideal
values of o and f from the values obtained from experimental iso-
therms, Equationé I.17 and 1,18 hold for simple and ideal situ-

ations in which the adsorbed molecules have identical interactions

to those in the gas phase,

I.C.4 Redlich-Kwong Equation of State

The equafion of Redlich and Kwong is generally recog-
nized as the best simple equation available to represent prop-
erties in both the gas and liquid state (26).

The original form of the equation given by Redlich and
Kwong (18) is represented in Equations 1.19 to I.24

2
- i A h
25T -w "B [ T+h ] 1.19
o |
h = 2 .1.20
2.5
FRE Ze = 2 I.21
c
0. T .
' - b "¢ __Db
c
.
o '= 0.08664 // I.24
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The dimensionless constants Q  and. Gy of Equations I.23 and I.24
are found by equating to zero the first two derivatives of pres-
sure with respect to volume at,the ceritical point. Severe re-
strictions are placéﬁ on the use of Equations-T.10 to I.24 for
predicting pure component adsorption. Studies by Ehang and Lu
(27) into the temperature dependance of the parameters a, b or
Qa' Db allows us to'obtaip a better predi&tion when Equation
I.19 is used.

The evaluation of the paramefers Qa and.Qb was conduct-
ed with the follbwing set of equations. At equilidrium, the fu-

gacity coefficient of the vapor and the liquid phases are equal,

éi.L = @i.v I.25
in which the quantity @i,L for a pure component is evaluated .‘
from Equation I.26 '

L - 1n(1-hp) - (42/B) 1n (1 - ;) I.26

-

in ¢_ = 2.

L L " 1 - 1n 2

A similar expression cén be written for tﬁe_vapor phase,
The combination of Equation I.26 with Equations I.19,
I.20 and I.25 yields

(1 -2, (1 - hp))(1 + hp)
h

ln(ZL @V) + 1 = ZL + 1n{1 - hL) +

(t ~h

L L)

- 1n(1 + hL) = 0

 As will be seen in a- later section, an expression for

the adsorbed phase analogoue to Equation I.19 is useful in obtaining

s



values of a and b from the knowledge of the adsorbed phase com-
pressibilities and the application of’the criteria of equilibrium.

A useful form iq which the original equation of .
Redlich and Kwong may be written is by combining it with Equa-~-
tions I.20, I.21 and I.22, | |

RT 8
P = - I028
v-b \T v(v + b)
where v is the molar volume contained in the Equation I.29
P v= 2 RT I.29 |

Equation I.28 may further be transformed (5) in terms of the

general expression of Equation I.11 by the substitution,

& ;
8 = b/v - I.30 ;
hence,
=B p(q, 1) I.31
where
o ‘ 2
Flgy T) = 19_9 - RT]'?SB T I.32 .

The Redlich-Kwong equation lends itself to\i:é evalua-
tion and prediction of the P-v-T properties in mixtures provided



a good set of mixing rules is available, A widely used set is
written in Equafibns I.33 to I.42. Equations I,.33 to I.36
follow the proposel of Redlich-Kwong (18},

- b="5tx; by | . | I.33
a = Iv x4 xj ay 5 | | I.34
~.in which
by = 0, R /P 4 1.35
and
aij = OaiJ c1;] /Pcz.;} I.36

The evaluation of Tcij' Pcij and Qaij.’ proposed by Chueh and
Prausnitz (28), are carried on by the following Equations I.37,
I.38 and I.39. |

= 0.5 ‘ .
Tci (Tci cj) (1 - k. j) J 1.37
Pcij = zcij RTcij/\rcij I.38
?
and
| }
Pajj = (Oa4 +Qaj‘,)/2 ' : / ;-39

25
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The Iorentz relationship-is used to calculate vcij (27),

-1 1/3 1/3] 3
The correlation between the compressibility factor zcij and the

acentric factor was studied by Pitzer and his co-workers (21) and

is repreggnted in the Equations I.b1 and I.42 *
Zcij = 0.291' - Oooslﬂij ° - Ioul
<
in which
uJij = (‘”i + wj)/? I.LI'Z. ‘

*

Simpler mixing rules can also be used by retaining

only the Equations I.33 and I.34 in which

L

855 = V3 85

This suggestion comes from Bertholet (26).

The mixture energy conatant._aij. defined by Zudkevitch
;30) is given by the following expression,

-

aij = /ai aj (1 - Cij) I.44

in which Cij' the interaction constant, represents the deviation



[t

ﬁ'ffom the standaf&-Re&%ich-Kwong mixing rules for aij.

27
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I.C.5 Ideal Adsorbed Solution Theory

f ,
"The relation exprassing the equilibrium between a lig-

uid and its vapor is- given by Raoult's Law,

| 4 Y3 TP X4 _ . . T.45

At a given témperature and pressure, P, the vapor pressure for
component i is ﬁi y Xg and y; are respectivély the mole fraction
of 1 in the liquid and vapor phase. Kidnay and Myers (19.'20) ex-
tended Equation I,45 to represent properties of the adsorbed

‘phage. The.symbols retain the same meaning except fér §1 which

becomes the vapor pressure exerted by the adsorbate at T and P,

They are,SQheﬁatically illustrated in the following figure,

S
.-ﬂ T )
2 (1)
g - | |
g "
3 ) Y1
’l. m n LY [ -_--_."- -
1 q
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~

3

For a binary system, the adsorbed molar phase composi-

tion.ié easily calculated by

& P -
X, = 2 o I.46
pl 'p2 :

while the composition in the vapor is obtained by

Py X, . o ‘
s = 147

The molar area for the adsorbed ﬁhase is given by Equation
I.#S

. a = "-‘G i xi I-‘J’B,
where
[e) i = A I:ug
- nj

I.50

I.C.6 Pifzer's Correlation

The well-known three~parameter correlation of Pitzer

and his co-workers (21) expresses the compressibility factor Z,

28
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as a function of the reduced temperafure T,» reduced total pres-

sure P and the acentric factor, u.

.-

B ., (Tpe Py w)

RT
in which Pitzer defined the acentric factor as
- % ,
P )
w = = log ("55-)< . -1,0

o4 Tr = 0,7

1.51

I.52°

It is a measure of the deviation pfrthe intermolecular potential

from simple spherical molecules,

The compressibility factor function is usually expand-

ed as a power series in the acentric factor,

-

Z= Z(o) f m Z(l) + w2 Z(z)‘+ afc.o--

where'z(o).lz(lj. etc, are each functions of Tr and Pf.

The following schematic diagram illustrates the

of data nee&ed to evaluate'z(i). .

- ' Tr

k \/ 1-5

1.0

2 _ .*#*0.8'
0.77

I.53

sort"

29



"~ CHAPTER II

w €

¢

THERMODYNAMIC CONSIDERATIONS OF GAS-SOLID - EQUILIBRIA

. - fhe object of the first section i&:to show that the
thefmogynamic theory of homogeneous phases can be extended to
that of the adaorbedilayer. This gives the possibility of-cal-
culating the molar sqrface propérﬁies of the adsorbed phase en-
tirely from a knowledge of gravimetrﬁc adsorption data,

In thHe second part, rigorous expressions of thermo-
dynamics are obtained which enable the calculation of the fugap-
ities of the adsorbed pha%e. These expressions are primarily
useful in the determinat@on of the.adsorbed phase molar proper->
ties throﬁgh an equation of state.

The equaﬁions of state férm the subject of the last
section, ih which the analog of the Redlich-Kwong equation is
emphasized. This équation is particularly useful in the predic-
tion of phase equilibria between the gas and adsorbed phaée when

h properly combined with the fugacity equations developed_eariief

in the previous section.

II.A Phase Equilibria FProm Exact Thermodynamic Relationship

In the study'of phase equilibria of mixed gas adsorp-
tion, a statq.bf equilibrium must exist between the bulk.gas phase

and the adsorbed phase, For this reaéon.kthe adsorbed film is

f



treated as an open sfspem so that the equations of thermodynam-
ics can be successfully applied to-the adsorbate.

A .fundamental property relation for a homogeneous
three-dimensional fluid phase treated as an open system is

~

d (n @) =-(nS) dT + (nV) dP + & (v; dn,) II.1

where G, S and V are the molar Gibbs free energy, entropy, and
volume. The chgﬁical potential of species i1 is denoted by by
and ng is the number of moles of species i. The total numbe¥ of

moles is given by n = Ing .

II.A.1 The Adsorbed Phase

The adsorbate is treated as a two-dimensional phase,.
It represents the real interfacial region separating fhe solid
surface of the adsorbent and the bulk gas phase. This layer has
been defined by Willard Gibbs as. a region where the gzas phase
properties gradually change in a direction of the solid surface,
The extent of the sphere of influence of the gas phase abnormal-
ities in the region of the s0l1id surface are not known with
precision., However, for the purpose of thermodynamic analysis,
the inteffécial region can be treated as a iwo-dimensional phase
having its opriate properties; namely, the ﬁolar area, g

]

and the reading pressure, 7,

+

:An analog ekpression of Equation II.1 applied to. the

31
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adgorbed phase becomes:
d(nG) = =(nS) dT + (n o) dr + z(y dny)  IL.2

It is easily seen that P and V of Equation II.1 have been re-
placed respectively by » and ¢ of Equation II.2.

The molar area has been defined earlier as ¢ = A/n,
The assumption us&élly made is that the interfacial area or the

specific surface area measured is an independent variable,

II.A.2 GCibbg Adsorption Isotherm

The differential Equation II.2 represents a basic ‘
relation interconnecting the primary thermodynamic variables
of the two-dimensional phase.: Its usefulness lies in tggrfhct
thatrthe Gibbs free energy, G, is a function made up of direct-
ly measurable quantities.

The relationship between the chemical potential,‘ui,

and the Gibbs function is given by
N .

ne =z (ug ng) II.3

Differentiation of Equation II.3 leads to the following differ-

ential equation

d(nG)'—"z(uidni)-F E(nidui) IX.4%
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and comparison with Equation II.2 yields
(nS) 4 T - (no) drn + £ (ng duy) =0 II.5

Since ng =nxy where xi is the mole fraction of i in the

adsorbed phase, Equation II.S5‘may be written as

S AT -9 dT+ I (x5 d¥ ) =0 II.6
which is the Gibbs-Duhem equation for the two-dimensional phase.
Adsorption studies are usually carried out isothermal-
ly since temperature is an easily controlled thermodynamic
variable. Thus the restriction of Equation II.6. to constant

temperature leads to the Gibbs adsorption isotherm;
-g 41 + Z(xi d ui) =0 _ I1.7

Exﬁloited to its fullness, Equation II.7 provides a
perfect example of the_rg}g of thermodynamics (3),

I1.A.3 Equilibrium Conditions

The properties of the adsorbate may be determihed
from the assumption that the two-dimensional phase is always
in equilibrium with the bulk gas phase, With this condition,
the chemical potential of each 3peci?s present are-the same in

both the gas phase and the adsorbate. This criterlon is

33
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expressaed by
, Vi, &= Vi 1.8
‘ ® ‘ Co ‘- -
where li' g is the chemical potential of species i in the gas
phase in contact with the adsorbed phase,
For any small change in the conditions ot equilibri-
um, the Gibbs adsorption isotherm takes the form of

Cmodm o+ E(xy du g) = 0 : I1.9

.. ’ ' ) . |
It is well-known, that for an ideal gas in-whicqxxi. g is a func~ ™
tion of temperature only (31) ' '

o -
' = + P : .
i, g Mi, & RT 1n y; ! II.10

in which y; is the mole fraction of i in the gas phase at sys-
tem pressure P, The universal gas-cénstant is represented by
R. The substitution of Equation II,.10 into Equation II.Q gives

a general “expression for the Gibbs adsorption isotherm;

[+

RT

dr +d1lnP + [ (xi d 1ln yi) = 0 IT.11
The variables of Equation II.1l, known from gxperimental obser-
vations,are the aystém pressure P, the composition in the gas

phase, y;., and the total amount of gas adsorbed which 1s given by

m=nM : I1.12
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in which M js the average molecular weight of the adsorbed

phase and it is calculated from

M= Xy Ml + (1 - xl) M2 ‘ IX,.13

. K - 1
For a binary system the molecular weights of the two components

are representgd respectively by Ml and Mz.

II.A.4 Evaluation ofmr, ¢ and X4

veull

The variables that cannot be measured directly ére the
adsorbeq f;}m cdmposiéion and the spreading pressure. However,
by imposing certain restrictions on the Gibbs adsorption isotherm _
of Equation I1I,11 these var:.ables may be calculated. : “
If the gas phase ig held at a constant compositlon,
' Equation II.11 may be 1ntegrated between the limits of 0 to P
for the gas pressure and from 0 to = for the spreading pressure,
yielding an expression fbr‘the caléulation of the~s§reading
pressure | '

P | ‘
. ——— .
TA .n '
T _[l rp dP] . II.14
' yi

The data needed for the calculation of v is the total
weight of adsorbate as a function of the gas phase pressure
while the'gas phase composition is held constant by sqme'flowQ'

thro*mechanism, This leads to a constant gas phase composition

1
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adsorption isotherm, The data needed for the determination of
T are schematically illustrated in the following figure,

O
g — — — -

1 P2

PRESSURE
The integral of Equation II.14 can be solved graphi-

>

cally and is represented by the shaded area of an n/P versus P

plot or analytically by a fﬁnction n = f(P), The symbol K,

denotes‘the limiting slope which may also be évaluated either

graphically or analytically"from a plot of n versus P, . d
In the calculation of the spreading pressure, some !

difficulties are encountered because the number of moles ad-

gsorbed from a mixture of gases are.nog\known. This arises

beéause the molar composition in the film is anknown and may be -~

obtained by combining the Equations II.12 and II.13.,

[

Ir.15

n= B

x; My + (1 -x) My
On the other hand, an expression for the calculation

of xg is readily obtained by the restriction of Equation II,11

to a constant pressure operation. For a binary aystem



vy, (1 -v,) » (Z2-) .
- b4} 1 RI |
X, =y + o 57 | II.16
™ P

The required data for the evaluation of Equation II 16
is schematically shown in the following figures,

0 ¥y 1,0
Yy
Several constant gas composition isotherms with their pure com- -

ponent isotherms are needed over the pressure range'investigat d.
At a given pressure, the spreading 'pressures are calculated from d
the experimental observations of each curve and plotted against |
the gas phase composition. In this way the partial differential
of Equation IX1.16 can be calculated and a value of Xy is obtain~-

ed,

oA
RT

is met with no difficulties when dealing with a pure component

The computation of the quantity of Equation I.14
adsorption because the number of moles adsorbed is readily cal-
culated, However, in the calculation of the moles adsorbed for
a mixture, an initial value for xy at low preséure has been
derived by van Ness (3) in terms of the limiting slope of each

pure component adsorption
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isotherm and the mole fraction in the gas phase. For a binary

mixture

. nkK '
X, = II.1
X 1oy KAy X '_ ?

'in which the limiting slope, Ki» will be defined by Equation

I1.37 in Section II.B.3.

1)

II.B Thermodynamic Equations for the Fugacity

The purpose of the following section is to show that
rigorous expressions of thermodynamiig can be derived to eval-
uate either the fugacity of the pure adsorbate, f;, or the fu- ‘
gacity of a component in a mixed adsorbate, };. The usefulness
of the fugacities lies in the fact that they"éan be written in
terms of measurable properties of 'an adsorbed phase in equilib-
rium with its gas phase. Subsequently, they provide a means
for calculating parameters which are part of an equation of
state. - éﬁs\\

Tranéfgfmations consisting in combining the fugacity
equations with thé analog of the Redlich-Kwong equation are useful
to obtain important |properties for ﬁ;}h pure and mixed isothe?ms,

" When thjs transformation is applied. to the pure com-
ponent fugacity equation, the characteristic parameters of the
.analog-of the Redlich-Kwong equation can be calculéted at a

given pressure and temperature from the pure éomponent adsorption

4



isothernm, .

Furthermore, this transformation can lead to an ana-
lytical expression of the fugacity of a component in the adsor-
bate, %1. ) . |

. This relation is very useful in the calculation of
the film molar compPsition and the associated molar area at a

&iven T and .

II.B.1 Mixed Adsorbate Fugacity -

The basic relation interconnecting the primary thermo-

dynamic variables has been presented earlier in Equation II.2

w oot

~

d (nG) = =(nS) 4T + (no) dn -+ T(u; d ny) 1.2

The fugacity of a mixed adsorbafe is defined so as to satisfy
the following two equations (31) in which w° is a funCtioﬂ'Of

temperature only:

G=p=p+RTIn ¢ - I1.19
apd -
1im [ —L]-—- 1 11.20
11’*'0 . w - e

Restricting Equation II.2 to one mole at constant temperature

and composition

39

dG=c dr ' II.21°



Combining Equations II.19 with II.21, fhe following relation- -
ship is obtained F

—~anfr ]l o ©oIIL22
- am . RT *

" T. xﬁ

" In Equation II.22.‘aé the preésuée épproaches zero, the

pehavior of the adsorbate approaches that of an ideal gas ad-

‘- gorbed; némely;'tpe fugacity of the mixed adsorbate equals the

spreading pressure of the mixed adsorbate

thus satisfying the relation II 20.
: For one mole of adsorbate at a fixed temperature and-

compogition; Equation II.22 reduces to

Ty ,
dlnf=—Je—dn II.23
When the Equation II.23 is integrated between the limits of the
ideal and actual.state of both f and m the following relation

is obtained,

imf—=i_ [ Lar (1, x) IT.24
In—= RT

*
T -

A residual property emphasizes the difference Dbetween

an ideal-gas analog property. and the actual one. The residual

hY

40



‘molar area Ac ' is defined by | ) - v
PR o-._da.ﬁl.- o , T IrI.2%
"in which the qua.ntity' RT/r is the molar area; o', is given by
the ideal-gas analog equation. The integration of Equation
' II_fglb with th'é substitution of Equation II.25 gives the follow-

ing' expression,

. T" *

B in f 5 - _1..._ Ag? d'l"l‘ . 11.26

. RT ;
- 0 - .

The compressibility factor defined by the Equation

t

) TI.'O'=_ ZRT - @ II-z?L
. ‘ )
4 may e\l\lso be written as - )
. i |
. - : ‘ ' z = To - -0 = a ‘ . II .28
RT ~ “RT/w pr -

" The ‘residual molar area can be related to the compressibility

factor by a simple manipulation;. namely,

——A:U‘ = ’ ‘ .
e = . I1.29

ﬂ..

k)

. Eqitation II.26 together with Equation II.29 becomes

i
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; ‘Equation II.30 is figorous at constant temperature
and comboaiéion._ It expresses the relationship b;twegn the
mixed3§gsorbaté fugacity, f, the spreading prqssurg.? » and the
compf;gﬁibility factoxr of the adsorbed phase, 2, ‘It is conve-
: niént:;hen an equation of state expresses 2 as an'explicit func-
T‘tion of . However, it is more convenient to exﬁress z a8 an .

explicit function of the \molar area, o = A/n. A‘chénge of vari- -

ables of the Equation II/30 with the use of Equation II,27 o
yieldw the following e(@ression

C in'f - f(z - 1) & 4z - 1)+ 1n (—;‘2—) I3t
3 .
\ The Equation II.31 is also valid for a pure component
namely, f ='fi and 2 gpd ¢ are pure céﬁponant propérties. It is
_ understood that Equations I1I.19 and II.20 are defined for‘a pure |

component.

’

. II.B.2 Fugacity of a Component in_ the Mixed Adsorbate

The fugacity of a component ‘in the mixed ‘adsorbate is
defined by the followigg1two relations which must.be satisfied

Gy =¥y =]+ R In £, . IT.32
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and a

fi . '
lim [—’_‘1—"_] =1 . II.33

The qnantitx nln f is an extensivé property at constant

temperature (29) and therefore can be expressed in

terms of 7, ny by the following differential equa'i:ion

d(n.lnf)'=[———(——)—na in i ] | dﬂ+2[ b(;'%nfL:l 'dnj_
: an T, n i Tyns n
' ‘ II.34

The term in the first square bracket is easily identified with
Equation II.22. The term in the second square ﬁra’cket is
related %o the fugacity of a component in the adsorbate, fi' and <

c

-

.ig included in Equation II 35 é

. - -. f_
5 = 1 .
\ - d (n1ln £f) RT d':r + T [1n %y d ni] II.35
Dividing by dni at constant T, A, n Ay j# i, and substituting
Equation II.27 for 7, followed by Equatlon I1.31 for £ yields an
expression for the fugacity ‘of a component in a mixed adsorbate
in terms of the composition, Xg and the molar area of the ad-

- sorbed phase, This rigorous expresgion is written as

@ o ’ . ' X,
lnfi J( ’nz ) | _1]_d_.o_+1n(__i__ﬂ_) I1.36
ani G. g
5 T' '.A.. nj . B
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I1.B.3 Experimental Pugacities

ot

1

Ly

The. slope of the tangent of an adsorption isotherm is-

deéignated by. X and is illustrated in the following schematic‘

diagram. The limiting slope can-approximate the isotherm when

the tangent passes A

molés adgorbed n

Pressure P

throughfthe origin and a point close to the origin, (n*. P'L

'(3). The asterisk represents a condition where P 0. The lim-

agy .
iting slope is_represented in the following equation

*
R K = _1..'_ .._B__ . - .
A p* : . II.37

The quantity K characterizes a specific interaction
between a particular adsorbed species and the adsorbent. It is
generally considered a temperature-dependent parameter,

- In mixed adsorption phase equilibrla, the criteria of
equilibrium is expressed in terms of the componeqx fugacitiea
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' The integration of the differential of the logarithmic form of

Equation II.38 at constant temperature from an oquilibrium state
of pure i at very low pressure p;{ nI. to a final equilibrium

state of i in a mixed adsorption system in which. the conditions
are specified for the composition of both phases, x;, y;, at |

system pressure, P, temperature, T, and spreading pressure,n , °

.yields (3).

-

A l -n-i - ‘ ,
£y (r) = —5% £, g (P) I11.39
P

With the assumptions that the gas phase behaves ideally at P,
the two-dimensional gas obeys the analog of the ideal-gas law <
and Equation II.37, valid, the equation of equilibrium

becomes o,

-

£, () =K RT y;3 P (5) - B

-

For the pure adsorbate, at the same temperature and spreading

pregsure, Equation II.40 becomes
fi (v) = Ky BT Py (v) | I1.i1

Thus, the fﬂ%acities of Equations II.40 and II.41 can be calcu—f
lated from the experimental adsorption isotherm at the desired



condition.

The fugaclity coefficient of a pure substance in the
gas phase. is expressed in the following relation

Qi‘ g P v II.“’Z

- An analogous expression for the fugacity coefficlient in the ad-

sorbed phase is defined in Equation"II.l&B

f K: RT p :
& ::.'._._.L =_L__1_ II."’B
i T w .

Equation II.43 was obtained by substituting Equation II.41,
The fugacity coefficient of a component in a gas mix-
ture is usually defined by

£ o ' :
3 = iy £ '
Y, ¥, T II. M4

The fugacity of a mixed component i has already been expressed

in terms of gas phase and adsorbed phase properties, in Equation

I1.40. Combining it with a relation analogous to Equation IT,.hh4

yields for the adsorbed phase

a P K. RT y, P
I = _J_ = ._i_.—l.— - II.Ll,S
i xfT xiTT

The integrated form of Equation II.31 expressed in

terms of the fugacity coefficient of a pure component combined

46



with Equation II.43 produces an analytlcal expression,

P (h) = 0, for the calculation of the charactepistic parameters
of any equation-of state, 7 (T,s ). —

Similarly, when the integrated form of Equation II,36
is expressed in terms of the fugacity coefficient of a component
in an admixture together with Equation II.45 it yields a func-
tion F (xi. c) =0 which can be solved for x; and o, The func-
tion F(xi.o) 0 is evaluated from knowledge of the calculated
charaoterisfic parameters of the component8 constituting the

mixture adsorbded.

II.C Adsorbed Phase Equation 6f State

An equation of state for a three-dimensional phase is
a mathematical relation between volume, pressure, temperature,
and composition for a mixture. In general, for a one-componént
system, they are pressure explicit rather than volume explicit;
that is, '

=F (T, V) . IE.46

This concept can be extended to the adsorbed phase whereby a

two-dimensional equation of state takes the form f

T = F (U’ T) ) II.L}?

An equation of efate should be eﬁuélly applicable to

47
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both phases; namely, the gas phase.in equilibrium with the ad-

“sorbed phase, it is a generally accepted fact that for an equation.
of state.to relate the thermodynamic properties of vapor-liquid -
'equilibrium..it must be easy to use, have few constants to ewa'.]..-:c
uate, and be éxtendable to represent the properties of a mixture.

Above all it must satisfy the Glbbs-Duhem equétibn (32).

II.C.1 Gibbs Adsorption Isotherm -

In a twoFdimensionai‘equation of state, the Gibbs ad-
sorption theorem must be satisfied and should describe the
7= ¢ = T - x behavior of an adsorbate. For a pure component,
the Gibbs adsorption isotherm,Equation II.11,can be written in

- .
Xhe form of Bquation II.48, #

2 _ _odg = _d=n -
d InP = —F%5 3o IX1.48

which relates explicitly P'= F (w,0 ).
" An adsorption isotherm, n = £ (P), can be calculated
if a two-dimensional equation of state of the form of Equation

1.11""
T=RP P (9, T) = -%I—.P (6, T) Ix.ug

is jetituted into Equation II.48.
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II.C.2 Spreading Preggure

The spreading pressure is calculated from Equation
I11.49, The function F (&, T) has been mentiohed earlier in
Equations I.1k4, I.15 and I.16. ' |

The ideal gas law ﬁnalog. Equation I.14 and Vo;mer
~ Equation I.15 assume no interaction among the adsorbed mole-
cules; howéver. the latter includes a correction for the effect
of molecular size in the term B, Correctiqns for non-ideality
are also included in the Hill-de-Boer Equation I.16 and in the
analog of the Redlich-Kwong Equation I.32 in terms « and g.°

Equation I.32 for the adsorbed phase becomes

) |
. | )
. ' F (8, T) = ——F - —13 II.50
RI“*“ g(L+8 )

The quantities « and 8 retain the theoretical significance of
the van de Waals interaction constants, §, and the size constant,
b. |

The spreading pressure equation in terms of the analog

of the Redlich-Kwong equation may be written

.2
. =_&‘L[ 2 - ] 11.51
B RT"°7 g( 1+ 0)

Substituting o= 8/0 into Equation IX1.51 gives

7 o= BT _ a
9.8 p1/2 o o+8 ) I1.52



which has the form of Equation II.47, ™ =F (7, T).

II1.C.3 Gag Phage Preggure

.'l‘h'e Gibbs adsorption isotherm expresses an equilibrium
between the. adsorbate and the bulk gas phase, Substitution of )
an equation of state of the form given; by Equation II,49 into
Equation II.48 ylelds an equation of state explicit in mea-
surable properties such as the preasure function of the total
amount adso;-bed at a given temperature - in terms of an adsorp-
tion isothern,

The analog of the Redlich-Kwong equation is used to
illustrate this transformation, Taking the derivative of  with
respect to ¢ at constant temperature and substituting into the

Gibbs adsorption isothe‘fn and integrating ylelds
. - s -

]

Pf}{t,&ﬁ)eﬁ@(—iﬁ:—g) exp [- . R;1'5 ( 13_9 + 1ln (1+e))]

II.53

in which K'is an integration constant,
Isotherm equations corresponding to the equations of

state mentioned earlier are 1igted below

50
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Type of Equation of State Isotherm Equation

Ideal-gas P =K'® / - II.54
Volmer P = I1.55

- = ’ g - 24
Hill-de Boer ‘ P = K'—g¥— exp(—3i; RTp ) »

II.56

II.C.4 Analog of the Redlich-Kwong Equation of State

Equation II.53 éxpresses the relationship between P,

6 and T3 all of which are measurable properties of an adsorption
igsotherm. The parameters ¢ and P are readily calculated and when . |
substituted in Equation II.53 provide a means for evaluating the
spreading pressure,

The parameters ¢ and p can be determined from the ad-
sorption isotherms by employing different approaches. One has
been suggested by de Boer (33): the other, is the method proposed
in this work, ' ' |

In the analog of the Redlich-Kwong equation, the char-
acteristic parametersfi -and Qb are respectively related to ¢
and ﬁ. Using equations analogbus to Equations I.21 and I.23 in
which a and b are replaced by e and B , yields the following

equations
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2 nl.5
(.. R T :
0 5 ——B P__E 11.5? '
(o]
Q, RT —_
B = 7-25-2- | \ IT,58
¢

I

In thé'correlation of Qa and Qb or of ¢ and B, the critical con-

stants of the gas phase may be used because little s known
about the adsorbed film critical values. . .

II.C.4,a de Boer's Parameter Evaluatjon Method
The approach developed by de Boer énd Kruyer on the
Hill-de, Boer equation to solve for the constants @ and B can be
extended to solve those of the Redlich-Kwong equation analog.
| Equation II.53 may be transformed by taking'the laga-
rithm on boﬁh sides of the expression and regrouping the terms
'as showrr in Equation II.59,

’

(1= 8 = =2 e + §). [+ h K
in | P( z YI - =6 = ﬁRT1'5 %5 1n‘1+ ). n K
. . - II.59

When the left member of Equation II.59 1is brought on an Y-axis
and the term in parenthesis on the right side of Equation I1I,59
is brought o;’an X-axis, an optimization procedure can be used
to determine tﬁe parameters ¢, B and K, by the method of
least~squares, The value of P giving a minimum sum of squares 6f

deviation in Y can be selected (33).

&

-



The slope of the linear plot of Equatibh 11.59 is
-af aRT!*5 while the intercept gives lnK' for & value of .

IX.C.4.b Teggerﬁture Dependence of the Chafacterigtic-Parameterg

The originai equation proposed by Redlich and kwong-is
moré useful to show the temperature dependence of a and 8, or of
a, and , of Equations 1,21 and 1.22. Written in terms of the
adsorbed phase properties, Equations I.9ito I.22 become. |

2 ‘
1 A h :
Rl =il Sl v ub N II.60
~in which.
h = S - B “ 11.61
2.
T~ 2 fig Tc 7 o
A Y A" & — = - I1.62
\ N '
“and
2, T ] : '
b "¢ _

In Equation II.61, the compressibility factor, Z, is related .
to the molar area g with the spreading pressure x by the famil-
iar equation . _)



‘w6 = gRT . II.64

.

The cqmpreasibility factor is réadily determined from experimen-

. tal data ﬁeing Equation II.14 rearranged in the form '

-~

3 1 - n | .
z (P, T) = ['—T_)'n 57 [ T_dP] . 11.65
. 0 ‘ '

v

II.C.5 Fugacity of Pure Adsorbate o

I\ '
The analog of the Redlich-Kwong Equation II,52 can be
. _ ™~
easily written in the form

B ) - - [
CZ-L = - -
. o= 8 Rpl+d (43) ' - II.66 ‘

which'when aubstitufed into Equation II.31 and upon integra-

tion yields an expression for the mixed adsorbate fugacity |

* 1nf = 1n (—BI) - ¢ ogn (=¥

)+ 2 -1 © 11,67
g=8 RTl.sﬁ . ,

The fugacity of a mixed adsorbate and the fugacity of a pure ad-
sorbate are equally represented by Equation II.67. If the

quantities «,8 , ¢ and Z are properties of a pure adsorbate, 1,

-

Equation II.67 becomes : "

1nf, = 1n (—m—-r) - -'—-—— in (—L——L) +Z -1 II.6B
i RT1 5s :

-
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‘This equation  is inCoﬁplcte withoﬁt the followiné set of equa-
P

tions.'in which ui*is a funotion of temperature only (31)

T

- e o R RTInfy (1169

and -~ ' B

II.70

The subscripts of Equation II 68 will be removed for ease of

presentation. ®The substitution of the pure adsorbate fugacity

defined by Equation II 68 into Equation 1§?u3. which repre- -

. sents the fugacity coefficient of a pure adsorbed species, ret

duces to- Equation 1.7

£
L. . 'l

1

1n é =

L _
Ing = —e—— T2y + 21
> .

TI1I.71
~RT '58

\
. Substituting Equationa II 60, II. 61. iI. 62 and II, 63
iqto.Equation II.%%”giveo

. : ‘ o ‘l % .
-7 lng = z "1 - 1n2 1n(1-h) -5 1n(1+h) ©ILL72
f | - e 1

. »
]

.‘9

*

The - combination of Equation IE, ?2 with equation of

the fugacity coofficient Equaticn I11.43, results in Equa-
X
~tion II 73 ‘ g .

v
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*

" 11,0.6.8 Mixing Ruies

. pure component adsorption isothernms,

» .

'.‘/' mKP'o) + ]: - g + ln(1-h) '+( 1-2 1:2 h1+h ) 1n{1+h) = 0 11;73-

v - . :“
' Equation II.73 has the form ® (h) = 0 and h can
be solved analyti 1lly; hence, the parametetrs 9 and Qb or a
and 3 are roadily calculated for each point of a pure@bomponent

adsorptign isothe;m.

I1.C.6 Component Fugacity in Mixed Adsorbate -
. L ] L e ” M

/

L - “u.
I 38 P -

] When Equation II 66 is employed, say in the calcu-
1ation of 7, for a purehadsorbate. no problamL are encountered
as to what. the values of “i and g; are. However, when this
equation ia applied to a mixed adsorbate, the valuee of a and By
can only be arrived at by combination rules that take into ac-

_ count the preaenco of other components gsimultanéously adaorbod.
In Equation ‘11,66, the parameters e and B are genorally con-
sidered,compoaition - dependent only. They can be evaluated

‘with a set of’mixing rules which contaih the pure component
charactetiatic constants .«; and g; obtained directly from tie

w

If the paramotens a and B are, roepectively propdrtion-

\
. al to the aize of & molecule and to the i?termoleculaitinterac-

=y

tion. “then it is customary to use the follgwing mixing rules,

/ [ . | ’- ‘ v f_ . e ) | ‘
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il

g = Exi Bi ' . II.74

v |

)

w\

The measure of average molecular diameters is given by Equation '

. I1.74 while Equation II.75 interprets aij. ag*an interaction °

between pairs of molecules, For the same chemical gpecies

i=i or j=j——-aii c& and oy 49 fowever. for i#j, the spometric-

mean assumption for % § is generally consldereds

!

. } o a'ij=m ‘ ‘ 11.76

o The guaﬁtity'a i3 ig the moéf sigﬁificant in the esti-
mate of « and improvement in the correlation can be obtained
by considering an analqg expression ,defined by Zudkevitch (30)
in E/quation I.44,and ie #imilarly defined for -the adsorbed
pha'i?{se in Bquation II.77.

.,
s

( 1% VETy o0y ' Tt.77
a

More sophisticated mixing rules for aij;,can be defined

‘ bSr Equations' 1.35 to I.42. Combin&tion of these yields an ex-

pres%on very similar to Equation IX.77,

]

;lij_g k(1 - kij)l.s ' II.?B
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ce = EEX Ky agy | I1.75 .«

-
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Equation II.78 1s derived by substituting Equations

13

I.37 to I,42 into Equation I.36. For a binary system,

-

Rearranging the above equatidn yields & relation similar to .
Equation II.?78 in which |

{
; f
" (B + 0gp) ( J?—1 c2) (Vc13 + Voo
K = -
- [4.656 - 0.68 (w +.u,)| R

L

’ . F
In the above equation, Oai;may be ekpressed in terms of ¢ using

Equation I1I,57

. «
0 = @ PCi

2 2.5 )
Tci .

11.57

-

It follows that

. 1" -‘
3
f"““‘ 1.5 3 3
,al Pc1 % Pc2 ( Tccha) (V + v02 ) IT.78a
k= - + .
: 2.5 2.5
1,7 T, [4.656 ~ 0.64 (w, + ‘wz)]R
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Therefore kis a constant :unction of the critical propertiea‘of
the gas phase and the characteristic parameters ¢ and P eval-

uated at a given temperature and pressure of a pure adsorbate;.
II.C.6.b Fﬁggeitx Equation

When the analog of the Redlich-Kwong equation of state,
Equation II,.66, together with the mixing rules of Equations II.74
and II,75, are substituted'into,the'rigorous expression for the

fugacity of a component i.in the mixed adsorbed phase, Equation

11.36, yields /
- x, RT 8 2 I(Xsa 54) 0.4 B
m.zh[_i_]+_i_ RS fluf LE ELPWOLE D
i o - B c " B RT*~ 8 o
I1.79
a By [ g 4 B B
P —— 1in ( )_ :l
RT1.5 62 g O’+ B
Equation II.80 results from a transformation of
Equation IT.79 by the substitution of
- . .~ . P
f. : ¢ :-—-—l-‘—-—-
. i xi'lr
4
yielding )
% ’ L x. ) .
= RT By o2 3%ieag) o8
glnd’i-ln[wzo"ﬂj]*. g= 8 RT1'5I3 1n( o
I1.80
&

a B ’ g + B B
. RT1.532 [ [} : U_+ ?. .
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| Bquat¥yps ‘II.79.and II.80 are equivalent and the
substitution of Eq¥ation II.45 in either of them yields an ana-
lytical expression capable of providing the fiH? properties;
namely, Xy and ¢ d® an adsorbed mixture. This function,
F (xi.c 5 = biis defibed by Equation II.81.

&

z L
Ki yo P 8 2 (X as1) o
o [fn? ) - i)y, (g
tn | oo |+ ango-s) - i ¢ SAbihe 2

II.81

o B3 [ g + 8 B

F

The function F (xi, 5) =0 of Eqﬁation II.81 is an “
equilibrium expression which relates the properties of a gas
~phase mixture to those of an adsorbed phase mixture provided the
analog of the Redlich-Kwong equation of state is u;Ed to repre-
gent the adsorﬁ%lon isotherms of the components adsorbed. The
quantities ay and By are readily obtained from ﬁquation'll.?j,
f (h) = 0, at the desired experimental conditions. Furthermore,
the gquantity Ki can also be evaluated from the experimental ob-
servations in Equation 1I1.37. In Equation II.73, the -
quantity Z is evaluated from Bquation II.65., The mixing rules -
of Equations II.74, II.75, together with Equation.II.?é or some
modifications of it, can be employed to calculate the values of

v and . !



CHAPTER III1
EXPERIMENTAL STUDY OF GAS-SOLID EQUILIBRIA

This chaptér is devoted to the experimental methods
employed in this work for tha study of phase equilibria between
the adsorbaté and the gas phase compesed elther of a pure gas
or of a mixture of'gases. The attainment of good quality ad-
sorption isotherms :equireSgases of research grade quality and
an adsorbent able to-provide-reproducible adsorption isotherms..
The‘gages employed and their binary mixture composition, the
procedure followed for thé activation of silica gel,and the mea-

surement of the specific surface area of the adsorbent are de-

scribed in Section A, The usefulness Offl}e exact thermodynamic ‘
relationship, discussed earlier, was verified using a Cahn
Elecfrobalance Assembly described in Section B. The thermo-

’ dynamic properties of the adsorbed phase calcuLﬁ%ed‘ﬁsing the

exact thermodynamic relationship were compared with |

" adsorption equilibria of gas mixtures obtained from an in-

dependent experimental approach. A constant volume adsorption
apparatus was set-uplspecifically for that purpose and is de-

scribed . 1 Seftion C. ' . ’

v
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III.A Materials

IIT.A.1 Gas Supply : . '
All gases, pure and mixtures,yere provided by
Matheson Co. Ltd. and were used without further purification.
Pure components specifications as provided by

Matheson Co, Ltd, are the following:

. Component Minimum Purity %
. Ethane . 99.9 -
'Ekhylene ‘ 99.5
Carbon dioxide | 99.995 - -
Propane : 99.5 |
A _ 3

Mixture molar compositions of the mixtures and their

. specifications, as provided by Matheson Co., Ltd. are the following:
I

Mixture % Heavy Component .
. 25% 50% © 75%
C,Hg-CoHy, 26,35 £ 0,1% 50,42 + 0,1% 75.47 + 0,1%

I+

C,Hg=CO, 25.92 + ,05% 49.60 + ,05%  75.22 .05%

C0,C4lg 23.85 + 0.3% 45,27 + 0.2% 74,94 + 0:11%

-



IIT.A.2 Adsorbent
III.A,E.a Surface Activation

A commercial grade silica gel (25 mesh), supplied by .
Chromatographic Speeialtiee; was the adsorbent used throughout
this investigation."

~ Silica gel is usually prepared (34) by treating sodium
silicate of a suitable concentration with an acid such as hydro-
chloric acid, or with certain salts, such-as ferric chloride,
The gelatinous mase thus fermed is broken up, washed free from
salts and drled until the gel becomes hard and‘glaesy in appear-
ance. The water content at thlS stage w1ll vary with the method
of preparation but is nearly always well above five per cent. ' ‘
Finally, the gel is heated to a moderately high temperature
(150°¢ to 400°C), usually in a rrent of dry air. This process,
known asg activation, decreases Sgill further the water content
.of the"gel and increases greatly its adsorptive capacity. It
becomes evident that the'properties bf silica gel will‘varf ace-
_cording to the method oi preparation by -the manﬁfacturer. Gen:
erally the exact details are not provided thus making the silica
gel hletory unknown. s

Silica gel must be activated reproducibly ifﬁbonsletent
adsorption-equilibria are to be obtained not only on the same

_ sample but on different samples of the same source. Careful

control of the factors affecting actlvation are necessary it .

4
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successive portiona of the gel are to be activated to tﬁc same

‘axtent.

'No experiments were performed to find the 'ideal acti-
vation temperatura%time-preasure relationship on silica gel.
However. a,ayatematic approach uaa‘developed after carefully
analysing tho‘uethocs employed by different researchers,

It is generally agreed upon.that the activation temper-

"ature runs from 150°C to 400°C.(35). Recent work shows that the
) surface area~of the gel qid‘not vary significantly with the de-
gassiag temperature between 140 and 250°C (36,37). 1In their in-
' vestigation, all gamples were-deéassed at 140°C. Further evidence
. (38) shows.that the gil-surface area passes through a maximum
value around 200°C, Others (34) have associated heat of wetting <
_with the'temperature of activation and water content, A maximum
was noted at 300°C. While activating the surface, the water
condensed in the gel present in the capillary gpaces or adsorbed
on the surface will be liberated. However. excess heating will
cause the gel structure to partially collapse due to the loss of
water which constitute an integral part of the framework of the
gel, This.will decrease the pore volume and the activity. It
follows that the selection of a proper activation temperature is
important so that the physical nature of the adsorbent ‘will not
change through reactivation. R : s
In this investigatlon, all aamples were thermally

. treated at 1h0°C. A large quantity of ailica gel was taken from

the stock supply to last throughout the duration of the experiment.r

r/



65

@

The supply ras placed in a shallaw giaaa evaporating dish and laid
in a muffle furnace set at 140°C for 48 houré. The effect of this
treatment oﬁ the final physical praperties of silica gel have
baen investigated, (35). This has the effect of removing any

axcess moisture'and above all to have a gel of uniform pore char-

acteristiqs. Upon completion of heating, the portion was placéd

in=a CaCl desicecator at room temperature. This insures unifor-
mity of waLer content before the final activation treatment.
The stock supply was left in the desiccator at least
48 hours before the first gel samples weré taken for activation
treatment.
. Gel samples of 0.1 gram were taken from éhe desiccator
and placed into the pan of the gas adsorption appararus. All

samples were evacuated to 10‘“ mmHg and thermally activated at

140°C, before each bﬁsorptlon isotherm run. It has heen report-
ed (34) that the length of time of heating {s immateDial provid-
ed that a minimum of 30 minutes is observed. In this work, a
constant weight was observed after 45 minutes, |
It has been found in tﬁe.investigatlon that the repro-
ducibility of the data was possible if the gas was introduced
~into the apparatus while the sample temperature was at 140°¢c,
Also, for a new sample, it-waa found advantageous to £ill the
apparatus with the gas to 760 mmHg after the first heat treatrent
under vﬁguum.‘-The gas Trs lef% overnight before actually start-
ing the isothermal run. : ‘
.1. | ¢ : | L ~
o .

»



III.A.2,b Specific Surface Area
& ; )
R . : o«

-
..,

The adsorption equilibriﬁm equation of Brunsauer,
Emmett and Teller (22) is'aéldom applied to purs compon;nt data
without consideration of the theoretical significance of the
coefficients, | | . l
The BET relationship provides a v&luable means for the
estiﬁdgion of the surface area of certain adsorbents because it
can describe the amount of adsorbate reqﬁired for monolayer cov-
erage (32). It was the first to give good agreement witﬁ the
experimental data forwall types of vapor-on-solid adédrption and
made possible the calculation ofla'&easonably accurate value for
the area of the adsorbent (23)., The description of the theory. ‘
.-~is presented in detail by Flood (39), while a brief survey of
the genéral types_of equipmeﬂf and the more important inter-
pretation problems of the EET surface area determinﬁtion are /
also considered(by‘Flood (40).
Investigators in manyllaboratoriés have used the BET
theory as a research tool and éa a meang for routine measurement
of surface areas., In this work, this theory is used in conjunc-
jﬁiion with two different gravimetric procedures ﬁeed to make these
= measuremeqts. The first method employed involves a gravimetric-
method originally devised by McBain (41). The McBain-Bakr bal-
ance consists of a helical quartz spring suapended in a tube,
" The spring supports a small bucket made of;aomq inert material
in which the sample is held, The:tube may be surrounded by a °

o

heating element for degassing‘fhe sample at constant temperature.

~



The tempéfature-of tﬁe adsorption may be controlled by'meahb ot
a baih around the tube. The pressure may he measured on a ﬁer- .
‘gﬁfy manometer, Ihe amount of adsorption whichj@ccufs ié pfopor-
///fional to the difference in extension of th§ Bpring before and
after adsorption. Spring extensions are méasured with t?e aid
of a €athetometer or traveling micyoscope. The spring is cali-
brated with small known weights. ‘Ihis type of balance has been
‘uged in this work to measure only the specific surface area of
the adsorbent and toicompare the value w}th that obtained from

an electroba}anca.
#

i The other type of gravimetric procedure for adaorption
measurements is the beam-type vacuum balance.. One of the first
to use this type of the electronic thermobalance was Rhodin (42).
In this work, a Cahn electrobalance (43) was used and is de- )
Bcr.’%bed in greater details in III.B. The theory and principles ‘
of operation of the Cahn electrobalance haﬁe been described in
the literature (44, 45). Briefly, the deflgction of the ﬁeam of
the balance is translated into an electrical signal proportional
to the defiection. This signal can be measured or fed into a
recording system., It has the édvantage of continuously recording
the amount adaorbed; thus, the establishment oﬁ equilibrium is
easily determined, The Cahn electrobalance was used in the mea-
surement of the Bpeclfic surface area and of the'ﬁasorption

Y

isotherms of pure and mixed gaees"
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III.B Gravimetric Adeorption Sygtem

]

III1.B.1 Apparatug

A Cahn recording electrobalance Model RG was used to
measure gr;>1notricqlly adsorption equilibrium. The]gravimetric
adsorption system and_acchéaories ;re shown schematically in
Figure III.1. 'The balance was modified slightly by coiling the
- feed line down around the hangdown tube of thehﬁﬁlance. The
feed line at one end of the apparatué'togethé;-yith;é;cartesian
manostat at the other end made it possible to obfaih adsoggﬁion '
isotherms for gas mixtures of constant composition with pressure
Qs the dependent_variﬁble.

The Cahn electrobalance assembly schematically shown .

in Pigure III.1 can be divided into five assemblies or units ‘

and are as follows:
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LEGEND OF FIGURE III,J_L.

Céhn elec%robalé;qé unit

Cahn recording electrobalance
Weighing mechanism

#2005 glass vacuum bottle
Feed line h

Yacuum take-off tube
Loops

Yacuum unit

Pressure measuring unit
Pressure port

Reference ﬁort

‘Vacuum pump

Feed and flbw-thro unit
Gﬁs cylinder

Pressure regulator

Low pressure regulator
ﬁeedle valve

" Feed line

; Feed line’
‘Sample Vessel
Sealed perforatign
. Temperature Control and Meaéurement Unit.

ﬁne;mlated bath

’ -t
Thermostatic bath
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Legend of Figure III.1 (Cont'd)

o
Refrigerating unit

Thermocouple

Potentiometer and Galvamometer

<
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1 . ~

1) Cahn electrobalance unit
‘_2) Vacuum unit o ‘
'3) Pressure measuring unit

4) Feed and flow-thro unit

5) Temperature control and measurement unit -

III.B.1.a (Cahn Electrgbalance Assembly ' ]

.The gravimetric adgorptidn assembly consists of a Cahn
-Recording Electrobalance coupled with a Weighing Mechanism located
in a #2005 Glass Vacuum‘B;¢tle. The vacuum bottle is,mounteq
hgfizontally in the bottle holder firmly held to the balance‘stand
whiph is placed on a sturdy bench top. The feed line is wound
around the sample tube which is connected to the vacuum bottle at
the left-hand joint while the reference tube is connected at the -
rigﬁt-hand joint, The center joint serves for connecting the
vacuum takeoff tube,

The pressure transducer and the adsorbate outlet line
are attached to the side arm of the vacuum takeoff tubas, The
vacuum system is connected to the Kovar end of the takeoff ?ube.
A Westronic recorder Model MT presents a continucus welght-change

curve when coupled with the Recording Electrobalance.

III.B.1.b Yacuum Unit

A POPE Porta-Vac ﬁigh vacuum system is used in connection



with the Cahn Eigctrobalﬁnce Aasﬁﬁblym‘.The Porta-Vac is capable

of producing vacuum as high as 10™% torr. Once the condensable

vapors have been removed. a vacuum of 10™% torr is obtained with-

in 10 minutes while a vacduum of 10" "5 torr-is obtained within 30 T
-minutes. The apparatus is first evacuated with an auxiliary |
vacuum pump before branching it to the Porta-Vac unit « the large A
volume of gas‘would be a nuisance to the mercury, diffusion pupp
which is operating in good staady— tate conditlons. The vacuum

f

system is also aquipped with a cold trap. ' ' .

o
e

III.B.1.c Pressure Measuripg Unit .

y ;

A Model 144 Préciéiop Pressure Gage with a standard

fused quartz bourdon capsule is used to measure accurately the

absolute pressure from 0 tb 760 mmHg. The open type bourdon

3
2
3
3

capsule gave an absolute pressure readout on a digital counter.
The capsule has two ports; the reference port @ adjusted to a
vacuum while the pressure port is connected to the apparatus.
The transducer is easily-zeroed when there is equal vacuum on
both ports, Conversion to pressure units was obtained by mul-
'tiﬁlying,the meéhanical counter reading by'the capsule constant.
A cabinet Model 144 houses a teﬁperéture control
unit and an optical tranaducer.init is mounted on a motgrrdriven
precision geér asgembly for digital readout.
The caphulerconsists of a fused quartz bourdon tube in

a Pyrex envelope which protects the bourdon tube and provides a
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means of evacuating the volume around it,

~

II1.B.1.d Peed and"Flow-thro“Unit

The feed unit consists of a gas cylinder- equipped with
& pressure regulator-and autoclave valves, A low pressure reg-
ulator éontro;g the flux to a needle valve which in turn regulates
the ¥flow rate into the ;pparatua at about lec/min. The needle
valve is a Flow Controller Model 8744, The gas temperature is
brought to that of the cell by coiling.thé path down around the
hangdown tube's exterior. The/feed'line extends down vertically

into the adsorption cell, Just below the metallic pan holding ‘

the silica gel, through a sealed perforation along the hangdown
tube, The gas exits through the vacuum takeoff tube, A
Cartesian Manostat regulates the systém pressure very efficient-
lx and once set, produceé no pregsure fluctuatione as }ndicated
by the pressure transducer, The flow-thfg/nﬁit ia/;inalized with

a continuously operating vacuum pump located in a fume hood.

III.B.1,e Temperature Contggl and Measurement Unit

6:
The adsorpition cell is held at a constant temperature

by eirculating liquid thrdugh an insulated cylindrical container
prlaced around the hangdown tube., The temperature is regulated
by a P.M. Tamson Thermostatic Bath Model TE3 equipped with a

circulation pump, Methanol is used as the medium for maintaining
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constant temperature\c nditlons for temperaturee below 15° C while
,water ie used for ambient temperatures or over. A valve regu-.
lates the outlet flow of the fluid. The liquid returhs"to the
bath by gravity. All lines are insulated. A contact'therﬁoetat
together with a quartz heater and a cooling coil prov1de excel-
lent temperature control ‘When working at ambient temperaturee.
tap water: line and a needle valve in eeries with. the bath cool-
ing coil are used. For lower temperatures, a Portable Bath Cooler
Model PBC-2 is used instead of the bath cooling coil, This unit
will ‘enable the- bath to be controlled at'temperaturee doen to |
-20?0 or lower. . In use, the PBC-2 evaporator coil is placed near
the bath heater"Enq-the fluid return line to minimize temperature

gradient. This provides good heat exchange between the coil q

and bath medium and adequate agitation across the ceil. This is
indioated by no frost ouild uﬁ along the coil hose and external
11oe.

Temperature measurements are made with a copper-
constantan thermocouple placed vertically along the hangdown
tube. The tip of the thermocoupieve;tends down to the pan posi-
tion. This thermocouple is used in conjunction with a Le;de K-3
potentiometer and a Tinsley galvanometer. The reference juhction
employed is an ice-water mixture. ' |

The contact thermostat is adjusted to give the.required
constant adsorption eell temperature as indicated by the thermo-
couple voltage reading on the potentiometer. Frequent readinge‘t'

indicated excellent temperature contro%.
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.
- IIT.B.2 (Caljbration

III.B.2.a Cahn RG Electrobalance

Two types of weights'were used witﬁ the balgnée: cal-
ibrating weights and tare weights,

Calibrating weiéhts are of class M and are the most
.éccufaté available (46). ?he} were used for calibration and as
substitution weights in tare procedures. They are metric
weights.deéigned for 'use as reference standards for'investigations
‘demanding a high Eegree of constancy oﬁer‘a period of timg. Tol-
‘erandé for class M weighté up to 5‘gra¥s have béen 80 selected
thaf‘corrgc%iona for the individual weights may be neglected,
‘The ‘tolerance on all class M weights, from 1.ta 500 ng, is d
0.0054 mg, . | |

Tareiweights are of blaﬁs Ciand:are relatively inaccu-
rate, They are made of the usual weighiné materials and are ‘as
stable and constant in weight as the othéra. They‘are intended
to tare loop C. - ) "- .

Before proceeding with the calibration of the balance,-
the weighing Assembly is disconnected from the electrical output
of the Control Unit so that the recorder base line can be set
with its own zero contfol. The maximum sample weight variation
expected during adsorption should be known .in advance, The
change in the welght of the silica gel sample to be encountered

during the experimental runs'should be investigated before the
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calibration is carried out. The range in the change of weight of
the sample is limited by the lowest weight produced in the acti-
- vation pf&cess and by tﬂe maximum possible adsorption di_thé
heaviest gas at the lowest system temperature and at maximum
total pressure. This procedure permits the use of the same calie-
bratiqn range throughout the entire experimental invéstigation.
The beam is balanced by a 100 mg tare weight on loop C
and a 100 mg calibrating welght on loop A, The latter is known
ag the eubstitution weight., Suppose the maximum variatioé ﬁpon
adsorptioﬁ wiil not exceed 20 mg, then a 10 mg calibratipg
weight is placed in the ran of }oop A and a 10 mg tare w;ight
is placed on loop C., The Mass dial of the Control Unit is set
at 50% of the selected maximum variation,’ The balance beam axis
is first roughly set horizontally. This is done by either re;
moving or adding tare weights on loop C.‘ The REGORDER«‘ RANGE h 4

control.is turned down until the recorder is near full scale
and adjustment of weights on loop C is continued until the re-
corder is again near zero.

The recorder is then set accurately to zero with the
50% Control Dial. The 10 mg calibrating weight is removed and .
the mass dial set to .0.0000, The recorder is set eiactly to
zero with the 0% Control Dial. The calibrating weight is replac-
ed back on the pan, the mass dial set back to 50% and thQ record-
er is reset to zero with the 50% Control Knob, The above proce-
dure is repeated until the last step shows no chénge. The
calibrating weight is removed and thus the recorder span is
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" calibrated to give a 1' mg full-scale recorder deflection.
. The calibrating waight and aubstitution weight are re-
moved from the .pan, The sample ‘is placed into the pan. Its
weight should slightly exceed that of the substitution weight,
The total weight of ?he sample is equal to the substitution
weight plus the MASS dial reading provided the recorder is set

‘to the base line prior to each reading, - The Fotal weight is in

mass units, the smallest division being 0.001 mg,

ITI.B.2.b Precisjon Pressure Gase-

-

The pressure transducer had been calibrgted at 44,0%,

The calibration chart accompanying the instrument is shown in
Table III.1. The actual operating temperature offthe qucrtz
tube capsule was 44,3°C, The slight deviation from the set
point temperature does not change the sensitivity of the cap-
sule span since one degree centigrade change gives a 0,013%
decrease in gage reading., iy

The pressure transducer wasg-.calibrated for a.%ressure
range of 25 psia, however, it was used only up to 14.7 psia,
This corresponds.to a readout span of 120,000 divisions., The
smallest division’of the gage is 0,001 which corresponds to
0.000012 psia or 0,006 mmHg.

Precision instruments for the calibration of the pres-

sure transducer were not available, However, the average deviation

in the readings of a Heise pressure gage and a mercury manometer



TABLE III.1

4 .
- L . \

PRECISION PRESSUREAGAGE CALIBRATION CHART

”

bperating pressure range = 0-24,5 PSIA

Capsule thermometer reading during calibration 44,0 Degree C

Serial Number

2021
Model Number 144 \\\\¥h‘
Type ' ' 1

N\

k\\.

N Pressure Gage Reading PSIA/Degree.
*  PSIA ‘
0,0000 0.000
1,221 10,057 0,12172
2.4533 20.143 0.12179
3.6824 30,238 0.12178
4,9115 40.333 0,12177
6.1357 50.391 0.12176
7.3648 60,441 0.12185
8.5939 . 70,536 0.12184
— 9.8181 80.588 0.12183
11,0422 90.638 0.12183
12.2763 100,777 0.12182
13.5005 © 110.832 0,12181
14,7296 120.925 _ 0.12181
15.9537 130,991 0.12179
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read with a cathetometer. reveal readings which'are'rQSpecti§ely
2 mmHg above and 0.5 mmHg below those of the preaaure transducer,
The precision of the Helise pressure gaga is 2,5 mmHg while that

~ of the mercury manometer is 0.06 mmHg. e

In this work, the pressureg are read only on the pres-

sure transducer and are reported in'mmHg.

]
R

III.B.2,c Qamperatg:e Measurement -

The thermocouple was calibratéd againét ice-water bath,
The potentiometer reading was + 0,0005 millivolt. For a copper-
constaﬁt§n thermocouple. this is equivalent to + 0,014 °C, The
smalleat division on the K-3 potentiometer is 0,0005 millivolt
which is equivalent to 0, 014°¢c, .. ' <

III.B.3/’£f5erimental Procedure

The experimental observations measured at equilibrium

are the system pressure and the total mass consisting of the mass
of the sample plua.the amount adsorbed. The adsorption well
temperature was verified for each observation. The feed composi-
tion of the gas mixture was also notéd for each isotherm, |
The Gravimetric Adsorption System and accegsories ap-
gscribed in III.B.1 were set according to Figure III.1., The bal-
ance was calibrated using substitution weight as deséribed in

I1T.B.2.a, The substitution wéight was replaced by & silica gel
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Bample obtained ‘from the desiccator, The hangdown tube_ was ad- :

justed to-tha vacuum bottle, Treatment of the silica gel Sample
was performed as in III.A.2.a. ' ‘
When a constant weight of the-sample waa’in?iéated '

'upon‘the strip chart recorder. the adsorption experiment was

started, !
The valve leading to the vacuum system was clésed and
Immediately the first dose of the ;dsorbéte‘was bled slowly into
the adsorption assembly until the required initial pressure was
obtaiqu. The furnace was remo%eg from the hangdow’ tubé. which
was left to cool.;and the constant temperature well wagnplaged
up a;ound it. | N .
The needle vaite w&s opened and the Cartesian manostat
adjusted to give the requifed pressure, -fhe first observations
of preésure and mass were made at equilibrium as indicated by the

5 )
constant trace upon the strip chart recordet. The recorder pen ‘

was reset to the base line and the total mass of the adsorbate-
adsorﬁent was recorded as the sum of the substitution weight and
the mass dial readiﬁg. Aﬁ illustrative éxample of'a sequence of
measurements of mass adsorbed fe seen in Figure III,.2 for
03H8 - 002 at -10.0°C. A second dose of gas was admitted into
the system and the whole procedure repeated as many times as
needed to complete th-e iaothe'rm.‘

A list of typical observations and calculations for the

adsorption of 23.85% CjHg with C0, on silica gel at -10,0°C, is

2
seen in Table II1.,2,.
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TABLE III.2
MEASURED ADSORPTION EQUILIBRIUM DATA

Spec1fication3

Dates _2/10/721
Systems C3llg (0.2385) - Co, (0.7515)

Temperature:__=10,0°C. . - .

Pressure Gauge Temperature: 44,3%

Temperature Conversion: -0.380 MV =‘—10.00°C

Pressure Conversion:__0,1218 psid/gauge reading

Weight Conversions__100 +_{0,002 MG/gauge reading)

Weight of Adsorbent measured: &
i

in Vacuo + 140°C:__1008 102,016 MG
initial Pressure + 140°C:__ 1143 102,286 MG
Observatiens : . . ' l
Cell J WETGHT
Temperaturd PRESSURE s WEL
(millivolt) Gauge cmHg Gauge Total MG . MG/GM
0,380 5.691 3.581 2206 104,412 2.396 23,487

0.3805 | 19.488 12,271 3477 106,95 4,938 48,40k
0.3815 | 39.13% 24,637 | 4605 109.210  7.19% 70,518
0.3800 65.202 41.072 | s6h2 111.284 9,268  90.848
0.3805 95,200 59,959 6529 ,113.058 11.042 108.238
0.381 - [117.827 74,203 | 7116 114,232 12,216 119,126
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IIT.B.4 Equilibration

Constant mass provides the indication that equilibrium
has been achieved. This means that temperature and adsorption
equilibrium have been reaphed. .Since the'quant;ty of gas adsorb-
ed is;a function of tempera%ure, a constant mass récorded. with-
in the sensiti%ity of the electrobalance, indicates the sample
ngs reached a constant temperature. The sample tube is construct-
ed from Pyrex glass, with a mid-section being Kovar tube, using
glass to metal seals. The main purpose of the metal section is

to insure that the adsorbate in the environment of the Sample is

" maintained at the temperature of the constant temperature bath., 1

Thus the heat of adsorption éenerated during the adsorption pro-
cess can be dissipated away by convection and radiation (43),
Different researchers (10, 49) working on adsorption of gases on
silicaf%el claim that the equilibrium ﬁosition is achieved by
 circulation for 15 minutes when the change in preséure approaches
zero (49) while others (10) recorded the final pressure after 10
to 15 minutgs. In our work, equilibrium conditions were reached
within 10 to 15 minutes at higher pressures while 30 to 45 minutes
were needed for the first dose, 1In the latter.case, the temper-
ature equilibration is longer because the sample had juét been
reactivated, The rate of heat transfer is not a problem for pres-
gures higher than 25 mmHg (50). |

Changes in total weight measured were less than + 0.0005

mg for 15 minutes following a new dose, The precision of the

re

/
J



t

electrobalance was 0.001 mg. During that smdll interval of time,
no pressure changes were observed., However, for longer periods
‘of timg.'changes of pressure were observed and ‘were due to

room temperature changes, During the determination of an entire
isotherm (6 hours) the adsorption well temperature fluctuations
measured were + 0.014°C which corresponds on the potentiometer to
0.00025 mV., The smallest division on the potenti&meter is 0,0005

mV or 0.614°C.

ITI.B.5 Experimental Results

&

o

The pressure-mass-temperature-gas phase composition

(P-m-T-y) equilibria on 25 mesh silica gel were determined- exper- q

imentally for the following systems:

*

Ethane ~ ethylene

f
Ethane - carbon dioxide

Carbon dioxide - propane

Pure component and mixture isotherms were investigated
at -10°¢c, 0.0°C, 25,0°C and 50°C for pressures ranging from 25
mmHg'tg 760 mmHg. The gas phase molar compositions were roughly
25%, 50% and 75% for the three pixtures and are listed earlier in
Section III.A.1. t\\yff““/

The total number of observations made, including veri-

fications arising from cross~plot correlations and duplications =
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for testing the reproducibility of the curves 'and testing for
hysteresis, add up to 375.

Adsorption equilibria of pressure-mass adsorbed ($-m)
are presented in Tables III.3 in Appendix I, The reported ‘data
were found to be reproducible on different samples of silica,
g6l of the same stock, Adsorption and desorption experiments
indicated no hysteresis effects. Buoyancy effects and thermo- -
molecular flow were considered, The corrected isotherms are.
listed in Tables III.4 in Appendix I, The corrected data for
the binar§ mixtures with their pure components for the systems
002 - 02H6 and CBHB‘- 002 are plotted together in Figures III.3.
.The isotherms at 263.2°k, 273.2°K and 298.2°K are respectively

plotted in Figures I1II.3.1, III.3.‘,2 and III.3.3_. ‘The system ‘
C,Hg = CO, at 323,2°K is plotted in Figure III.3.4., The exper-
imental data points of Figures III.3 were taken from Tables

ITI.4 in Appendix I. The solid curves were obtained from the

BET .correlation of the corrected data of Tables III.4 in Appendix I.

III.B.6 Reproducibility of Adsorption Equilibria

It was possible to reprodﬁce adsorption equilibrium
data within the limits of the experimental error provided the
gilica gel sample was appropriately treated as described in
IIT.A.2.a,

The two sets of ethane adsorption equilibria at 0,0°C
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on the same sample #10 ‘obtained on different occasions illus-
Atraté the degree of reproducibility and is seen in Figure III.4.
The average per cent deviation in weight adsorbed per gram ad-
gorbent is 0.61%, |

It was also possible to reprdduce the data on different
silica gel samples #2, #8 and #10 of different weights, Adsorption
equilibria were measured for ethylene at 0.0°C on these different
sample weights at intervals of several months and areﬂillustfated in’
Figure III.5. The average per cent deviation ih.thé amount ad-
sorbed per gram of sample is 0.98% for samples #8 and #10,

T Adsorption equilibria for these two components were

also repeated at 2500 on the same silica gel sample

- results are plotted in the Figure III.6. l‘

Mixture adsorption equilibria were repeated for the

. system co, - 03H8 on #18 silica gel sample, at 25°C and aré
~ plotted in Figure III.?.

As stated earlier, class M weights were used for the
calibratidn of the electrobalance, The_tolérance on all class M
weights, from 1 to 500 mg, is 0.0054mg (46). When measuring an
adsorption equilibrium point, twq readings of the mass are re-.
quired; the first is for the initial mass of the adsorbent, m,
and the second is the mass of the adsorbent plus that of the gas
adsorbed m,. The smallest division on the mass dial vernier is
0.001 mg., However, the duplication of an adsorption point was
not within 0,002 mg since there are other factors that must be

accounted for, such as, the exact pressure duplication and -
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\ * b

temperature regulation. Since‘each pressure duplication

was within 0.2 cmﬂg.-one can expect the amount adsorbad to be
slightly different for éach corresponding pressure, Temperéture
regulation at low temperature was more difficult than at higher
ﬁemperature. The presence of external circulation of the bath
lidﬁid and room femperature fluctuations ﬁade it more difficult
to regulate the Safh temperature over long periods of time,
Reproduqibilify of the initial weight of the adsorbent was satis-
factory. ‘ ‘ .

I11.B.? Hysteresis

_ " Experiments were performed to study the possible hys-
teresis effect in the adsorption-desorption equilibria of the
systems investigated in this work., They wef; carried out with#
the inté?t to verify the conﬁisténcy of an ipdividual isotherm
and also-that of éeyeral iséfherms for a given system, The
former .consistas of deserping the gas following an isothermal ad-
sorption run., The 1atfér was performed by doing an isobaric ad-
gsorption-desorption experiment for the temperature rangg}%nves-
tigated, o

Isothermal desorption showed no trace of hysteresis.
These observations were taken at ;andomffor most of the systems
investigated, It was fowid unnecessary to perform the desorption

experiments on all runs due to the molecular gimilarities of the

pure qdmponents and their mixtures for the tempefature and pres-

-
+



sure range studied, To supplement this statement, a typical
system of'002 - Cjﬁgf- Silica gel system at 700 mmHg was studied
for a temperature range from -22°¢ to +50°C, Cbmpariégn was
élso made with previously determined isotherms by graphically
interpolating at P = 700 mmHg. |

' The agreement between the measured isobaric equilibrium
points and the values interpolated from isothq;mal plots is sat- |
isfactory. The g:aphical interpolation reveals that the average
deviation in temperature is *+ 0,15°K while that for the mass ad-
sorbed per gram of adsorbent is +0,.5%, These values were esti-
mated on larger graph paper and the resulis are plotted in
Figure III.S,

IIT1.B.8 Correction Factors ‘

Correction factors, determined from blank experiments,
are sometimes significant. The total load on the balance during
.blank experiments should be identical to that used during‘actual
measurements (47)., The source of the mass corrections consider-
;d iﬂ thie work arise from the combined effect of buoyancy and
to the spurious effects caused by thermal molecular flow. 1In
the latter case, much larger'weight than any weight change have
been observed (48), Ag the pressﬁre is ihcreased, say to 10 mmHg,
the effect'of thermomolecular flow is mu less and the effect
of buoyancy predominaféz. The buoyancy effect has been found to

be present at higher pressures while the thermomolecular effects
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have been found at high vacuum and higher temperaturs,

III.B.8.a Buoyancy Effects

Usuaily there is an unqqual upthrust Jgfthe sample or
counterweight side of the beam (44). Equal upthrust is achiev-
ed if we have identical suspension wiresand pans, in identical
sample tubes, immersed in the same constant temperature bath,
This is usually not the case. There is still likely be a dif-
ference in voluﬁe of the sagple and the counterweight, Buoyancy
effects were investigated using a blank run., This consist of a
series of mass measurements at a series 03 pressureé covering the

pressure and temperature range investigated. The results of the

investigation are plotted in Figure III.9 as. the ratio of

mass of the tare weight to the pressure of the gas employed in Il
i

the system against the temperature of the adsorption well,

¢

III.B.8.b Thermomolecular Flow

At high temperatures and low pressures there exists an
aerodynamic effect due to a thermomolecular effect. This anoma-
lous behaviour has been the subject of intensive study. At these
pressures, the mean free path of the molecules are'igggér than
the tube diameter. When the molecules hit the suspeﬁSi;n wire

and pan a decrease in welght is observed. In this work, thermo-
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molecular effects have been found to occur vhila reactivating the

sample at 140°C and 10~%

mmHg, As soon as the gas was introduced
to give a pressure of 10 mmHg, there was observed a spontansous
increase in weight for either a blank experiment or an '
actual sample, No noticeable adsorption took place at this tem-
perature. However, adsorptioh followed 6nce the furnace had been
removed, The change in weight on the same sample has been found
to be very reproducible, A value of 0.2199 mg * 0.002 based on 33
reactivations followed by an isothermal adsorption has been mea-
sured, The corrected isotherms are presented in Tables III.4 in

Appendix I.

III.C Yolumetric Adsorption System

III.C.1 Apparatus

A versatile Porta-Vac High Vacuum System was used as
the manometric apparatus to measure adsorption equilibria. A
gschematic diagram is shown in Figure III.10., A gas recirculation
path was achieved by installing a recirculation pump. Along
this circuiﬂw connections were made to a pressure gauge, an ad-
gorption cell, a gas supply-line, a calibrated bulb and a-g%p/
partitioner. Accessories such as vacuum pumps, & recorder,fa
furnace, dewar flask and a thermometer were also needed.

The recirculgtion of the gas was effected with an
electro-magnetic pump installed in the closed circuit. It is

capable of retaining a high vacuum and has been used vapor-liquid



102

L 4

SNLvYdVddV NOILJYOSAV

JI41L3IWNONVN

0T°III oandTd




-\
LEGEND OF FIGURE III.10

[y
-

w 3 O FowWw N
-

- Is

[
[= RN e
L] -

Porta-Vac High Vacuum System
Recirculation Pump

Pressure Gage

Adsorption Cell

Gas Supply Line

Calibrated Bulb

gas Partitioner

Vacuum Pump

Strip Chart Recorder
Manifold

103




104

équilibrig (55).- The system pressure was measured with a Pre-
cision Pressure Gauge described sarlier in Section III.B. The
adsorbent was placed in a glass cell capable of‘contgining more
than 10 grams of silica gel. Its geometry is essentially simple
and is shown without further details in Figuré I11.10. The gas -
supply rate into fhe manifold was regulated by means of a needle
- valve and the gas cylinders were equipped with a pressure regula-
tor. The manifold volume and dead~space of the apparatus were.
determined with the use of a calibrated one-litre cépacity glass
, bulb, Analyses of gas samples were performed with a Fisher
Model  25«V Gas partitioner coupled with an MT Westronic Recorder,
Reactivation é{jthefgglica gel was made with a furnace regulated
at 140°C by a Variac voltage .regulator. Rdom‘temperature was
measured on a thermometer with readings to the nearest tenth of

a centigrade degree,

ITI1.C.2 Calibration i

IIT.C.2.a Bulb Volume

The volume of a clean, dry one-litre glass bulb was
measured by weighing distilled water contained within it. Com-
rensation for density of the distilled water and for buoyancy of
‘air was taken into consideration., A value of 1.0875 + 0.0001 was
calculated as the bulb volume, A 2°C change in room temperature

would give a + 0,005% deviation in the calculated volume,
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III.Cc.2.b Manifold and Dead Space Yolume

The calibration of the manifold and dead space volume
was achievéh by the expansion of helium gas. Essentially, the
method consiste in expanding fhe gas into the calibrated glass
buld from the manifold, then into the adsorption cell, _The'cal-
culation of the manifold volume, V_, and dead space, V

m d
done using the ideal gas law, The results of different deter-

s Wore

mination for vV, and V3 are listed in the following table,

\\\\k_,,,_— Calibration of Manifold and Dead Space Yolume

Sample Mahifold Volﬁme Dead Space Volume
: v ] v -
Weight ‘D deviation d deviation
(gm) (1itre) (%) (litre) = *(%)
9.372 0.7491——"0.02 0.1201 0.25 ‘
7.799 0.7468 0,07 " 0.1203 1.2 |
16,543 0.7489  0.13 0,1187 0.3
11.025 0.7510 0,01 0,1199 0.05

An average value for the manifold volume is 0.7489
+ 0.0011 litre (+0,15%). The values in the 3rd and 5th columns
are based on 3 gas expanéions for each sample weight. 1In the

calculation of phase equilibria, the value of the manifold .
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volume employed was 0,7489 litre. As for the dead space volume,

the value corresponding to the sample weight was used.

III.C.2.c Gas Partitioner

Analyses of the gas mixtures were made with a Gas
Partitioner Model 25V in conjunction with a Westronic Recorder
Model MT-1, The gas éample was carried through a six-foot col-
umn, packed with 30-40 mesh gilica gel, by helium‘at a flow rate
of 80 cc/min and at a pressure of 20 psig, The Ehromatographic'
column was held at 55°C and the cell current was set at 5 milli-
amperes, The retention time for CoHgs 062 and CJHB were respec-

tively, 5, 6 and 23 minutes. The elution time remained stable ﬂ

throughout the experimentsl runs. The gas partitioner cell
sensitivity for peak height trace was set at 25/25 andrlo/io for
the analysis of CO2 - C2H6 and CO2 - CBHB mixtures respéctively.
The gas chromatograph was calibrated against standard mixtures
received from the Matheson Company Ltd. (see III.A.1), A typical
trace of the calibration for 74.94% propane with carbon dioxide
is seen on Figure III.11., Peak height ratio with|sorresponding
mole fraction ratio are listed in Table III.5 for co, - 03H8 and
for C H, - CO,. Graphical results are seen in Figure III.12 for
co

- C Hg and in FPigure III.13 for C,Hg - CO, a8 mole fraction

2 3
ratio versus peak ratio of the constituents.
Synthetic mixtures were prepared from the pure constit-

uents using the Porta-Vac apparatus, The purpose was to verify
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the reported composition of the standards, ' The composition of
the prepared mixtures were calculated from Dalton's—law of par-
tial pressureé since, at low pressure, the gas behaves ideally.
The molblfraction ratio of the synthetic mixture with the corre-
sponding peak height ratio are compared in Flgﬁres III.12 ahd
I1I.13 with those analysed and reported- by the Matheson Company

Ltd., Values reported by Matheson were used in all phase equi-

librium calculations.

I1r.Cc.2.d Teﬁperature Calibration

A mercury-in-glass thermometer having smallest division
equal to one tenth of a degree was calibrated in a constant tem-
perature bath at 25.00°C. The temperature of the bath was read
by a Beckman Thermometer calibrated by the National Research

q

Council against a platinum-resistance thermometer, The thermo-
meter used in this experiment indicated a regding of 25.3°C.
Hence the correction was made on all temperature obhservations,

The temperatures listed in this work have been corrected.

111.Cc.3 Experimental Procedure

A .
The obgervations recorded when studying adsorption
- equilibria for mixtures are the room temperature, the system

pressure and the gas phase composition, They must be noted be-

fore and after adsorption has taken place.
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The system was evacuated to 10'4 mmHg pressure while
the adsorbent washeated at 140°C for 2 hours, The bressure gauge
was set at the zero position., The vacuum could be measured
either from the McLeod gauge oﬂ the Poééa-Vac or on.the Precision
pressure gauge. Readings of both equipment agreed with one
another, ‘ | _

The system was-isolated from the vacuum pump and the
adsorption cell isolated from the manifold., A gas mixture of
knbwn comeE}tion was introduced into the manifold through the
needle valve until the manifold pressure approached atmospheric.

The pressure and temperature were noted and the initial number

. /7
of moles were calculated with the following equation, :
Pi Vin

N:
i RTi

The gas was expanded into the adsorption cell by open-
ing the valves isolating it, a constant temperature bath was
raised over the cell and the electromagnetic pump ‘was turned on
for recirculating the gas until equilibrium was reached. This
became evideht when the pressure of the system remaihed constant
followed by oséillations of + 0,001 psi - probably due to room
température-flﬁctuationa. When the pump was turned off a spon-
taneous-decrease in pressure of about 0.901 psi occurred, The

equilibrium pressure and room temperature were noted and the
humber of moles of gas unadsorbed, Ne » was calculated with the

»
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following equation:

P.(V + v!)
Ne = RTe

in which P, and T, are respectively the equilibrium pressure
and temperature, It fo}lows that the number of moles of gas
mixture adsorbed is given by Né = Ni - Ne'

The surface composition of a component can be obtain-
ed by performing a material balance and solvipg for x1 to get

1

X = T4, q; " Ye.; N
1 N
a
and "i‘
| X =1 =X,

The quantity Y, 4 was obtained by. isolating a small
L s .
quantity of gas mixture at equilibrium and-apalysing it with the

gas chromatograph. The mole fraction Ye. was “then obtalned by

1
converting the peak height ratio %o mole fraction ratio using

e}ther Figurea III.12 or I1I.13.

'

III.C.4 Experimeptal Results

The systems investigated with the constant volume -
apparatus were CO, - 03H8.and C,Hg - CO, at (ice-water temper-

ature) pressures near 500 mmHg., The experimental
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observations of ini?ial and equilibrium pressures, temperatures
and gas phase compositions are listed for the 002 - CBHB system
and_fcr the 02H6 - COé system in Table III.7. Also noted were
the adsorbent weight, the manifold and dead space volumes,

The pressures Pi and P, were obtained by converting
the precision>pressure gage readings fo millimeters of mercury
pressure, The conversion factors have been listed in Table
I1I.i. The temperature is reported in degree Kelvfn. The
initial gas mixtﬁre composition have been obtained from those
;reported by the Matheson Co. Ltd. and are also listed in
Section III.A.1, The equilibrium composition has been determin-

ed by chromatographic analysis of the mixture. The peak height

ratio with equilibrium pressures are listed for both systems in
Table ITI.6. . | |
The adsorption equilibrium data for both systems are
listed in Tables IV.8 and IV.9. Reported are the total pressure
in mmHg, gas phase and adsorbent phase molar compositions, and

the total number of moles of gas adsorbed per gram of adsorbent.

IIT.C.5 Reproducibility

An essential condition for obtaining reproducible data,
when using a constant volume apparatus for mixture adsorption,

is to make sure that the condition of equilibrium was attained,
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The CO2 - 02H6 system has been used to serve as an illustrative
example, . |

An experimental run was performed oh a given weight of
silica gel. When the gas phase was in equilibrium with the ad-
sorbed phase, once a constant pregsure was observed,
the equilibrium pressure and mole fraction of CO2 were respective-
ly noted‘as 38,819 mmHg and 0.6850. The system was left in the
manifold for 20 hours affer which the system pressure and 002
mole fraction were found to be respectively, 39.140 -mmHg and
0.6881, The per cent deviation of YCOE from the‘average value -
(0.6866 + 0,0016) is 0.23%, which is within the tolerance limit
of the experimental determination of the peak ratio. As for the
slight increase in pressure; it corresponds to a rige in room tem-
perature of about 1%,

It was possible to reproduce the adsorption equilibrium
data. The CBHB - C0, system is used to illustrate this fact for

a given weight of silica gel and on different occasions the

equilibrium observations are noted belows ‘
Pe Te YCO2
(cm-Hg) (°x)

(1) 39.172 298,56 0.4092

(2) - 38,461 : 297.96 0.4035

It follows that an average value for Y., = 0,4064 + 0,0019
2

(0.70%). This value is within the limits of the experimental
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error of peak height ratio measurements.
The sources of error in determining adsorption edui-
libria with a constant volume apparatus are numerous, They are

listed as follows:

L4

1. Calibration of the a) bulb volume
b} manifold volume

.¢) dead space volume

2. Calculation of the = a) moles adsorbed

b) adsorbed phase composition

An attempt has been made to determine what the maximum
possible error is and how it will affect the value of the surface
composition and the adsorbed moles, The per cent deviations are
reported in the following table and are compared with the

experimentally observed deviation for the parameters measured.

<
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CHAPTER IV

¢

CORRELATION AND PREDICTION OF GAS-SOLID EQUILIBRIA ')

This chapter is subdivided into three main topicss  the
correlation of the experimentally determined adsorption isotherms;
the prediction of pure component isotherms and fi;;lly. the pre-
diction of mixéd adéorption equilibrisa,

Presented in the first division are the uses made of
" the‘Brunauer - Emmett - Teller fBET) equation, Iﬁ our work, it
was not only used for the calculation of the specific surfacé

area of the adsorbent but also it was employed to represent the

measured adsorption isotherms in view of facilitating computer

programming. Also, some of our measured igsotherms are compared ‘
with the existing literature,

Discussed in the second part are the results of the
testing of various simple equations of state, most of the? having
- in common the same parameters namely, < and . The prediction
of pure component isotherms using the ideal values of the param-
eters is compared with the prediction of the pure isotherms when
the values of @ and B afe calculated by two different methods
employing measured isothermal data with apeéial(éttehtioh given._
to the analog of the Redlich and Kwong equation of state (18).
One method consists in calculating a single set of values for a

and B E:P‘a given isotherm covering the entire pressure range

investigated (33). Our proposed method involves the application
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of an already existing approach employed in vapor-liquid equilib-
ria (27). Consequenfiy a get of values for ¢ and ﬁ'aFe easily
determined for a pd?gﬂéomponent isotherm at a given pressure.
For cdﬁpletion. other correlations considered are summarized
briefly. |

| The last topic deals with the prediction of phase
equilibria of mixtures, in pafticular. of & binar& mixture. 1In
-the first place, the results of the calculation-of phase equilib-
ria for the measured binary mixtures using an exact thermodynamic
relationship approach (3) are coﬁpared witp tﬁose measured with
the constant volume apparatus described earlier, The next steps
deals with the prediction of phase equilibria using the idqal
solution theory (19, 20) and involves the working and testing of
an equation of state, Considerahle.efforts were made on the pre-
diction of phase equ}libria with an equation of state, in partic-
ular, the original equation of Redlich and Xwong (18) which
constitutes our proposed method for predicting phase equilibria
Hin mixed adsorption., The mixing rules psed in vapor-liquid
equilibria were extended to gas-solid eqgilibria., The important
parameter of the equation involves the quantity cij' " The sup-
perting data required to predict and compare phase equilibr;a 80
as to yleld a best value for C_,L.JJ are presented. The results of
the prediction of gas-solid equilidria are presented in the
last éection with a proposed method for the préﬂiction of phase
equilibria at higher pressures. A practical application for

~ the calculation of measurable properties such as P, ¢ and X
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concludes the discussion on the prediction of gas-solid
equilibria,

IV.A erimentall termined Adsorption Isotherm

IV.A.1 Specific Surface of the Adsorbent

In the calculation of the specific su;face area of the
silica gél, the standard BET equation was used, It was neces-
sary to employ the n-layers BET equation in the form of Equation
I.?7 because the data did not give a satisfactory fit when cor-
related with the infinite form of the BET equation or the
Langmuir equation. It was advantageous to determine the best

possible straight line passing through the points by the method ‘

- of least squares because the curvature of Equation I.7 is not
very sensitive to n., The amount of nitrogen adsorbed at 77.4°K
was then calculated using Equation I.4 and compared with the
original data of the isotherm. This approach has been used
originally by Joyner (23) and more recently by Wenzel (24) in
their determination of the specific surface area. }.

The average value of the surface area obtained with
the Cahn electrobalance is 722.9 + 3.3 m°/em while that obtained
from the McBain-Bakr apparatus is 695.4 + 5.u/p2/gm. They dif-
fer only by 4%. The computer program is listed in Appendix II,
VYalues of specific surface area of silica gel calculated with

the data obtained from different apparatus are reported in



122

Table IV.1 of Appenﬂix I.

IV.A.2 Bampirical Represe the_Ad

B The n-layers BET Equétion I.1 (22) wag also found use-
ful in the correlation of the adsorption isotherms measured at
all temperatures for the entire pressure range covered. A total
of 45 isotherms were fitted using this equation. The overall
average of the per cent deviation between the calculated and the
experimental values of the amount adsorbed was estim;ted as
0.54% while the range of the per cent deviation épanned from
0.1% to 1%,

This empiric#l~correlation furthef'provided an analyt-

ical tool for the calculation of the spreading pressure defined
by Equation I.14, | ' “

The analytical expression of Egquation I.1 quantified

.the reproducibility of the'aqSorption isotherm, FPor example,

the adsorption of co, at.298.2°K, which was repeated twice on
different occasions using the same sample of silica gel, was
fitted using Equation I.1. The per cent deviation was calculated
asg 0,32% and 0.21%. The coz'adsorpfion data plotted in Figure
III1.7 of Section III.B.6 agree very well with the calculated
curve, The difficulty to producé the same datﬁ points under
exactly the same experimental conditions has been mentioned in
this earlier section _and supports the need for an analytical

expression to represent the experimental data.
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IV.A.3 Pata Comparison with the Literature -

“‘IV.A.3.a Adsorption Isotherms
"lThe properties of siliea gel vary according to the
“‘method of the manufacturer's preparation aﬁd the;stepd in{olved_
in the reactivation of the surface, It is ﬁifficult to compare
pdint for ‘point obtained by different workers, unléqs both have
"uééd the same adso?bent_and have prepared its sufface ;egener-

& ation with identical procedures., For example, Maslan (9) and
Lewiq_(lo) have tested the same kind of adsorbent over a different.
_range of temperature; Our observations for the'éystem CBHSAf
silica gel agree well with thgirs as seen on Figure IV.1 for
different temperatures. However, with"poz, entirely different

curves are obtained., Although the surface areas may have similar
values, fhe porosity is likely to be different in both silica

gel samples, ‘Therefore. the agreement shown iq Figure IV.1 is
purely by chance. |

IV.A.3.b Heat of Adsorption

The adsorption of gases on surfaces of solids is ac-
'ﬁbmpaniéq by fhe evolution of heat: the amount of heat varies
;i' the fraction of the surface covered by the a@sorbed gas,
The isosteric heat of adsorption, Qg méy be obtainéd from

calorimetric“pethods or from adsorption isotherms, In the latter
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method. Qst is usually determined using Equation I ?/Xrom isos-
teres and as plotted-in Figure IV 2 for co on silica gel,
Equation I,9 is used:.when the isosteres are linear. The linear-.
ity of the isoeterea also- provides a useful check as to the in-
_ternal consistency of the 1sotherms ( 4), This property was
found” true for all systems investigatéd in this work,

The isosteric heat of adsorption determined from

Figure IV.2 with Equation I.9 are listed in the following table

for different isosteres, -

n , : Qst- :
(millimoles/gm) (Kcal/mole)
0.2 6.555
0.4 . 6,656
. 0.6 6.559
r 0.8 6.619

1.0 6.579

The results of the calculations suggest that Qst‘is independent

of the amount of gas adsorbed because an average value of

Qg = 6,59 + 0,03 Kcal/mole was obtained., The deviation from
the average, being + 0.52%, lies within the experimental mea-
surements of the adsorption iaotherma. Hence. no definite trend

in Q at exists with the coverage. This lends to the belief that
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the repulsive forces of the adsorbed molecules are uniform or
‘the adsorption sites are unitprhly distributed (51).

g The linearity-of the isosteres of Figure Iv;z indicates
that Qst is independent of‘temperature. However, the calorimetric
heats of adsorption for CO, on silica gel (52)?reveal the isosg~-
teric heat of adsorption to be:temperature dependent as seen in

__Figure Iv.3 N ]

For similaryygﬁsona stated earlier concerning the .
silica gel surface, these #alues cannot be compared; however,
they are useful for comparing thé order of magnitude of Qst with
those reported in the literature. Furthermore, isosteric heats

__measured by calorimetr& are more précise than those measured

from adsorption isotherms (5).
“ Equation I.10 provides the means for caiculating the
differential entropy of ads'orptioh. AS, The results are plotted L
in Figure IV.4 and are compared with those calculated using the

data reported in Man£311 (52). The‘decrease in entropy w;th

increasing temperature is further indication that the capacity'

of adsorption is lowered at higher temperatures.
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IV.A.L !preagggg Presgure Calculatjion

The n-layers BET Equation I.1 together with the épréad-
ing pressure Equation II.15 were employed in the calculation of |
the spreading pressure for both the pure component and mixed
isotherms, ' |

| The usual (53, 54) method to calculate the spreading
pregsure is to obtainAFn anglytical expression for the amount
adsorbed as a function of the total pressure. Various functions
were tested. 'In the final analysis, the n-layers BET equation
was found the most appropriate to represent the entire range of
pressure covered, _
| The integration of Equation II.14 was carried out by

: —d
Simpson-Newton 3/8 Rule (56) at.regular intervals of pressure ﬂ
obtained from Equation I.1.

Yalues of ;g are listed in Tables IV.2 at regular

intervals of pressure with corresponding amount adsorbed for

each system at every temperature. Values of J%%— for mixtures
are also listed in Tables IV.6., The computer program is listed

in Appendix IV. Tables IV.2 and IV.6 are reported in Appendix I.

IV.B Pure Component Adsorption

-

The valuee of the calculated spreading pressure will
depend largely on the values of the chara istic parameters

2and B, The methods employed in the calculation of 2 and B are

I
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discussed in the following sections. Ideal‘values of a and B
were first employed in testing various equations of state. The
walues “ and P of the Redlich-Kwong equation analog were cal-

culated using de Boer's method (3377’;;E—S§\h§?ending the method

of Chang-Lu (27) proposed in vapor-liquid equilibria to adaorp-
tion equilibria,

' Calculated spreading pressures are compared with thosq
measured by the gravimetric method. The results of”the predic-
tions of the spreading pressure using the models described by
Equations I.1%4, I 15, 1,16 and I.32 are summarized in Table IV.3,
Listed for all syatems at each temperature investigated are the

average per cent deviation in the spreading pressure defined by

x 100 q‘.ll

(Th-) - (FA)
% An= 1 —~ RT ’‘experimental g calculated
Il n N

(;Eé_)_
RT calculated

IV.B.1 Ideal Valueg of the Parameters_¢ and B

Equations of states used to characterize-the n-0
equilibrium data are numerous. Each model has its own restraints
as to the range of applicability. It is not the purpose of this

work to test all the equations found in the literature describ-
ing the equilibrium between the adsorbate an& the gas phase,
Only those equations of state mentioned earlier were tested,

The results are summarized in Table IV.3 in terms of the per cent

deviation in spreading pressure for all systems at all temper-

-
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TABLE IV.3
A COMPARISON OF PREDICTED SPREADING PRESSURES
o USING DIFFERENT EQUATIONS OF%jiigE
Temperature | Ideal Volmer: Hil} RK(Ideal)/ ﬁK(DB)//
(°K) . : — de-Boer
. |Fa.I.14% Eq.I.15 Eq.I.16 Eq.I.31 Eq.I.31
co, 263.2 31.75  12.05 40,49 46,86 3.07
273.2 | 26.46  11.29 33.97 39.07 2.37
298,2 15.54 : 7,27 19.86 - 22,71 1,52
323.2 8.27 3.81 10,42 11,87 0.31
C5Hg 262{? 3?f36 26,79 4;.32 64,52 3,08
273.2 34,62 12,31 47.01 61.27 4,05
298, 2 26,52 6.36 38,1 - 5.8 3.27
323.2 18,79 7.65 26,06 30,62 2,27
C,Hg 263,2 20,0 4,96 28.79 34.80 3.41
273.2 18.35  7.56 24,95 29,39 1.3t
298,2 | 13.98 . 7.89 17.45 . 19.86 o,
CH, | 263.2 39.5 20.79 45,48 50,56 2,10
o 273.2 28,55  23.13 34,66 38.55 0,63
298.2 24,10 14,62 27.79 30,08 1.8k

* Observed values of n are listed in Tables IV.2 in Appendix I.
*% Defined in Section IV.B.
/ 1deal values of ¢ and p have been used.

// Values af ¢ and B have been determined with de Boer's method,
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Filgure IV.5 Prediction of n for o, at 273.2°K using
Different Equations of State - Ideal
Values of ¢ and B,
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As a first approximation, Volmer's Equation, I.15, gives

‘best results as seen in Figure IV.5, for the _system COp at

2?3.? K. However, the model does not take into account the

correction terms describing the molecular interaction iﬂ the

gdsorbed phaae.

The constants < and f emp%pyed in Equations 1.16 and

- I.31 are those defined by Equations X.17 and I.18,

IV.B.2 Evaluation of the Parameters by the Method of de Boer

The representation of m-c or =P data is greatly im-
proved when the operative constants ére obtained by the method -
of de Boer (33) as described in II.C.4,a, The computer program
is listed in Appendix V, ' \ ‘

It is impﬁftéhé‘to observe that the equation_of
Redlich and Kwong, (Equation I.32) exhibits a minimum sum of
squared deviation in pressure when this procedure of optimizing
is followed. ‘This characteristic is clea;ly depicted in Figure -

IV.6 for the system C Hg at 263.2°K. -

An intereatzng trend in the characteristic constants
2, B and K, 1isted in'Table .IV.4, is observed with the temper-
ﬁture. Also noted was the sum of square of the deviation in
pregsure increased with decreasing temperature. In %gneral.

this trend is observed as well in all the other gystems investi-

'gated in this work.
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Figure IV.6 Selection of B by de Boer's Method



137

Y

3

A

r
-

8°819 #1°gEE 19°841 eh°811 oA .
4'gh9e- - -0°8g02-"  $°g9I- 0°*62H1- o !
00§ . otof 0*0€ 0°0€ d 8tp *
6°HEET - HL'2OL  98°SHE 92° €12 o .
Lthil-  0°90L1- 10°8951- B89t T~ . D . |
0*05 oo 00€ 0*0€ d oo
. ah" 0SE 06°925 €59° €6 B oA o S
5. % #° €592~ HE9Le~ 1°9€52- T |
0°09 " o%0z L 0%05 o d o
{ 6€° €54 8625 L2 HEE WX
0°c652- 11441 9465 1~ oo
004 0°*0S Cotol - g ¢« 9yl
xmm.nmm A,2°862 umm.mmw M 2'€92 . 8I93suBIRd apmwwsnaoo v

NHOL O 40 QOHIAN THI X9 QENIVIO _ .

LS

P

dIVILIS J40 NOIIVADE ONOMM-HOITAEY HHI 40

#* AT FTIAVY,

v .

DOTYNY THE mo‘mmmawz<m<@



138

oy

! T T T
2.0} R i
m - MEASURED
ST epe X —_— CALCULATED | _
= ' (REDL.ICH-KWONG )
e .
-
- e
- b x .8 -
k
41
ﬁl ‘
Ci 1 L i 1 1
’ 0 4 .2 1.6 2.0 2.4
L v 13 (w2
- . _ - O x 107 (M /MILLIMOLE)

Figure IV.7 Prediction of n for co, at 273,29k -
' Method of de Boer Applied to the
Redlich-Kwong Analog
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-

For all models tested in all systems, the value of the
per cent deviation is reduced at higher temperatures, This is
explained by the fact that leas gas ls adsorbed and conaequently.

there is less 1nteraction between the molecules adsorbed on the

surface,

~ For the CO2 - silica gel system the w predictions at

‘ 273.2°K are compared in Figure IV.7, For the same system at
323.2%K and 263,2°K, the m-P curves are plotted in Figures IV:B'V
and IV.9, These curves were selected to emphasize the effect
of the temperature on the prediction of gas-solid equilibria,

At lower concentrations, the n prediction is better for most
systems. however; the deviation is accentuated at elevated.
pressures due to.interaqtion effects, The best representation.

of the data 1s achieved through the use of the Redlich and Kwong

equation - RK(DB) - when the characteriatic constants ¢ and p

were determined by the method of de Boer, ‘ _
For all models tested, except for RK(DB), the deviation

is largest for the heavily adsorbed components. quertheleas.

the prediction of phase equilibria.for all data_points is great-

ly ameliorated when the optimized values of ¢ and B are used

together with the Redlich-Kwong Equation I.32, and furt“;rmore.

it is slightly bettef than the Hill-de Boer Equation I.16.

-

Iv.B.3 Evaluation of the Parameters by the Method of Chang~ILu

Our approach conslsts in representing the characteristic
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constants ¢ and § of the Redlich and Kwong equati;n of state as
a function of temperatqre and pressure, . - :
The valﬁea of f and B are readily obtained when
- Equation II.73 is employed. It has the form of F(h) = 0 in
which the root h is solved by Newton's method. Once the vﬁlue
of h is known for a set of experimental.conditions,.the calcu-
lation of ¢ and P is readily made using Equations II.&0 thrdugh
II.63. . : i
‘ The results of the caiculation of @ and B are listed
in Tables IV.5 of Appendix I,fof each system and temperature,
The computer program is presented in Appendix VI.

A summary of the behavior of ¢ and f are summarized

graphically for typical systems, At a given temperature, the
pressure effects on e and f are seen in FPigure IV.10 for the
system 002 at 2?3.2°K. The temperature dependence of @ for 002
and C,Hg at 750 mmHg are plotted in Figure IV.11. A similar
plot for f is presented in Figure IV,12, 7

The plot of Figures IV.13 and IV.14 for different iso-
therms , représgenting the relation bétween HA yith « and p

RT
respectively, seems to form a single curve for the adsbrption.

of C2H6' However, the temperature can be co;sidered a parameter
in the system CO, as illustrated in Figures IV.15 and IV.;6.
This observation indicates that the parameters for 02H6 are less
gensitive to temperature changes than are those for CO,s For
the same tempqrature ranga. the maximum change in 5002 ig twiee

that of p »
CoHg
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Figure IV.10

200 400 600
PRESSURE  {mm Hg) . -

Pressure Dependent ¢ and p of the Redlich-Kwong
Equation Analog at 273.2°K for C0, --_Method of
Chang=-Lu,

800
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a x 1073

270 290 310
.  TEMPERATURE  {°K)

Figure IV,11 Temperature Dependent ¢ at 750 mmHg
= Method of Chang-Lu
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Figure 1IV.12 fTemperature Dependent P at 750 mmHg - Method
of Chang-Lu
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-

The comparison between the values of B for 002 and

¢ }56 at 273, 2K 18 shown in Figure IV.17, L

For each eyetem. the values of « ‘and B approach a

: lower limit. ds . lh%. is increased.regardrese of the temper-

S
ture.z The tapering of the curves ‘ogeur feeter when the tem-

' perature is loweet.. This lower limiting velue cou&? be an
7indicaticn of eaturetion. Thise behaviour could be further in-

_veetigeted by meeeuring ndeorption ieotherme at higher pressures

over aalarger temperature range. \

e

harL) .
. : T .
A

-IV.B.# Some Correlations Considered.fog_f and B -

F3 . .

. ' _ ~ _ . |
Iv .B."&.a-;rChe'.ractgg;ic ng_@eter Correlafiog | : ‘
‘ \ ’ . . o, . . . . C._.’{-_\.
RN ) Attempte were made to correlate the characterietio

S

parametere obtained from the method deecribed in Section IV.B. 3.

. The firet methbd coneieted in representing the parameters by (’ﬁﬁ

a simple analytlcal relatlon for'gh" ™T, P) and o
B = F(T, P), Howéver, as observed from the nature of* the ¥
curvee'in the .previous section, this relation could have tem-

L 4]

perature and pressure dependent parametere for each system. In

fact. it was impoeeible to repreeent the entire preeeure rangq

-

by a eingle relaticn ‘and when used rith Equation 11,52, thie ‘
' reletion hindered greatly the prediction of the edeorbed phaee :

- ' ﬁ%en the characteristic
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and P, are related to the'acentric facter.'difricultiéh in

the correlation are "encountered! The,nature of the curves.

are illuetrated in Figures IV,18 and IV 19 for a reduced pres-
surs of 0, with the reduced temperature being the parameter.

The reduced pressure dependence of EL at a given re-

-

duced temperature is summarized in Figure Iv.20, A eimiler

trend is also noted for Q. Different curves are obtained for
dirferent componente. The effect‘of ueing reduced quantitiee
emoothes the trend of the curvés as opposed to those of Figure -
IV. 10. The experimental temperature and pressure range investi-

gated limit the use of reduced quantities in the correlation,
. | . o .

. r N
B ]
. ' . q - ) -
r . . \ .
[ o - . .
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. Figure 1IV.20 Reduced Temperature Dependence of Q, for
3 . . Different Adsorbates
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IV.B.4.b Compressibility Factor Correlatio

The analog of Pitzer's correlatien (21) of the com-
pressibility factor, Z, in vapor-liquid equ.ilibrig was tested.
This correlation was extended to adsorption phase equil.ibria.

It coggists in representing the Z-values as a function of the _
variabl T, P, and W g

@

mo

RT = z(Tr’ Pr'g;)

The compressibility fa_.céora of the adsorbed phase were
computed from the experimental ciata consisting of the spreading ‘
pressure and the molar area of the adsorbed phase at a given /\?
‘temperature, The Z-values are listed in Tables IV.5 (Appendix I).‘

The rela‘tionship between the compressibility factor
and the acentric factor for the adsorbed comﬁonents investigated
in this work is ahown‘ﬁigure Iv.21. The compressib_ility
factor is positive and greater than one, Furthermore :7 it
increases with decreasing témpera;ture.

~

The relationship between T, P and Z was examined. The-
following behaviorwasobserved in all systems; the adsorbed .@,(‘
phaeez_—values increase with reducing temperature and with in-‘
creasing pressure., This is illustrated in Figure 1IV.22 in
which the compressi-bili_.ty factor for 03H8 is plotted againat the

r
total gas phase pressure for different temperatures, and in
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Figure IV,22 Temperature Effect on the
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Figure Iv,.23" Temperature Dependent Z for Differenw
Adsorbates at 750 mmHg \)
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Figure IV.23 in which 2 is Y runction of the temperature at.
750 mmHg for different componente. ’
In Pitzer's correlation of Z versus Tr, at a glven Pr,
8 single curve is obtained’for gas and liduid pheeee. ¢« For the
adsorbed phase, the complexities of tﬁe relation Z(Tr. Pr;ﬁ;) are
illustrated in Figures IV,.24, =,25 and -.26. The compressibil-
| ity factor and tee acentric factor.‘withltemperathre as the parém-
etef. involve a complex function ag seen in Figure IV.26 in which
a seriee of curves is reprpduced for a reduced pressure of 0,014, '
These correlatione_uere abdndohh@d because the values.

of ¢ and P. can be obtained directly and precisely from the exper=
imental data‘ with the analog of the Redlich-Kwong equation of

state. ' | ' <l
e ‘ N

IV.C Mixed Adsorption Equilibria S I

Iv.c.l.é Measgured Phaée'Eguilibriazwith the Gravimetrie Method

The calculation of the adéorbed phage molar composition
can be performed with the exact thermodynamic relationahip.
Equationkgyil, which represents the adeorbed phase in equilibrium
with the gas phase. The calculation involves an iteration scheme_
de;cribed in Appendix IV, The imposition of certain con-
straints on the relationehip leads to expressions useful for the

calculation of the spreading pressure thrm R$ with Equation

II.14,and the adsorbed phase molar composition with Equation I¥.16.
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The results of the calculation for all s&stemé investigAted at
, all temperatures are listed in Tables IV.6 (Appendix I.6), They
are presented fof each system temperature, at regular pressure .
intervals with Qorrésponding moles adsorbed, surface presgsure
terms J%%—, and the'adsdrbed molar composition. The pressufe and
- temﬁeratura effects on the adsorbed phase composition for the
binary éystems investigaféd is next summarized in terms of the
' component mdétly adsorbeds that is, the heaviest component in a'
binary mixture, .
- The molar composition of an adsorbed species has the
general tendency to decrease with ;ncreasing gas phase pressure
by an amount approximately equal té 0.04 mole fraction,” This is

observed in most sys%ems investigated at all temperatures and is

more pronounced for systems containrﬁs Co, .

The temperature effects on the cdmposition of the ad-
sorbed phase'at 750 mmHg are listedrin Table IV.7 for dif-
ferént gas phasg molar compositions, At this pressure and for a
rénge of temperature of 60°K, the average change in.the adsorbed
mole fraction in all systems is roughly 0.03 for any gas phase
molar composition. The effect of the gas phase composition 6n
the temperature dependent adsorbed phase comﬁosition are illus-
%rated in figure IV.27. For a given pressure and temperature,
the composition characteristics presented in Table IV.7 are
illustrated ‘in Figure IV.28 for the indicated systems, It is
interesting to note that the presence of CO, or C,H, with 02H6

gives similar mixed adsorption equilibria on a composition '

f

h
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L0 I 1 |

EXPERIMENTAL RESULTS
GRAVIMETRIC METHOD

[+ 9]
I
o]
o
e 1
’_,—"_'_—_ *—'——'—-—-‘___.
4 =
YCiHg
i 0.2385
2 0.4523
2L 3  0.7494 .
.0 | ] ]
260 280 300 320

TEMPERATURE (°K)

Pigure IV.27 Effect of Y on the Teﬁierature Dependent
X for the System C Hg - CO, at 750 mmHg

- ‘ (
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TABLE 1IV.7

ADSORBED PHASE COMPOSITIONS at 750mmHg

Mole Fraction of Component 1 - K, s

. °K “3b
ystem v 263,2 273,2 298.2 3\3.2
1 .
co, - CyHg(1) | .2385 MIM8 k261 Lh237  Lbikg
527 6077 .6361 6643 L6297
<7494 7973 . 8065 .8259 .8252
: . 5042 6812 ,7373 6872 :
7547 .8623 .8907 .8693
C,Hg - 002(1) .2592 L4996 .5133 14398
L4960 .669? .?943 .7035
7522 . 8704 .9003 8594
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b
.
-
be

X
CoHg

Figure IV.2Ba Composition Diagram for €0, = CyHg and
CzHu_ - C?Hé at 263.2°K and 750 mmHg - Gravimetric Method ‘
1.0 '

'8'—

Yco,

02_

o COZ_CZHG

l
0 2 N .G ) 1.0

Xco
v 2

Figure 1V.28b. Composition Diagram for €0, - C3Hg and
C,Hg - CO, at 263.2°K and 750 mmHg - Gravimetric Method

—
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diagram of Figure IV.28a, However, the adsorption of CO, in the
presence of 02H6 is greatly favored over'CO2 Qifh.CBHB. This
is depicted in Figqre'IV}28b; '

Iv.C.1.,b Measured Phase Equilibria with the Manometric

Method
An independent experimental épprbaph provided a veri-
fication of the method for éalcu;ating th; surface compositién
described in IV.C.1.a., It was ﬁof'neées§ary to experiment with
“all systeﬁs at the different temperatures invesfigated.' Systems
exhibiting the largest deviation in® the prediction of the pure
compenent pressures were investigated at 2?3.2°K which is midway
in the temberature range investigéted.

‘In this‘particular investigation, the experimental
conditions were chosen so as to-cﬁver the entire range of gas
phase composition. In this way, the data measured gravimetri-
cally bah be compared with those measured using the manometric
method., Measured phase equilibria for the system 002 - CzHé at

2?3.2°K‘and C,Hg - 002 at 2?3.2°K are\respectively reported id

3
‘Pables IV.8 and I.V9.

Phase equilibria for the system.coz.- C,Hy are illus-
trated in Figure IV.29 for the experimental run 1.2 and in
Figure IV.30 for the average experimental conditions of runs
1,5, 1.6 and.1.7. The comparison between the two methods used

for measuring phase equilibrium data indicate that the average
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. deviation in both phases is 0.03 mole fraction while the average
deviation in moles adsorbed is roughly 2%. |

Similarly, phase equilibrium data for the system
CyHg - CO, at 273.2°K are compared in Figure IV.31 for the
experimental run 2.1 and in Figure IV.32 for run 2.3. In the
latter qase.'the equilibrium point is plotted in Figure IV.33
to show its position in relation to the gas phase molar compo-
sition effect on the temperature dependent moles adsorbed, The
same point is brought on a composition diagram of Figure IV.34,
The comparison between the calculated and measured phase equi-
libria indicate an ﬁverage deviation of 0.62 ﬁole fraction and
a deviation of less than 1% in the number of moles adsorbed.

In effect, phase equilibria calcuiafed with the dxact
thermodynamic relationship are shown to be dui@nggiiable and to

serve as a basls for the comparison of predicted phase equilibria .
ihen an adsorbent is in equilibrium with a mixture of gases.
These predicted quantities can be obtained from adsorption

theories or equations of state.
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IV.C.2 Ideal Adgorption Solution Theory

The ideal solution theéry (19, 20) for the prediction
of the adsorbed phase composition, X, was tested. The results

are summarized for all systems in the following table:

Ideal Solution Theory ' K
Average Absolute Deviation in X~Y for all Temperatures
Siatem | Adgoxrbed Phase T Gas_Phage
02H4 - 02H6_ 0.029 | 0.011°
Co, - CyHg ‘ o.ol+1\ 0,0
C3Hg - CO, 0.086 _ 10,127

I

N

In Figure IV.35, the deviation in X is plotted

against the temperature for the system CBHB - €0, at 300 mmHg.
For high density adsorption, the dgviation from the i&eal soiu-
tion theory is greatest. Also the heavier are the molecules ad-
Bofbed; the greater is the deviation. The presence of heavy
molecules in the adsorbed state does not favor a good prediction
of X as seen in Figure IV,36a fo} %he system C

HB ""' CO at

2
263,2°K and 300 mmHg. The average deviation ii the mole fraction
X is 0,08 (16%). However, the predic¢tion of the lighter adsorb-
'ed component is slightly better as seen in Figure IV.36b, 1In
this case, the average deviation in composition is roughly 0.025

mole fraction (5%).
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IV.C.3 Analog of the Redlich-Kwong Equation of State

The prediction of a mixeq;adsorption isotherm is essen-
tially a two;sfep operation. The pure component-isotﬁerms con~
‘stituting the binary mixture are needed to calculate the char-
acte istic parameters ¢ and B of the analog of the Redlich-Kwong
equation (Equation II.60). They are readily obtained when the
method described in IV.B.3 is employed, The second operation
consists in optaining. at a glven spreading pressure, a get of
equilibrium properties, P and n, from the pure constituents making
up the binary system. These supporting data together with a set |
of mixing rules form the basis for the predic%ion of mixed gas
adsorption isotherms. L ‘

In the following sections, the words predicted and
calculated are used interchangebly. They refer to mixed phase
equilibria calculated using the analog of the Redlich-Kwong

equation, Similarly, the words measured or calculated refer to N

phase equilibria in mixtures calculated using the exact thermo-
dynamic relationship which employs data measured with the Cahn

Electrobalance Assembly,

IVv.C.3.a Adsorbed Phase Egquilibria Prediction

?

The general approach employed in the computation of
the prediction of phase equilibria and, the comparleon between

the calculated and measured guantities are presented in this
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section, The calculatlons éfe for a biﬁary system and the quan-
tity X represents the molar coﬁposition of the heavier component
adsofbed; The computer progfam is presented in Appendix VII,

The calculation of the adsorbed phase molar ares, o,
and its composition, X, were executed using Equation II.81.. It
has the form F(o, X) = 0. The application of the method of
False Position (57) has proven itself excellent for phase
equilibrium calculations (58). In this investigation it has
been used to solve for the roots ¢ and X for a particular equi-
librium'condition. In the calculation of ¢ and X, an iterative
procedure was employed in which the gas phase pressure is
increased until the difference between the calculated and mea-
sured spreading pfessure term, -%%—, was witﬁin the déaired
tolerance. When this condition was gatisfied, the quantities
P, ¢ and X were compared with the measured values at the same ‘
spreading pressure. The comparison between predicted and mea-
sured properties will be.preéented in Section IV.C.3.d.

As with all equations of atate employed in the pre-
diction of mixed properties (26), the set of mixing rules are
sensitive- to the model used for representing the quantify aij'
The quantity aij' defined by Zﬁdkevitéh (30), is related to pure

component properties, @y and aj. with the following relation

éij = ai QJ (1 - cij) II.??

in which'ci:j is an interaction constant. Many values of cijare
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possible; the simplest value would bhe to consider Cij 0.
However, ae will be observed in later aections. this value does -
not neceasarily produce a satisfactory prediction of the equilib-
rium properties. On the other hand. an 'optimized value of Cij’
cij opt' may be caloulated directly from an experimental iso-
therm, The optimization of Cij is arrived at by considering the
ninimum dev;ation between the measured and the calculated quan-
titles P, o and ;; considered all together, at a given temper-
ature for any spreading pressure and gas phase ﬁolar‘composition.
'The prediction of the adsorbed phase properties at
different spreadihg pressures covering the entire range of th&
adsorption isotherm for a particular binary system is illustrat-

ed schematically in the following diagram:

N

i1 a, b, ¢ = mixture isotherms
of constant molar composi-
tion in the gas phase,

iis @ = one equilidbrium point,
P,O’, x. Y' ﬁ’ T'.

iiis (1), (2) = pure component
isotherms,

Pressure P

The selection of the optimum values of C,, Cij.opt

——— was based on the following criteria. If n is the number

of properties considered at one equilibrium point (n = 3), which
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y

is,dépicted in the above diagram, then the average absolute per
"cent‘deviation‘between calculated and measured properties, AD,

is given by tﬁe following relation,

n
—
AD L AQi
i=1

The quantity AQ; is defined by the following relation,

Qi ,calculated ~ 9

Qs

i,measured x 100

AQi =
;Mmaagured

In the last equation, Q, refers to either P, ¢ or X for a par- ‘
ticular system temperature, spreading pressure and gas phase
composition, The determination of Cij.opt was based on the
prediction of the adsorbed properties of 9 equilibrium points

for each isotherm. The value of Cij giving minimum deviation

sopt

in the prediction of phase equilibria was associated to & mini-
~N n'
mum value in the quantity AD = —l7 v (4aD); in which n°' is
opt . n i=1 1

the number of equilibrium points calculated for a given isotherm
(n* = 9). | |
Another quantity that was found useful is cij.avg which
is calculated by averaging the values of Cij.opt over the tem-
perature range investigated for a given binary system. The values

cij,avg correﬁgond to a minimum value of the quantity

1 .
ADavg = 5 12;(AD°Pt) in which n" refers to the number of iso-

therms studied for each system. The values of Cij opt and
L

cij,avg ﬂill be seen in a later section.
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"

For ail sys%ems_investigated at all temperatures, a
total of 90 equilibrium points were calculated, In fact, each
point involves the pfediction of 3 quantities, P, 5 and X,
" totalling 270 predicted properties. The quantity Kﬁi is defined
as the average absolute per cent deviation betwsen calculﬁted \
and meqaured Qi based on 90 équilibrium points. The overall
deviation is then defined by a= —%— iéi Eﬁi.

'IV.C.3.b Measured Pure ngpogegt Properties

The supporting equilibrium data needed for the pre-
diétion of the adsorbed phase properties, P, ¢ and X, of a binary
mixed adsorbaj:e are: the pure component adsorbate pressures ‘
P, and P,, the amount of pure component n, and n, adsorbed, and |
the characteristic parameters for each constituent @

1+ ‘20 Py
and ﬁa. The pure component properties are obtained at a given
system temperature and spreading bressure. These quantities are
interpoléted'graphically and the method employed is illustrated
schematically in.Figure IV.37?. The four supporting properties,
—%%—; ngy 24 and ﬁi as a function of Pi are combined on a single
plot in Figure IV,38 for C,H, at 273.2°K, The values of n,,

P, and a4, ﬁi are listed respactively in Tgbles IV.2 and 1IV.5.
In fact, the interpolation was done on large graph paper,
Values of the quantities n, P, @, B for the binary system

o A _ :
CzHu - 02H6 at 298,2°K at Jﬁ;— 0.771 are listed as follows:
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DATA FOR THE PREDICTION OF MIXED

EQUILIBRIA USING THE ANALOG OF THE REDLICH-

KWONG EQUATION OF STATE.
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Values of Supporting Data Used in Calculating
Mixture Phase Equilibria

298,2°K T4 | n P a B
C M, 77 . 589 300 5090 460
C, Hg 771 .60l 250 2514 362

(See Flgures IV,37 and 1IV.38)

IVv.C.3.c Measured Mixture Properties

The predicted mixed adsorbate equilibria, P, o and X
for a given system temperature, spreading pret.asure and gas phase ‘
compoeition were compared with properties calculated using the
exact thermodynamic relationship. The interpolations at constant
J%%— for the pure component pressure and moles adsorbed were
performed using Tables IV,2 while the interpolations fof the
mixturés Pys ng, X, were done using Tables IV.6, Listed below

are the supporting data for comparison purposes for the system

™A
RT

compositions. These data were required for each system temper-

02H4 - 02H6 at 298.2°K and = 0,771 for different gas phase

afure and different spreading pressures conslidered earlier, »
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Measured Phase Equilibria

A = g.971, 1= 298,2°K

RT
Coly (1) = CyHg(2)
Y, . 0 0.2635 0,5042 0,7547 1.0
n 0.6041 0,6140 0.5947 0.5989 0.5896
P 750 526.5 R 363.3  306.4
X 0 0,4679 0.6888 0.8738 1,0
n = 0.6003 + 0,0070 (1.1%)

(Data interpolated from Tables IV.2 and IV.6 of Appendix I).

The last two tables serve as illustration. For each ‘

gystem and temperature, three représen‘tative spreading pressures

were selected, totalling 30 n-P-X sets of tables as shown abaove.

-~

IV.C.3.d Comparison Between Measgured and Calculated Phage
Equilibria ' |

-

For a given system temperature and spreé.ding pressure,
the suppofting data together ﬁ‘lth the corresponding measured
phasge equilibrium data, such as those listed in the last two
tables, were compiled and fed into the computer. ‘fh§ computer
program is listed in -Appendix ViI. 1In this program, arrange-

ments are provided for the insertion of the interaction constant



191

Cij; Provisiona are made so that, C i may either be considered
a constant or may take up any value. In the latter case, Cij is
determined by the comparison between measured and calculated
phase equilibrium data for each incremental value of cij‘ In
this way. an averaged value of Cij is readily gbtained for each
systenm, ' '

Comparisons were made between the calculated and the
measured system pressure, P, the mixed molar area, o and the
adsorbate mélar”composition,'x. at ali 7 aqd'JLA- The average

RT °*
absolute per cent deviation, AP, Ao, AX are. compiled in Table

IV.10, irrespective of the binary gystem. temperature, spread- ¢
ing pressure ahd gas phase molar composition considered,
The results listed in Table IV.10 tell us the pre-
diction for P, o and X, in all.systems at all T and Rg ponsider-
ed, is better when an averageg\value of ci;] is used for each ﬂ

system. The overall deviation in the prediction of phase equi-
libriam proﬁerties is 4,8% when Cij = 0 compared to 4.,2#% when |
the values of Cij are averaged, The averaged value of Cij has
been defined for a .particular system regardless of the temper-
ature, spreading pressure and gas phase composition. For each
binary system, these values are listed in Table IV.11 under
Cij,avg® A% listed, are the values of Ci4,0pt calculé'ied for
. each system temperature. The temperature characteristic ig
plotted in Figure.IV.39 for each system, Erratic trends of Cij

were observed with the spreading pressure and gas phase compo-

sition; therefore, the values of cij listed in Table 1IV.11 are

4f

[\‘ _ v



192

“®TaqjTInbe pInbiT-zodes woig :mxmv_mnms nux L37quendb ay3 Jo seniea 8yl _mg>.nﬂx
*uot38oduod
#88yd sed pue sanssead Fuppwoads ‘sangzwvaedwsy 8y3z Jo Pcquomnw
-UT enteA ® 81 3] °pOY}eW OTI38WTABIF AU} Y3TM peuTelqo etaqiTInbe
L}
eseyd peanssem woiy peutmreisp axem 'Yy A3fauenb oyi JO senTeA OYJ y38eily,
. 7 N
042 2 Gh g€ €4 3aw’ {1,
O\.‘\N m-d m-m @cN w-@ // o
BUOT30TPodd TIBd9A0=Y xv oV ~av lﬁﬂMl

’ UOT3BTAB(J JUSD a8d
93Nyo8qQY oFuIoAY

STUNSSTYd DNIAVEEIS ONY
STUNILYHYIIWIL °*SWALSXS TIY d0d NOIZOIAAYd WNINAITINGT ISVHA

0T'AIl FIEVL



193

8
L2 0- L2 0~ " L0%0- Lt 0- 200-2u%)
01°0- €€ 0- 20+ iyt 0- 4%~y
€6°0- €6°0- 08°0- Lg 0~ €1 1- mon-wxmo
oz L2t T 2786¢ AL ) SRR AT
3do’(T
BABTH T, 0 FERELSS
3dof1, _ F%5 10 sEnTve INTANZAEA TUAIVHIAWID

TT°AI FIEVE



194

wt
1 T T
2 - , -
I\\ ® C2 H4‘C2 HG
! \
o / \ _
I \
A~
A
[/ O
e ! N -
2 1 \.
I \m
g | .
J
...4 - , —
a
<.
S -6 A C3H8—COZ _
QO i
-8 + _.»-—--A,__. —
,/ "-.\
2 ~
-
/' 4
r
-1,O0 / —
!
/
d
_|-2 - o
| | |
-20 O 20 40 60

TEMPERATURE (°C)

Figure IV.39 Temperature Dependence of Cy4 for b
Different Binary Mixtures



195

(31" AI @14®BL)
4
A fT, _ cgep-
£6°0- 0°'1- 8°'0- 0° 1~ rAR %44
08°0- 2'1- 9°'0- 9°0- 2'g62
48 0- g0° 0~ 2'1- 9°0- r AR WA
£1° 1~ 41~ #° 1= 90~ 2'ege
(dg)
1dolf T, €, . ¢, i, aangysaadusy
, ﬁﬁo
2op ~ 8utp
Lt

WALSAS FHI HOd © “D J0 HONIANIJIC FUNLVYIJAEL ANV FTINSSTEd ONIAVIEHELS

CI"AIL TIEVL



196

(0T°AI eTqel)
N.# =2V
S°¢ 0°€ 9°¢ L€ ~ oto- T12o-9u%s
L€ 84 sz L€ L2°0- €00-9u%
£°s 2's 2'S < £6°0- mmmo-moo
wbdgq Xv ov av T m>w.wﬂo we,sAg

¥ pus o'd WILSXS HOVH HOL
udNY & TIV ¥0J NOILYIAFQ INID ¥iEd

€T'AT TTVL



197

considered independent of the spreading pressure ané of the gas
phase composition; Typical valu;s of Qij at different temperatures
and spreading pressures for the system CBHB - 002 are listed in
Table IV.12. An examination of this table depicts the useless-

ness of considering a spreading pressure dependent C The

13
contributions of each system to.AP:Am and AX when cij.avg is
used are compiled in Table 1IV.13.

Precision in phase equlilibdrium predictions of mixtures
relies on the choice of mixing rules mentioned earlier, in which
the most important parameter is the quantity aij defined in
Equation IX.?75. Evaluation of this quantity may be arrived at
- by making use of an equation which takes into account parameters
in the adsorbed phase Gbpnd B., and the critical properties of
the gas phase, This relaticn was derived earlier as

- _ 1.5
aij : k(1 _kij) II.78

The mixing rules employed in the above equation were those al-
ready employed in vapor-liquid equilibrium calculations., The
ﬁixing rules described by Equations I1.36 to I.42 are contained |
in the term k defined earlier by Equation II.78a, The values of
the ;nteraction constant kij’ for the binary system investigated
in this work, are listed in the following table:
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System =
Y kij.VLE kij Source
ngh - 02H6 0,0 Chueh and Prausnitz (59)
002 - 02H6 0.102 | Hamam and ILu (60)
chB - CO2 0.088 Hsi and Lu (61)

The resq}ts of the prediction are summarily reported
in Table IV.,10 while details of the calculation results are
presented in Table IV.1k4. 3

The values of the critical constants P , V, and T, of ‘

- Equation II.78a for the pure gas employed in this work were
taken from Din (62, 63, 64).

The experimental values of cij listed in Table IV.11
are negative while the values of kij reported in the literature
are positive., The role of a negative value of kij_on the pre-
dictions of phase equilibria was studied. Combining Equations
II.77 with IX1.78 yields the following expression

1.5 r »
k(1 - kij,ads) = Jey aj (1 - Cij )

in which Cij* is a quantity obtained when negative values of kij'
.
kij,ads’ are used. The average values of ciJ calculated with

the above equation are listed and compared with C in the

ij,ave
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following table,

kij.VLEzkij ©+0.102 0.0 +0,088
\\\kijTﬁﬁg -0,102 0.0 -0,088
Cij* -0.334 -0.145 -0.214

-0.270 -0.10 -0.93

—

The prediction results are improved slightly when “
negative interaction constants are considered, as apposed to

positive ones, However, when k. are used, the overall de-

ij,ads
viation, &4, approaches that of the prediction results which are

obtained with Cijqavg'

HB - 002 is lower than C

Although Cij* value for the system

C + the calculation results are

3 ij,avg
better than those obtained using Cij = 0, Phage equilibrium

predictions using k. are compared with those calculated

ij,ads
with kij.VLE and Cij = 0 in the following table:
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Per cent Average Absolute Deviation

C02 - CZH6 Cth - C2H6 c HB - CO

28 2
kij.VLE 5.06 2,88 5,26 3.86 3,72 3.37 10,69 1.28 7.10

Kijags 413 2.49 5.02 3.86 3.72 3.37  7.86 1.77 6.05

Cij =0 5.20 2,60 5,10 4.64 3,58 3.52 10,09 1.53 7.19

The calculation of Cijlavg requires considerable
experimental data on gas mixture adsorption, however, the use “
of an interaction constant, k.

J
since it relies only ‘on physical critical properties of the gas

in determining aij' is promising

phase {Equation II.78) and on parameters, ¢, and B, easily
obtained from pure component adsorption isotherms constituting
2 binary mixture,

The system C,H, - C,H¢ at 298.2°K has been used to il-
lustrate graphically the results of the prediction éf phasge
equilibrié when the analog of thg Redlich-Kwong equation of state
is used, Remafks made apply equally well to all other éyétemg.
The parameter inveétigated wag the qﬁantity Cij' Three different

values were used: cij = 0, a temperature dependent Cij'

cij.opt and an averaged value of Cij independent of temperature,



3
TA Tm |- —— 7
T

Cij.avg'

The computed results are reported in Tables IV.15 and.

IV.16 when Cij = 0 is used in the mixing rules.

Phage equilibrium predictiOQ<was tested at three dif-

ferent levels of the spreading pressure, namely: at Ty Ty and

Ty The n-P plot is illustrated in the following figure.

(1)

i
]
i
I
1
P P

Pressure

-

The results of the comparison between the calculated

and the measured phase equilibria for different values of Ci'

A
e
when RT

J

are reported in Table IV.17 and ére_plotted in Pigure IV.40

= 0,25 corresponding to a value of e Similarly, the

results are listed and plotted respectively in Table IV.18.and

mA
Figure IV.41 for RT

= 0,771 (level n

o)

The overall deviation

of the predicted quantities is lower where kij,VLE is used when

compared with the results where Cij =0,

202
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TABLES IV.15AND IV,.16.

| Thelsystem CzHu - 62H6 has been used to illustrate the
prediction of phase equilibria when the analog of the Redlich-
Kwong equation of state is employed. The prediction and com-
parison results are listed in Table IV.15 while the calculaégd
phase equilibria at regular intervals of gas phase compositions
are reported in Table IV.16,

The computation was performed at the following con-

ditions:

T = 298,2%
n = 0,632 m.’L.‘l.J'..'t.c:al/m2 or at ‘_——
A~ = 0.771 millimole/enm.

The symbols employed are defined in the order as they
appear in Tables IV.16 and IV.17 for the system CZHQ(I)'-'02H6(2).

PI1 calculated n,

piz calculated112 j

P1 interpolated P1

P2 interpolated P2

SIG1 interpolated o, = —‘:1-1-

SIG1 intérpolated 62 = ;%;.

K1 graphical Ky (1imiting slope)

K2 graphical K,
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ALFAl interpolated ay
BETA1 interpolatéd By
ALFA2 interpolated ay ‘
BETAZ2 interpolated Ba
\vuj/lﬁ» isotherm of constant gas compoa;tion Y1
P calculated Pressure
Y1 experimental molar composition in gas phase, Y1
X1 calculated molar composition adsorbed, x1
SIGMA calculated mixture molar area, o '
PIMIX calculated mixture spreading pressure, n
ClJ cij.avg
ALPA12 %o % ’ e az (1 - Cij) ‘“’"—-
SIGAV calculated average value ofo
PIAV calculated averagﬁ_value of ‘ |

Considering the fact that the predictions were effect-
ed for 3 systems, 10 isotherms, 3 different valﬁea of spreading
pressure, and\h different values of Cij‘ the results feported
here represent 1/120 of the total number of tables such as
listed in Tables IV.15 and IV.16. The results have been com- ‘
pressed i;to tabular form and are pregsented in Sections IV.Q.B.d

and IV.C.3.e.



TABLE IV,15 o
COMPARISON BETWEEN CALCULATED AND MEASURED

EQUILIBRIUM DATA'

- ETHANE = EThYLENE - SILICA GEL AT 230 DEGe CENTIGRADE

>

- -

TEMPERATURE=Z298416 SPREADING PRESSURE=04000632

CALCULATED SPREADING PRESSURE PI1=04000€30 PI12=04.000632

PURE ADSORBATE FPRESSURE "Pi= 30400 ' . P2= 75400
- - PURE MOLLAR AREA S$1G1=1227.33 31G2=1156466

LIMITING SLOPE Kﬁ= 003024 Ka2a= Q401271

ALFAl 509040000 BETAl 46040000
ALFA2 25137598 BETA2 40147000

I P Y1 X1l SIGMA PIMI;\

‘ 7 :
1 5440 026 0e4716 1213469 04000629

2 4249 0e50 De71i91 1221401 04000629

¥

3 : 3Se3 Ce?75 Oed803 1225.86 0000628

~

ClJ= 00 ALFAl2= 35770437 !

SIGAV=1220.29 PIAV=. DeU00629

Y1 oP DN ' DX

Qe 2€35 24570 302 ¢ Qe78

0e5042 3440 0e 45 4e22,

* forr

0e7547 2.92 1453 le81

AVGe DEV -~ 2294 le67. 2e 19

CIJ=-0a0 ALFA12= 357740437

. " S516GAV=1220425 | PIAV= 04000629 . o
. ‘ =



TABLE IV.16

ETHANE -

ETRYLENE -

SILICA GEL AT

.PREDICTION OF PHASE EQUILIBRIUM CATA

v

2540 CEG,

CENTIGRACE

TEMPERATURE=2G8.16

CALCULATEC SPREACDING PRESSURE

SPREACING PRESSULRE=0.000632

PURE ADSOREATE PRESSURE

PURE MOLAR AREA

SIG1=1227.33

Pl= 30.00

PI1=0.QC0€30

206

PI2=04000632

P2z 78.00

SIGE=11%C4€E

LIMITING SLOPE = Q0.03024 K2= (.01271
~ ALFAl 506040000 EETAL 4€0.00C0 ST
ALFA2 2513.7558 BETAZ 3€1.70C0°
I P Y1 x1 SIGMA PIMIX
1 €Se3 0e10 0.2153 1207434 N.00¢€28 ‘
2 6led 0eal5 0.3043 1205;55 0.000626
o 3 448 0425 0.4538 1213.3@ 0.0006€2%
4 4544 0.35 0e5742 1217413 0.0C0€2¢ ‘
& 4540 .0.45 0.6728 1219452 0.000€25
e & 4143 Ces5 o.7ssgm_31221.;0 ___0.000€25
7 3842 Ne65S 0.8244 1222.€4 0.000£25
8 35,5 0.75 048837 1224425 0000630
9 33,41 0. E5 045346 1226486 0.0006265
10 . i2.1 0.50 05580 122716 0.000€26
ClJ= 0.0 ALFAl2= 3577.0437

SIGAV=121845E

FIAV= C.000€2G
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Figure IV.40 Comparison Between Calculated and Measured
Phage Equilibria for C,H, - C,H. at 298.2%K
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A
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MOLE FRACTION CoHy ( X,Y)

= 0,250 = Qur Proposed Method
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IV.C.3.e Prediction of Gas Adsorption at Elevated Presggureg

The m-P plot reveals that, for n > Moo values of a,

and Bz are not obtained directly because the adsorption isotherms
were measured up to a pressure of 750 mmHg. The values of

az("j) and ﬂz(nB) were estimated by two different methods as de-
picted in Figure IV.42., The first consisted in taking an extra--

pglgxgd value of a, and 52 at "y from a plot of lne or 1lnB versus
RT_

—4—+ [ The second approach was to employ values of f%(nz)l and
F%(nz)l. For examg}e. results for C3H8 - CO, at different tem-

A wer
ij,avg Vere

peratures are reported in the following table when C
used: ' 1 : ) ’

g

Per cent Deviation Between Measured and-Calculated Properties

Values of ﬂi‘and ﬁi used in the Redlich-
' Pemperature Kwong Bquation are given by ai(nj)k defined
(°k) in Figure IV.k2

“a(m3)er Palmyles “a(ma)ye Pplma)ys

a'l(ﬁj)l '51("3)- al(ﬂa)l ‘32(“3).

ap_ 49 LX AP AT 0 AX
263.2 1.57  2.93.  5.35 | ,0.9% 2.66 3,28
273.2 1.98 4,99 9,12 | 1.24 1.91 5.33
298,.2 2.34 2,86 5.32 3.42 3,01 5.34
323.2 2.15 k.57 2.43 2.05 3.71 1,92
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)

Similar observations were made for the other systems. It was
concluded that the prediction of phasé equilibria is made
easier when thg values of ﬁz and f, were calculated at values
of nz-whefe'the pressure is 750 mmHg for cases where T o> ma.
Prediction results for CoHy, = CoHg at 298,29K are reported in
Table IV,19 and are plotted in Figure IV.43,

It has.been stated earlier that ¢y and ﬁi values
approach a limiting value as the pressure or spreading pressure
becomes higher, The second method Just mentioned for tﬁe eval-
uation of ﬂz(rgz)1 and P,(v,); has been extended to both com-
'ponents covering values of &M og Ty That is, the prediction
of phase equilibria at each temperature, was based on the cal-

.culated values of 9 and B, when the pressure is 750 mmHg, The

results of the comparison are reported in the following table

for CZH4 - C2H6 at 298,2°K for the case where Cij = 0, i
Value of AP . Ao Fah ¢ Overall

'T'I'1 - 14-96 6.97 2.90 8.26

'|'|'2 ' 3.53 3.10 . 1.81 1-81

An examination of the values presented in the above table reveals
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N, ' ; ‘
that the prediction becomes better the greater are the values

Of L2 ™

———

It can be concluded that at higher pressures, the task
of predicting phase equilibria in mixtures is facilitated since
the only data required ere the @, and B; of each compenent
evaluated at one single spreading pressure, namely, where it
. becomes a constant at higher pressure for a given isotherm, as

shown in Figures IV.13 and IV.14,

IV.C.B.f Practical Application

In the previous sections, phase equilibria predictions
were carried out at constant temperature and spreading pressure,

These conditions were met because the fugacity equations in 1

Chapter II were derived at constant T and n. The P-X-Y phase
diagrams of Figures IV.40, IV. and\iv.#j are typical illustra-
tions of constant temperature and spreading pggssure conditions.
These plots are not very attractive from a practical point of
view because the spreading pressure is a variable that does not
have industrial physical meaning with respect to process control,
However, a phase diagram depicting the relation between measur-
able variables. such as gas pressure. temperature. moles adsorbed
and composltlons in the gas and adsorbéd phase, is easily under-
stood, Representative results at 298, 2°K for the binary system
C,Hy = C H6 are given in Flgures IV.44 and IV.45 respectively

at gas pressures of 300 mmHg and 750 mmHg.
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| | I )
Measured [ ]

0,60 |- Calculated —— ——-— Cijy = 0

0.55

0.50

0.40

Amount of Gas Adsorbed (millimole per gram)

0.35

J

0.30 —

I i i L
0 0.2 0.4 0.b 0,8 1.0
| Mole Fraction C2H4 (X, Y)

Figure IV.44 Comparison Between Calculated and Measured
Phase Bquilibria for C,H, - C,H. at 298,2%
and 300 mmHg - Our Proposed Mefhod
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T | l
Measured ®

— e — ——

" 1.0 LCalculated

Amount of Gas Adsorbed (millimole per gram)

-~

| 1 1 ' |
0 0.2 0.k 0.6 0.8 1.0
-~ Mole Fraction CoHy (X4 Y)

[}
Pigure 1IV.45 Compariaon Between Calculated and Méﬁaured
Phage Equilibria for'czn4 - C,H, at 298,2°K
and 750 mmHg ~ Our Proposed Method
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Results of the comparison hetween calculated and mea-

\J - ¢ ’ . :

surgd phase equilibria whep different values of-‘Cij and kij.VLE

are used with the analog of Redlich-Kwong equation are reported
in Table IV.20. |

The average absolute ﬁer cent deviations in P,-cténd
dﬁﬁ have similar values ai both pressures'fdr Cases 1) to 4). 1In
the case where the preésure is 300 mmHg, éne values ofﬂi and Bi
are evaluated at T and n bonsidered{ However, at P =t750 mmHg,
the‘valuea of ¢, and [ﬁ are taken at T and m considered while
those . of ¢, and 52 are takeﬁ at T-and 7., o
Binary-mixture adsorption calcuiations, as in Cases 5)
and 6), were obtained using values df @, and ﬁi of. each compon?nt
taken at uy and T. This approach was used at P = 300 mmHg and
- P = 750 mmHg. Better results are obtained at the higher pres-
sure, and they are comparable to those obtained as in Cases 1) ‘

to 4) at both pressures considered,

IV.C.3.g Results of the Prediction of Gas-Adsorption Equiljibria

aas;solid equilibria have been predicted using two
general approaches and are summarized as follows. The first
consisted in using&;he ideal adsorption solution theory (19),
the second, éonéis%ed in using an equation of state, namely, the
‘analog of the ﬁedlich-Kwong equation (18). The predicted
equilibrium quéntitieé were compared with thoée éalculated using

the exact thermodynamic approach (3) which were identified as’’

(
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meaeured quantities, The results are listed in Table IV.21 in-
terms of the average deviation in the adsorbed phase properties,
.namely; the molar composition, X and the molar area, o,

Phase equilibria measured b& the,nanometric method
were compared with those celculated using the exact thermodynamic
‘relationehib. | -

To summarize this Section, phase equilibria in mix-
tures were predicted using an interaction constant CiJ (Equation
II. ?7) determined from experimental mixture adsorption isotherms,
In thls way an optlmized value of Cij was calculated for eaoh
binary system temperature. No particular trend in Cij was. ob-
served with gas phase composition and spreading pressure, al- -
thougn. a characteristic and uniform trend with temperatnre was ‘
observed., An average value of Cij was calculated for a given
binary system from the optimized values of Cij’ The prediction
of the adsorbed phase properties is only slightly better when

an optimum value of C.. is employed,

A more elegait method for predicting phase equilibria
was to extend to the adsorbed phase, mixing rules employed in
vapor-liquid equilibrium calculations. The valués of ¢; and B,
calculated from the pure oomponents constituting the binary mix-
_ ture and the critical properties together with an interaction
constant ki , were employed to’ calculate the value of the quan-
tity aij‘deflned by Equation II.?BT Predictlon of phaee equilib-
ria using either cij =0 or kij yielo comoarable results,

However, negative values of'kij improve the calculations of the
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adsorbed phase properties.

Qur proposed method for calculating the quantities ¢y
and Bi from isotheymal dafa of a pure gas adsorbed was tested
covering preasureé from 300 to 750 mmHg., There are indications
that phase equilibria in m&xgﬁre adsorption cgu}d be gimplified
a; elevated pressure by uéihg‘a singlg set of #élues for ot and
Bi for each component constituting a binary mixture. This is
- due to the fact that bi and Bi approach a limiting value at
elevated spreading pressure or gas phase pressure, Therefore

‘the task of predicting phase equilibria could be substantially

reduced at higher pressures,
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CHAPTER V

¢

SUMMARY AND CONGLUSIONS
Scope{

&as adsorption isotherms have been obtained in such a
wvay as to satisfy an exact thermodynam;c relationship which has
been used to obtain an estimate of the properties of a mixed
adsorbed phase., An equation of state satisfying the Gibb's ad-
sorption isotherm was developed from pure gaseous component
adsorption isotherms. Mixed gas adsorption isotherms were pre-
dicted using the equation of state together with appropriate

-mixing rules and were compared with the data calculated from the

exact thermodynamic relationship.

Objectives:

The first objective of this investigation was to set-
up an apparatus capable of measuring gravimetrically accurate
and reproducible adsorption equilibrium isotherms of some pure
components and their binary mixtures, Thése measured data were
then employed in conjunction with an exact thefmodynﬁmic rela-
tionship for the calculation of thg mixed édsorbéte properties.

Measured adsorption phaaé equilibria for selected bi-

(\

nary mixtures obtained «from an independant experimental approach
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have revealed that the ca}culationiof\the adsorbéd phase proper- °
ties lie within the expefimental error,

The second objective set forth was the proposal 6f‘a
new‘prediCtive method for gas adsorption phase equilibdbria,
This proposed method is based on an extension of the Redlic?—
. Kwong equafion of state to represent the equiiibrium betwéen
the gaseous and adsorbed phase, LMixing rules similar to those
eﬁployed in vapor-liquid equilibrium calculations were adopted;
and were tested with success with the analog of the Redlich-

Kwong equation of state,

Conclusions:

i

It can be stated that the adsorption isotherms measur-

-

ed on silica gel with a Cahn electrobalance asgsembly are inter-
nally ponsistenx, and where applicable, are comparable with
existing iiterﬁture. Thé adsprbéte properties are calculated
from a.thermodynam?c defini%ion with no reference to any model,
The va;ues predicted from the analog of the Redlich-Kwong equa-
tion of state are in agreement with the values calculated with
the thermodynamic relationship, thus deﬁonstrating the equation
to be quantitatively in agreement with- the thermodynamics of
the data; @

The exact thermodynamic relation employed in the cal-

culation of the adsorbed phase properties is the Gibb's adsorp-
tion isotherm given by Egquation II.11.
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gT dn + dlnP + (x; dln y;) = 0 11,11

The calculations of » and X5 hence 5, are possible
when certain restrictions on II.11 are made, These restrictions
are tranglated into the:desigp of an apparatus capable of meet-
ing those requirements, Therefore,fwhen.the temperature and
gas phase composition are held constant, the expression result-

ing from Equation II.11 provides an equation yielding the

A P n
b —4 —
RT ;j; D dp II.14

T,y; "IIII

A constant pressure operation at a given temperature

gpreading pressure:

yields an expression for the ecalculation of the molar composi-

tion, Xs in particular for a binary system;

- N .
'yl(l ‘,YI) b_(r;'lT ) IT.16
W= YW YT — > ¥, St
T,P
- Convergence of x; within a few iterations is possible

when an appropriate initial value of Xy is chosen,

The equation of state tested for the prediction of
gas-golid equilibria was the analog of the Redlich-Kwong equa-
tion used in its ofiginal form,

2
__1 A h
Z =13 5 (T I1.60




_v:»‘}
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in which
n=-BL I1.61
and
s Az = 2 a2. g I1.62
. .
B = -ﬁ%— I1.63

The characteristic parameters, ¢ and P were,evaluated
using Equation II.73 which is a mathematical statemeniy of the

equilibrium existing between the gas phase an dsorbed

(Z;5J/5hase.properties| . I,mwm,

1n(KPs) + 1 - Z * _1n(1-h) + [ (1=2(1-h))(1+h) ] 1n(1+h) = 0

, (1-h)h

T ' . I11.73

in which . ‘ %i)

1 P n '
Z(P,T) = -m)—fo 5 dP . I1.65
T
and -

< = 4 (B 1.3

Equation II.73 demonstrates the temperature and pres-

sure éependenee of « and B. Thus, for each equilibrium point
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on an isotherm of a pure component, there exists an easily com-
puted set of values for « and g. ‘

Equation II.?73, which has the form F(h) = 0, can be
solved for h using the method of Newton.

The prediction of mixed adsorption equilibr%g can be
done with the following equation: ‘ 4

K, -y, P ' B 27.(x, a,:) |
-ln[-r-i‘-—i‘-":—]+ln(c'{3)- l_ . I B ‘1n(0:ﬁ)

Xi o] -ﬁ RT1.5 ﬂ
ap . [ |
: i o B 8
- In( ) - ]= 0
RT1'5 52 o . o t+P '
I11.81
Equation II,8! is an equilibrium expression which l

relates the properties of the gas phase mixture to those of the
adsorbed vhase mixture., It has the mathematical form,

F(xi.c) = 0, in which the mixture quantities X5 and ¢ are
readily obtained when the method of False-Position is employed.

The mixing rules employed with Equation II.81 were

7

B _=Exiﬁi II,74
and
2= 5L T X, X; 2,. 11.75
1 j i%y ij
where

2yy = m(l - Cyy) - ‘ 11,77
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00
The quantity Cij was obtailned by comparing the pre-

dicted properties, P, o and-xi with those calculated from the
exact thermod&namig relationship for each isotherm. The inter-
action constantskcij were found to be independent of the tem-
perature, spreading pressure and gas phase composition.
Equation II.78 was also employed to calculate .a

ij’

ay; = k(1 - kij)f-5 II.78

In the abovequuation,lgas phase critical properties, Pc. Vc.
T, and acentric factor « are considefed,'together with adsorbed
phase quantities, ag and 25 obtained from the pure co?ponent
isotherms constituting a binary mixture. In Equation II,.78, the
values of kij' used in vapor-liquid equilibrium studies, were
extended with sucecess to the adsorbed phase., They are recom-

mended in the absence of experimental mixture adsorption data "

necessary to calculate cij' The negative of the interaction
constant yielded slightly better results however they are usual-

ly not considered in vapor-liquid equilibrium studies.

Significance:

A Cahn electrobalance asgembly was set-up to meet the
mathematical restrictions imposed on the Gibb's adsorption equa-
tion. In this way, the adsorbed phase properties are calculated

with no reference to any model, The calculated values serve as
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L)

a basis for testing equations of state or theories. The tremen-
dous amount of data collected in this investigation needed to’
calculate mixed ‘adsorption equilibria havé'led spec¢ially to the
tegting of the analog of the Redlich-Kwong eduation;

.Recommendations:

For future work, it is recommended to extend the pré-
dictive method, based on the andlog of the Redlich-Kwong equation
of state, to the adsorption of gas mixtures on adsorbénts other
than silica gel. _Inveatigatibns could be directed to th; elabo-
ration of possible relatibnship between the speéific surface
area and the quantity kij of II,77. Further work could cover a
larger gas pressure and temperature range to ascertain that kij

is really a constant. -

§ ' \
.The determination of adsorption isotherms at higher

pressures could establish a lower limiting value of the charac-
teristic parameters ¢ and B. At higher coverage, a single value
of e¢and B could be employed in the prediction of mixed gas ad-
sorption isotherms. There are reasons to believe that carrying
out this investigation to higher pressure woﬁld indicate a
pressure independent.value of ¢ and B irrespectiﬁe of the tem;

perature,

.

<
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APPENDICES

The tables of experimental measuremeénts and calcula-
tion results are reported in Appendix I. The computer programs
used in the correlation and prediction of phase equilibria are -

presented in Appendices II- to VII;

The tables reported in Appendix I are the followings

~
APPENDIX TITLE TABLE PAGE
I.1 Specific Surface Area of IV.l 240
Silica Gel.
I,2 Measured Adsorption Isotherms, I11.3 242
I.3 Corrected Adsorption Isotherms., III.4 253
I.4 Pure Component'Adsqrption .2 - 264

Isotherms and Spreaﬁing .
Pressures,
1.5 Parameters of the Analog of the IV.5 276
Redlich~Kwong Equation of State
and Compressibilities of the
Adsorbeg Phase,
1.6 | Measured Values of the Adsorbed 1IV.6 e 292

Phase Properties in Mixtures.

The computer programs, written in FORTRAN IV, employed
in this investigation are presented in the following order:



Appendix II,
Appendix III:
Appendix IV

Appendix Vi

e

Appendix Vi,

A

Appendix VIIs

£

Speci;ic Surface Area Calculation
using the BET Equation.

Correlation of the Adsorption Data

using the BET Equation,

Calculation of Phase Equilibria using
an Exact Thermodynamic Relationship.
Calculdtion of the Characteristic
Parameters of the Analog of the

Redlich-Kwong Equation using de Boer's .

Method,

Calculation of the Characteristic
Parameters of the Analog of the
Redlich=Kwong Equation by Extending
the Method of Chang-Iu broposed in
V.L.E. Caléulations.

Prediction of Phase Equilibria in
Mixtures uging the Analog 6f the
Redlich-Kwong Equation whoée
Coefficients have been calculated by
the Method employed in V L E Cal-
culations Proposed by Chang and Iu.

239

PAGE
304

312

314

336

340

345
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APPENDIX I.1

SPECIFIC SURFACE AREA OF SILICA GEL
. [
- The specific surface area of silica gel was calculated
using thation I.1, The experimental values obtained with the
McBain spring balance are the following: |

. TABLE IV.1la )
Specific Surface Area* Average Absolute
; (mz/gram) Per cent Deviation##
e (%)
688.2 | 0.20 \ T
703.5 . 0,12 , |
694 . 4 0-33_&

* A= 0,3481 x V_ (mz/grgm) (37)

(Experimental mass - Caléplated Mass) % 100
Calculated mass

P
n

i=1
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The specific surface area of silica &el calculated
usiné Equation I.1 with data obtained with the Cahn Electrobal-

ance Assembly are listed as follows:

TABLE IV.1b
Specific Surface Area* 7 N Average Absolute
' (mz/géam) : Per cent Deviation®+

) ' (%)
725.5 : 0,001
729.3 : 0.36
727.3 0.16
209.6 ©0.0001

The computer program is found in Appendix II,



ture isotherms using the Cahn Electrobalance Assembly.

TABLE

IIT.3.1
II1.3.2
ITI.3.3

III.3.4
III.3.5
I111.3.6
III.3.7
I111.3.8
IT1.3.9
I11,3.10

APPENDIX I.2
TABLES III.3

MEASURED ADSORPTION ISOTHERMS

N §X§TEM'

Carbon.dioxide (1) ~ Ethane (2)
Carbon dioxide (1) - Ethane (2)
Carbon dioxide (1) - Ethane (2)
Ethylene (1) - Ethane (2)
Ethylene (1) - Ethane (2)
Ethylene (1) - Ethane (2)

Propane (1) - Carbon dioxide (2)
Propane (1) - Carbon dioxide (2)
Propane (1) - Carbon dioxide (2)

Propane.(l) Carbon dioxide (2)

Measured adsorption equilibrium data of pure and mix-

EMPERATURE

°x

263,2
273.2
298.2
263,2
273.2
298.2

.-263,2

273.2
298,2
323.2

242
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APPENDIX I.3
TABLES III.h

CORRECTED ADSORPTION ISOTHERMS

The measured adsorption equilibrium data of pure and
mixture isotherms using‘thé Cahn Electrobalance Assembly are
ligted in the following tables, | |

The thermomolecular effect and the buoyancy correc-
tions have been included in the tabulated values of the mass

of gas adsorbed per gram of adsorbent,

TABLE SYSTEM - TEMPERATURE _
w0

III.4.1 carbon dfoxide (1) - Ethane (2)  263.2

III.4.2 Carbon dioxide (1) - Ethane (2) 273.2

III.4.3 Carbon dioxide (1) - Ethant (2) 298.2

III.4.41 Ethylene (1) - Ethane {(2) 263,2

III.4.5 Ethy%gne {1) - Ethane (2) 273.2

ITI.4.6 - thylene (1) - Ethane (2) ' 298.2

ITI.4.7 ! Propane tl) - Carbon dioxide (2) 263.2

III.4.8 Propane (1) - Carbon dioxide (2) 273.2

III.k.9 _ Propane (1) - Carbon dioxide (2) 298,2

I11,4,10 3 Propane (1) - Carbon dioxide (2) . 323.2 '
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o APPENDIX I .4
' TABLES IV.2

PURE COMPONENT ADSORPTION ISOTHERMS AND
SPREADING PRESSURES

oy

The calculated isothermal amount of gas adsorbed
(millimoles/gram) with the corresponding spreading pressure
(4%%—1 millimoles/gram) }or each component constituting the
binary mixtures investigated in this work- are listed in the
following tables at regular intervals of systeﬁ pressure (mmHg).
The correlation of the measufed adsorption isotherms was made

using the BET Equation while the spreading pressures were cal- ‘

culated using Equation II.1k.

TABLE SYSTEM " TEMPERATURE
« o,

Iv.2,1 Carbon dioxide (1) - Ethane (2) 263.2
Iv.2.2 carbon dioxide (1) - Ethane (2) 273.2
iv.2.3 Carbon dioxide (1) - Ethane (2) 298.2
IV.2.4  Ethylene (1) ~ Ethane (2) : 263,2
Iv.2.5 _ Ethylene (1) =~ Ethane (2) 273.2
Iv.2.6k‘ ~ Ethylene (1)'- Ethane (2) . 298,2
Iv.2.7 . Propane kl) - Carbon dioxide (2)' 263.2
Iv.2.8 Propane (1) - Carbon qidxide (2) 273.2
IV.2.9 Propane (1) - Carbon dioxide (2) 298,2

Iv.2.10 Propane (1) - Carbon dioxide (2) - 323.2
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The symbols and units empldyed in Tables IV.2 are de-

fined as followss

P ' gas pressure, mmHg.

N1, N2 amount of pure gas adsorbed, millimoles/gram,

PI1, PI2 spreading pressure,of pure gas adsorbed defined by
Equation II.14, millimoles/gram,

1 pure gas 1

2 pure gas 2

The computer program is listed in Appendix 1V,
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APPENDIX I.5
TABLES IV.5

PARAMETERS OF THE ANALOG OF THE REDLICH-KWONG
EQUATION OF STATE AND COMPRESSIBILITIES OF THE ADS(I)R‘BED PHASE

The amount of gas adsorbed (N millimoles/gr:n%thé

m A
‘ RT
factor (2 = —%%—). and the characteristic parameters ¢(cal.m
oKO.S

+ millimoles/gram), the compressibility
2

spreading pressure (

. millimole™®) and ﬁ(mz/hillimole) are listed in the _
following tables.af regular pressure intervalsg, The iﬁlues of

e and p were calculated using the method described in Section

IV.B.3. : . ‘

R
TABLE " SYSTEM TEMPERATURE
. Lo
Iv.5.1 " Carbon dioxide o 263.2
Iv.5.2 ° Propane o , 263.2 ’
IV.5.3 Ethane . - | 263.,2
IV.S5.4% Ethylene | . 263.2
IV.5.5 , Carbon dioxide ' 273.2
Iv.5.6 ' Propane: ‘ 273.2
IvV.5.7 Ethane o 273,2
Iv.5.8 ’ ] Ethylene _ 273.2
IV.5.9 . Carbon dioxide 298.2
- IV.5.10 . Propane 2§8.2

IV.5.11 Ethane | '298.,2
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TABLE - SYSTEM -  TEMPERATURE
. ) ok

IV.5.12 Ethylene 298,2

IV.5.13 ' Carbon dioxide 323,2

IV.5.14 . Propane _ 323.2

The symbols and units employed in Tables IV.5 are de-

" fined as follows:

J number of iterations required for'the.convergence

of Equation II.?73.
N number of moles of pure gas adsorbed, millimoles/gram,
PI spreading pressure of pure gas adsorbed defined by

Equation IX.1k4,

Z compressibility factor of pure gas adsorbed defined by

Equation II.65. ‘
ALFA e defined bﬁ Equation II.62{ | i
BETA B defined by Equation II.63.

The computer program is listed in Appendix VI,



TABLE 1IV.5.1

—— 2?8_

Y

CARYCN DIUXIDE -

SILICA GEL

-10.0 DEG CENTIGRADE

LIMITING SLOPE=1.f%118

N PI Z ALFA BETA
1 26 0.4760' 035461 lelog3 12842416 703480
2 25 T.7581 Ne56G2 1.2?}3 71564439 446463
"""" 3 2s 3.5749 1e3191 1e3531 5022435 350429
4 25 lel5068 146251 1e4044 3800431 264463
5 26 13181 1.9009 1ea622 2673.99 25€,37
o 26 14653 2.1544 1e4703 2368419 z27.74
7 26 1e6015 2. 350G 1e4527 1505452 265,437
; s 26 1e7284 Ze 6125 1.5117 154354 187 ¢46
9 2o 1.8469 ZeB234 1.£2€7 1256428 172.89
10 26 145575 3.0238 145447 1PZ6 . 88 160455 ‘
i 11 26 240607 I,2153 145603 £41406 151423
12 26 2415066 3+ 3589 1.5758 E51e72 142423
13 Zo 2. 2466 35752 145514 E7Ca10 136463
14 26 2.3302 347648 1ene71 470482 121.20
: 15 26 Z.4080 3.G0E4 1.6221 390486 126.78




TABLE 1IV.5.2

e m - 2?9_ C—

e

PRORANE - SILICA GEL

AT -1Ce0 DEG CENTIGRACE

I J N PI 2 ALF A EETA.
1 2s o rans 0.9956 1.2234 SEZleEd 452420
2 25 1.1233 1e5534 1.37C7 SECH. 27 33064
T3 T2 T T laa1z1 7 zeGent | 1.6G45 4251.06  268.88°
& 25 1.0353 Ze 304 145289 3222.01 2i2.22
5 25 1.£374 Ze S 38 145749 2663419 ZCE. 46
6 25  2.0162  3.2449  1e60S4 2214432 186.83
7 25 Zel802 Je5GER 1.6366 1641439 171427 ‘
5 25 2.3319 3, 8650 1e€563 1544432 153462
TS 28 Ze4728 4e1524 1.6752 1304419 146420
1c ° 25 246138 4e4200 145575 1108445 135456 |
11 25 Z.7258 406741 1e7148 S40 698 122431
T 12 25 Ze£353 4e9164 1.7316 €13455 126424
13 25 Z45450 Sa14E2 1.7481 702.€5 121412
14 25 3.3434 5e 3705 17646 610422 116481
T1s 25 T3 1381 S.5E€41 0 1e73812 s:2.72  112.17
LIMITING SLOPE=0.164366

e —— e ey
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TABLE IV,.5.3

280

LIMITING SLOPE=Q.C3ZS4

ETHANE - SILICA GEL AT —11+0 CEGs CENTIGRACE o
K J N Pl z ALF A EETA
1 28, Yels32 0.1505 140353 15447476 1125421
2 28 Je3an7? 003672 1.0778 7860469 E22a75
B 3 28 Get774 €.5218 1.1135 E348.57 wie.03 T
4 28 045573 GebE5Y l1e1483 4105456 37744
5 28 Ve7033 C.8308 1e1313 3274499 330.62
6 28 £.7976 CeS6706 le2131 2603 .00 300,79
7 27 Nevsal 147672 142436 a 2570494 280410
s 27 2es5u2 12158 1.2730 2327463 265422
) s 27 1.0572 T 1.3367 1e3013 2142453 254 405
16 27 1. 0896 1e4682 1.3287 2000.73 245466
11 27 1e1473 15545 1e3553 1EE8a43 229407 ‘
12 27 1e1999 1eG57C le 3309 1757410 222,82 )
13 27 le 2483 le 7549 144053 172160, 229458
14 2¢ 142930 1.€491 1.4301 1661402 226419
B 15 26  1.3345 149367 1.4535 16Cu.43 222,31
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TABLE IV.5.4

- ETHYLENE -~ SILICA GEL AT ~10.0 DEGe CENTIGRADE

RN

1 J N P1 ‘ ALF A BETA
1 25 05082 Ce5340 1e2475 1505124 738.25
2 25 147658 160722 1.4601 GCETWE3 C02.67
3 24 Y. 5444  1.4182 1.5C17 67483475 41375
4« 24 1.0875 17101 145725 £376.57 3€1.26
5 24 142195 145663 1e6244 4422473 324451
T e T T e 1a3296 24169 t.ecas | 3707.94  z296.67
7 25 led194 244780 1eGSES 3148447 276460 -
5 25 15104 2. €036 1.7238 2701460 256472 ‘
T LT e T 2s T 1.8943 | Z.7€€5 1.7478 II7.63 41455
10 25 1e6713 Z.S587 1e7653 2039.22 229467
11 25 1.7436 3.1216 1479C3 1790452 215434
12 25 1.8102 3.27€4 144100 1563431 Z10.62
13 25 1,6725 .  3a4240 1.8251 1408459 203422
14 25 1.9294 Jes6s2 1.€478 1262422 156455
T Tis T 25 1.5823 3.70G6  1.8664  1137.32 151459 T

LIMITING SLOPE=0N.0%EL9




2.8617

LIMITING SLCPE=0.,06051

-

s s 28
TABLE IV.5.5
r CARECN DIUXIDE - SILICA GEL AT 0.0 DEG CENTIGRAGE
1 J N PI z ALF A BETA ’
.1 26 Ne3119 0e34S6 1e1209 16E62482 $51409
‘ 2 26 0e.5282 0.6357 1.2035 835427 571448
3 26 N.7G07 C.E835 1.2605 6C364 73 422,08 o
4 26 - 0.8495 141053 163018 4433465 3£3.91
5 26 0.5835 143101 132321 3380445 301.54
o 6 26 1.1068 1.5004  1.3556 2628.24 263428 o
7 27 1.2215 1e6757 1.3l751 20674321 234,04 ‘
8 27 1.2287 1.8459 le3923 T 1638443 211412 .
g 27 1.4288 Z.0123 1.42¢84 1207476 192,04
10 27 1e5224 Ze1677 144239 1€47e31 178454
11 27 16068 2432170 104393 E43440 1€6457
12 27 146913 Ze 4606 1e 4545 €824 40 157473
13 27 1e7672 2e5596 1e47C7 856401 150440
14 27 1.8378 2. 7226 124869 457466 144466
o 15 27 1;9935 1e£034 381.15 14018
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TABLE IV,.5.6

PRUFANE - SILICA GEL AT N0 DEC CENTIGRADE :

' ¢ y N PI 2 ALFA EETA
1 25 Geg4s 0.656% 142983 13214,82 E4EES
2 25 T.8504 1.1356 13347 76264 9C Aas.zé
3 2s 167738 145245  1e41$7 S475.91  3240.27
4 25 1e2592 18595 1.4767 4206450 285482
s 25 le4237 Ze15E4 1.5169 3323459 264418
o 25 148745 244315  1.85443 | 2¢€4.07  zogegc2 T~
7 25 1a7167 ZeGELS 145654 2152447 205424
s 25 1a8459 Z.9226 1ec8323 1747440 187461
9 26 1a5645 3.1472 1.55€5 1422400 1724€5
1 26 2.0842 3. 3628 1a6125 - 1155447 161eC7
11 26 2.1922 3.5640 1.6260 $45431 151.05 o
12 ze Z.2932 3.7559 . 1.63$6 77€C <58 142472
13 26 Zead76 345474 146534 €27455 135476
T 14 26 2.4757 401278 1.66732 E10 €8 125468
15 26 Zes579 ¢ 41441 1 125.16

443016 le6817 414411 125.16

'

LIVMITING SLCOPE=N.10573




PABLE IV.5.?

Ly

284

ETHANE SILICA GEL AT  CaeC DEGe CENTIGRADE
1 J N Pl z ALF A EETA
1 27 Da1293 fel1376 1.0€E€S 2947&.65, 1876446
2 27 D.2338 fe2606 1.1146 14723425 1046402°
3 27 Ne3247 C.3730  1.1488 9457403 714488
4 28 Neal71 Ded778 1.1737 67€0.82 S84413
5 28 fea837 065770 1e1929 4547421 47581
) o z8 feSES4 0.5716 1.2062 3758486 406472 T
7 .28 N. €230 0.7623 lec236 260N, 83 383,02
8 28 Ne 6EEE Ce 3497 12375 2281430 F1Z433
g 28 de7463 Ce$341 l1a2516 1629.04 Z824E2
10 28 deBe23 1.0156 1s 2659 1488429 2614326
11 z8 TeE547 1.0946 1e23C7 1242418 244453
12 28 JeG03S 1e1711 142962 1CESe48 233411 i
13 28 05490 l.2452 le2121 $26497 224456
14 28 0.;913 143171 1e22€7 £504322 218480 .
1s 28 147306 le 336G 13457 7554 25 215415

LIMITING SLAOPE=0.02208
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TABLE IV.5.8
‘ ETHYLENE — SILICA GEL- AT ~“0oC DEGe CENTIGRACE
1 J N PI z ALF A EETA
1 26 0.280232 0e3134 le1181 18516486  10ECo13
2 26 0ed743 Ne5705 1.2716 GE46.BE 2262
5 26 Gl.e27e  TQ.7530 1.2e35 . ei16l.02  ag2.es
& 26 2.7561 CoaGS10 1.3115 5095463 4032.23
5 2€ 0.3633 1.1726 le 3305 403124 251432
e 26 3.5685 1.3399  1.3835  3z€Se.4l  214.€2
7 26 141591 144561 1.4126 2735453 Z€7.35
8 26 1e1415 le643n 144393 2320467 2E€454
T g 20 1.216% 1.7819 1ed643 159061 280425
10 26 1.2861 1ev13a 1.4881 1761445 237435
11 26 1e3458 Z.0354 1510 1€364 35 226457 ‘
) 12 26 1.4084 Ze15G4 15332 1372.72 218.68
13 26 1.4626 2.2743 1. 5550 123854 211451
- 14 26 145126 243846 1e57€5 1131.62 20€ 450
15 + 26 145589 244505 145576 1043429 T 20z.07
LIMITING SLOPE=04015438
n
- ~r “
-
a¥ . . \\
S i} \
' -~ 1 1

F 2
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TABLE IV.5.9

Pl

SILICA GEL

AT 250 DEG CENTIGRADE

+

le37€E

LIMITING SLCPE=0.02355

N ¢z ALF A EETA
L] ~ -
1 28 Del214 0. 1285 1e03E5 33E85.57 1918467
2 28 0e2253 Ne2452 - 147823 158%5}57 1002489
a 3 23 943185 Ge 3545 1.1130 10615444 656486
4 28 De 6039 Dva580 141339 7113472 S540.27
5 28 . C.4823 0.5564 141533 5414471 446454
o 28 0.5564 DeGS14 1e17C7 4275444 IB3.E9
7 a1 D.EESS £e7425 141157 727.08 % 155,99
3 23 Ne &35S Ne£393 1e2025 2877404 304,471
v 28 Ne7521 Je3153 1.2170 2417467 E78426 ‘
10 28 Ned1?5 95576 71,2303 2052.79 2€7.28 .‘ ;
11 2 0ec661 1.0776 1e2442 1760, 389 249431
12 28 149131 1s1553 12570 1518429 226.14
) 13 - 28 Be5658 102309 1.26%2 1212486 214411 ‘
14 28 140183 23947 x.aa;n 1146457 204417 \
o 15 28 1.0648 1.2928  $S8437 155 .50 Iy
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4
o TABLE IV.5,10
' PROPANE - SILICA GEL AT 2540 DEG CENTIGRADE
1 J N Pl Z ALF A EETA
- e _ .
1 26 042482 0.2612 141330 2SE25.08 1233461
=) 26 Nea P54 145973 le2212 13635473 745455
o 3 726 0.8477 £.70l6  1.2310  SzaBeS  E£€$.67
4 26 N, 6626 0.8752 1.32C9 6747.84  4€5.64
5 26 Ne7074 1.7344 143479 5067427 363.92 5 N
*
e 26 T Th.ees3 1e1831 0 1.3673 T 385z.21 340437
- ‘ - -
: 7 27 De557Y 1.2235 1e3el7 2528443 258427
. . )
R “ B 27 1.0457 [ 144572 143935 2215404 264458 )
RO { - [ N
s 27 l.12e8 | 1.5652 le 434 F1esn.E5 23%e 40 ‘
N / '
10 27 1.2074 147083 walhs JHlazzzaie 215432 !
%11 27 142815 182697 1.4755' £77.08 167437 ;
\ %
12 28 1e3511 rvsaia 4 1.43Q35‘ €QS £S5 182 .50
v . o
13 28 1.9169°  2.0522 1.4469 3¢5468 171443
14 28 ?{.4772 2,1554 164613 233415 162442
- NN -
15  28° 148341 242633 1.4753 @ 126.35 . 155.46
o
LIMITING SLGPE="04815
]
o . ! N .z _ .
N
‘-Tﬁ -~
L ] .
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LIMITING SLCPZ=f.C1271

4
. TABLE IV.5.11|
ETHANE - *  SILICA GEL AT :540 CEGe CENTIGRADE
I N N PI z ALF A BETA
&

1 28 9.3ess Sat673 1e9ds1 43364.75 2028461

o 2 n.1239- 041315 & 1l.0614 26108445  1601.31
3 28  0.1773 041920 10829 1S€424.60  1113,22 T

4 29 0;2265%J Je2658 1.102% 113¢0471 870417

h 5 28 Ne2722 f,3153 11216 £754 .84 725.51
- o 29 743143 C. 3588 To13ss 7184, 25 E31.86 T

7 23 Na 3547 Ced103 le1568 6CC7e53 SEZLEG

a}i 28 Nezg22 0es602 1.1734 5168445 214485
— fs 2 ;}.4275 N.50E4 11862 4504 ,34 47€453 i

N 19 e J+4615 N,8582 142046 3CET W00 44E 456

11 248 Nad525 0.6007 1a2157 31383463 423.C5

. le 28 Nes225 0eC464Y 1.2341 3233415 402,58

13 2s ,NeS510C Neb678 12483 2654, 80 JE6 .54

14 ) Ce5782 _Be7257 142629 2717438 372,27

o .15‘\ 28 de6041 Ce7775 12755 2513.76 €167

)
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/", . {
- TABLE IV.5.12
_\, e ——- —— R Lt ——
‘ ETHYLENE - SILICA GEL AT 2S.0 CEGe CENTIGKACE
i .
| 1 J N PI < ALF A BETA
| - - - - —
P ) )
: 1 27 Te 1559 Ou1716  .141007 38726415 1750421
i ' '
. 2 27 V.2721 fe2163 141717 17658456  1047,50
s 27 . 0.3¢38  €e4441 142207 11675458 7768443 o
4 27 N.4457 0.5602 1.2569 BES4eTO . £25456
5 27 NeS19: Ne6677 le 2845 €880,38 £21.79
T T e 27T Al sae3 T A.7686 143065 SC8H.4d  4€1.19 4
i . - 2 .
7 27 346519 048641 1a3255 3655471 408448
s 27 Co7113 fe$881 1e 3423 2179462 267486 .
o vy 27 Me7668 1.0421 1e35$0 2546437 213€6.Nn2
10 27 feB1806 te1256 143759 2062442 311.€9
1127 Ced66Y 1.205% 1e 3910 1665482 251.51
B 12 27 2.5118 142833 14074 1358.44 27€.42
13 27 De$3536 1+ 3582 led241 117764 264.72
14 27 745925 144301 ledat 3 1CC4 .80 255,62
16 3% T1.ize7r T i1Jasss | 1.ased E72.68  24B.66
LIVITING SLUPE=0.03024 .
#
a .
1
L r
[4
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TABLE IV.5,13

'

CARHBCN DIOXIDE -

SILICA CGEL

G0 DEG CENTIGRADE

v J N Pl 2 ALFA EETA
1 an 0.0523 04 0530 le0132 §0C5S .45 2984465
2. 3¢ o.1cee CelN46 1.0255% 24839452  1517.87
3 29 0e1494 71550 1.1375 16216471 1047.12
4 30 Nelv47 042043 147453 12121430 815,35
Wb 29 n,23sc Ne2%24 1.2605 GEG6 N2 ETZeEE
) o 2 Ne2754  Ne2565 13719 776856 SEle72 N

7 29 0.2191 Ca 34585 1e 2827 677 482 514;36
3 29 Ge3571 Na350% 1.7941 5¢56.58° 468460
9 29 0. 3936 0.4348 1e 1747 5265457 430,23
10 29 ".4288 fe4781 1e1159 4719463 369454

11 29 N4 4625 Ges206 141256 4210463 377420 '
- 12 29 3. 4G50 Ge5622 1.1353 3S46426 357425
-13 29 N.5263 Ce€731 141459 3€56456 341431
14 25 05565 Ce€£432 1.1558 34CN.35 327437
- 15 2% 0.5656 7.6326 161656 3187496 215479

LIMITING SLUPE=0.C{€:5
5 .
\ P/,(

r

N e




TABLE IV.5.14

PROFANE — SILICA GEL

0.0 DEG CENTIGRADE

>

. J N Pl Z ALEA EETA
1 27 001135 de1223 143775 46755.91 2282498
oL v De2027 0e2293 1e1312 23481453 1268442
T e T AL res TR 3363 Muies3 T 1ishesa  si i ae T T T T
& 27 fe 3488 Qesl€2 1e1332 10595,44r 711,64
5 28 Net137 Ne5011. 142113 7701 .33 S80.78
e T aa T T eLars2 | Taussezo 122247 sc¢14.00  agel.1a
7 zs Ne5339 Ae6597 1.2356 4184 30 414426
s 23 N.5EG7 0.7347 1e2459 3057449 359461
v 23 C EGRT n.an72 1.2560 2271.20 116455 -
1¢ 29 "e6929 Cui776 1e 2666 1655466 2E4 445
‘11 29 fe7402 Vesa5y 1.2779 1204499 255475
12 2% Ne7846 1.0122 142901 TE73.C5 241445
- 13 29 Q.8262 146767 1.3922 £43..C7 228.60
14 2% 0.8650 141393 143171 4E5469 215485
15 26 6.9012 142002  1e3318 | 368.60  214.45

LINMITING SLEPE=0,02202

\ .

#*****#*****'****************t***#*****}***#**********#*******#***#***##****i

L
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APPENDIX I.6
TABLES IV.6
) o
MEASURED VALUES OF THE ADSORBED PHASE
PROPERTIES IN MIXTURES

The calculated adsorbed phase properties constituted

of the molar composition (X), the mixture molar area (N: milli-

o A
RT

moles/gram) for each constant gas phase molar composition iso-

moles/graq‘ and the mixture spreading pressure ( s milli-

therm are listed in the following tables, at regular interval

of system pressure (mmHg). Phase equilibrium calcu;ations have

been done using the exact thermodynamic relationship. ’
TABLE . SYSTEM . TEMPERATURE
, °x

V.61 Carbon dioxide (1) - Ethane (2) 263.2
IV.6.2 Carbon dioxide (1) - Ethane (2) 273.2
Iv.6,3 | . Carbon dioxide (1) - Ethane (2) 298,2
IV.6.4 Ethylene (1) < Ethane (2) : 263.2
IV.6.5 Ethylene (1) - Ethane (2) 273.2
IV.6.6  Ethylene {1) - Ethane (2) 298.2
Iv.6.7 Propane, (1) - Carbon dioxide (2) 263.2
Iv.6.8 Propaﬁe (i) - Carbon dioxide (2) 273.2
IV.6.9 Propane (1) -~ Carbon dioxide (2) 298,2

Iv.6,10 Propane (1) - Carbon dioxide (2) 323.2
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The symbols and units employed in Tables IV.6 are de-

fined as follows:

P gas pressure, mmHg,

X -mole fraction of component 1 adsorbed defined by
Equation II,.16, ‘

N amount of gas mixture adsorbed defined by Equations
IX1.12 and II.13, millimoles/gr.

PI spreading pressure of mixture defined by Equation
IT.14%,
V;lues of the mole fractions in the gas mixture are

thoge for the heavier component adsorbed; component 1,

The computer program is listed in Appendix IV. ‘
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'APPENDIX I

SPECIFIC SURFACE™AREA CALCULATION USING THE BET EQUATION

This program was used to calculate the specific sur-
face area of the silica gel employéﬁ in this work.

The input data are read as follows:

1) Title |

2) Liquid nitrogen saturation pressure at 77 . 4°K

(PO) and the weight of the adsorbent (WT).

3) Pressure in the system (X) and total mass 6f N,

adsorbed, (Y).

The specific surface areas are reported in Table IV.1

of Appendix 1.
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APPENDIX III

4

CORRELATION OF THE ADSORPTION DATA USING THE BET EQUATION

Iy r

Adsorption isotherms were measured at irregular pres-
sure intervals, To facilitate computer programming, the n-layers
BET equation was found appropriate to represent the isotherms of
both pure or mixtures of gases adsorbed. Therefore, the mass of
gas adsorbed at equally spaced infervals of pressures were ob-
tained and used in the computer programs described in Appendices
IV to VI, |

Thé,input data are réad in the following order:

1) Corrections due to thermomolecular effects for ‘

each isotherm (5) of a biﬂary mixture (TMF(I)}).

2) Corrections due to buoyancy effects for each pure

constituent of a binary mixture (CORL, CORH).

3) Molecular weights of each component (AM1, AM2).

) Weight of the adsorbent and colposition in the gas

phase measured for each isotherm (WT, m(J)).

5) Pressure and mass of each exper{mental point

(X(1), Y(I)).

This program uses the subroutine BET listed in

}Appendix 1v. . ‘

The solid lines of Figures III.3 were drawn based on

results of this correlation.
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JAN IV G LEVEL . 20 Do MAIN - DATE = 73083 04759/ 64

¢

-

c TO COMPYTE THE BET REPRESENTATION OF. THE ADRSORPTION ISOQTHERMS
DIMENS[UN X(20)s¥({20)sYY(20.:5) 'T!TLE(20)oYM(5’.Y[(2°!S)|XI(20v5)
DIMENSION E(5)sTMF({5)
., D0 13 K=14.10 ' . \ -
READ(5+10) < CTITLECD) +1=1420)
PO=80. - S : o '
_READ(S+26) (TMF(I)31=1+5) '
READ(5+4) CORL +CORH
READ(5,4) AM1,AMZ2_
DO _3 J=1.5
READ (5:4)
. WT1=WT"
. e L WT=WTHTM
' WT2=WT
CORAV
‘1=0
1 I=I+1-
. READ(S4+4) XCI)aY(I)sN
CXECLedI=XOT) . e e
C=LORAVEX(I)}/76. ‘ D
X(I)}=X{1)/P0 - . - ’
YOI)=Y{I)*wT1
YCL)=Y(L)=TMF(J)-C " .
N(I)=Y(I)/WT2
DYECTLdd=YOLY
IF(N=1) 1:2+2
2 N=I-1 . .
NR=0 )
CALL BET(YsXsNsCLsVMsCsAsPOSNR,CEY - .
AN==5.0 '
.00 .5 1=1s:16
AN=AN+5.0
X( I)=AN
XxX=X{1)/P0
PHEXX#*( {1e~XX%%C1)— c1*xx**c1*(1.—xx1)/((1.—xx)*(1.—xx))
THEXX%( 1e=XX%*%C1)/(1s—XX)
=) YY(IsJ)=VM*C*PH/(1o+C*TH)

WTs¥YM(J)

AR AR & A AR Tl A o
|

9171000 .

{J)XCORH+{1e=YM (J})*CORL

- L L a N CU 4 U

-

t

1

i

;
- fn

e e XL L2 LAV MECEERLL | _
3 COUNT INUE '
WRITE(6, 16} : -

WRITE(6s21) _
WRITE(6,12) (TITLE(I)1=1,20)
_WRITE(6s20)
wRITE(G.le)(YM(J) L J=145)
WRITE(6+21)
WRITE(6422)
DO 24 I=1.N
DD 24 J=1+5

Y N C U f e C Ok w0 L F Wivhe— €< NC0 U $ LT
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AN Iv G LEVEL ~ 20 . ) - MAIN

24 XI(Lad)=X10led)%10..

DATE = 73083 04’5974

PO ‘17 I=1sN .
WRITE(G6+s18) (XI(I+J)a¥ICIsJ)ad=1,5)
17 CONTINUE : ' )

WRITE(6+21)
WRITE(Ge14)
WRITE(6s11) (TITLE(I)+1=1+20)
WRITE{6,15)(YM{J)sJ=1+5) '
DU 25 k=1,16 .
25 X{I)=X{1)*10.

"13 CONTINUE

DO B I=1.16 -///' N
2] leTE(é.ﬁ, X(I}I(YY(lsJ)UJ:'-IQSJ
CWRITE(6+23) (E(J)eJ=1.5)

RETURN
4 FORMAT(2F10.0,11)

7 FORMAT(6F104'3)

10 FORMAT(20A4)

16 FORMATQIHYGZ/22/ 77/ % e i
1 33x.‘EXPERIMENTAL ADSORPTION DATA'-/.26X,'MILLIGRAMS AD
1SORBED PER GRAM ADSORBENT - M®,/ 33X, 'TAOTAL PRESSURE IN MM-HG — P!
2) '

20 FORMAT(1HO0s21Xs'GAS PHASE COMPOSITION = PER CENT HEAVY COMPONENT?® )
19 FQRMAT(lHOgSX-S(FB-A.lOX)) '

”ELUFORNAT(JﬁQLEXL[¥#iﬁff#*fﬁf*?%#*f?***f**f**f??Tfﬁffﬁﬁ?ffﬁffﬁfﬁffffﬁ

1******t**************#**********#*#*')
22 FORMAT(1HO:SXsS{P*sTXs*M*»3X)}
18 FORMAT(1HQ,5(FB.2,F843,2X))

o = C

£ G

[H

12 FORMAT(1HO,11X+20A4}

14 FORMAT (1H1s17Xs"SMOOTHED INTERPOLATED DATA',/»11Xs'MILLIGRANS ADSD
IRBED PER GRAM ADSORBENT = M*) -

11 FORMAT(1HO,20A4) e

15 FORMAT(1HO,2X, * TOTAL * 18X+ "GAS PHASE COMPOSITION® 3/ »1Xs * PRESSURE" s
116Xy *PER_CENT HEAVY COMPONENT? 3/ ¢2X ¢ (MM=HG}® 4 1Xs5F10e4 3/ /s P X ¥k¥Xx

2**#*#*****;**#************#***#*********#**#****#*##**-//)

6 FORMAT({1HO:FS5els6Xs5F1043) .

._23mEQBMBT1AﬁQ1}AVEBAGE,PERCENT.DEVIATIQN_IN MY 2/ +10Xs5F10.3)

26 FORMAT(SFIO-Q)
END
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f‘r'\
APPENDIX 1V

N
CALCULATION OF PHASE EQUILIBRIA USING AN EXACT
THERMODYNAMIC RELATIONSHIP

~ This program was used to determine the experimental
moles of a binary gas mixture adsorbed and its molar composition

using the exact thermodynamic relationship, derived in Section

II.A, o : : i
The input data are read in the following order: -
1) Title '
. 2) Coefficient n' of the BET equation

3) Thermomolecular effects

e L) Buoyancy effects of each pure component i

/ 5) Molecular weights of each pure component

6) Mass of adsorbent and molar composition in the

‘\\3 gas phase

) 7) Mass of gas adsorbed (experimental) and pressure
The iteration gcheme followed to determine- the experi-

mental values of a mixture of gas.adsorbed and its composition

is illustrated below:



315

Data input

l

From the experimental isotherms, correlate the mass
of gas (pure or mixture) adsorbed at 15 regular incre-
mental values of pressure using the n-layers BET equation

K

Calculate initial value of mole fraction of gas mixture
adsorbed

-

-

Calculate the moles of gas mixture adsorbed at each
pressure and gas phase composition and correlate.wi(h

BET equation - d

\ -

Calculate TA/RT using Simpson-Newton 3/8 integration\
rule at each pressure and gas phase’ composition

| S

caleulate d (TA/RT)/dy, at each pressure and gas phage
composition using a quadratic equation ‘

Recaloulate moles of gas mixture adsorbed and its
composition at each pressure and gas phase composition

l

Compare new values of X and n with previous values

Ye?/’/’\\\

Data Output \ -

A Y
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&

DATA INPUT

ETHANE - ETHYLENE = SILICA GEL AT 0.0 DEG., CENTIGRADE |

3.36 1,07 2,94 2.85 2.89
0.19 0.212 0.212 0,212 0,212
0,022 0.0365 . '

30,068 28,052
0.15?85_ 0.0

2.85 " 3.55

11,21 9,17

23,48 15.2

38,62 21,2

61,66 28,87

75.45 32,64 1

0.,106662 0,2635
2,895 4,483
11.12 11,124
23,47 18,608

38,00 25,342

52,53 30,726

64,83 "\ 34,684

73,10 37.141

76,00 37.985

0.106574 0,5042

2,895 5,461 ' ’
11,12 13,418 ) |
23.47 21,562 .

38,00 28,619

52.53 34,342

64,83 38,490

73,10 41.079 I
76|OO u1|886 1

0.106574 0,7547
2,895 6,099
11.12 15.126
23,47 23,646
38,00 31,358 -
52.53 37.232
64,83 41,286
73,10 43,894
76,00 44,758

0.106726 1,0

2.895 6.971
11,12 16,716
23.47 25.673
38,00 33,263
52.53 39.072
64,83 43,2113
73.10 Ls5,687

76.00 46,512 {

The ‘output data are listed in Tablles IV.2 and IV.6 of
of Appendix I.
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. APPENDIX V.

CALCULATION OF THE CHARACTERISTIC PARAMETERS OF THE ANAIOG
OF THE REDLICH-KWONG EQUATION USING DE BOER'S METHOD

This program was'useg to calculate the values of a and
p of the Redlich-Kwong analog with the methoé proposed by'de
Bogr (33) using experimental adsorption data of each pure
constituenté.

The inpd;.data are read in the following orders:

1) Title

2) Temperature

3) EPL ﬁid (ALFA, BETA)

h)l Pressure, P(I), moles of gas adsorbed, A(I)}, and

m A/RT, PI(I) for 15 incremental values of pres-

_ sures. ' ‘
The results are summarized in Table Iv.4,

-
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20 MAIN DATE = 73100 01711709
DENIS GRAVELLEs CHEMICAL ENGINEERING
VAN DER WAALS EQUATION OF STATE )
DIMENSION P{20)sPI(20)+A(20)+X(20)+Y(20)TITLE(20)
READ(Ss1+END=10) (TITLE(I)+1=1+20) B :
FORMAT(20A4) e T
WRITE(E+2) (TITLE(I)I=1,20)
FORMAT(1H1,20A4)
CONVT1=€a022 _ )
CONVT2=CONVT1%%240%2,3901%(140E-02) . ’
READ(S.20) T . ' -

R=1.G8717 T
RT =R*T*(1.0E-C3)
READ(S,20) ALPHA +BETA
BETA=BETAXCONVT1
ALPHA=ALPHAXCONVT2

AREA=T72245

20

N=1¢%

AN=N

FORMAT(SF1040)

00 3 I=1,N

READ(S5+20) P{I)sA(L)PI(I)
READ(1+53) P(I)JACI)PI(I)

= tn
LR R T I PV

P(1)=P(I)/10.
PI(I)=RT*PI{1)/AREA

A(1)=AREA/A(I) _ - e _
FORMATIF 1040,20X42F1040) . :
FORMAT(F1040+80X+F10e0)} . ‘ . :
FDRMAT(IHOQIE.?ElSQ“’ -

BETA=30.

CO 4 J=1+8

BETA=BETA+10.0

DO 5 I=14N

X(1)=BETA/AL{I) .
Yt1)=ALGG(p<1)*(1.-x(1))/x(1))—x(1)/(1.o—x(1))

1411

XCI)=X(1)7(1Le+X(III—ALOG(1e/(1e+X(1)})
CONT INUE

WRITE(E,12) . . .
CALL"LEASQ(XsYsNsAA,B}
ALPHAC=—AA%RT®*BETA/240

ALPHAC=—AA®RT*SQRT{T)*BETA

12
12

EACTOR=ALPHAC/ALPHA
AKTWO=EXP(B)
WRITE(Es12) , e e e s e
FORMAT(1H1s* VAN DER, WAALS EGLATION CF STATE ANALYS[S*///)

FORMAT(1H1+* REDLICH—KWONG EGULATION OF STATE ANALYSIS*///)

WRITE(E+14) BETA,ALPHAC,AKTWO,FACTOR

-y

14

FORMAT{ 1HO. *FOR A VALUE OF BETA=',F1C0e4+3Xs"THE CALCULATED VALUE FOR
1OR ALPHA IS ' «F10es4y/s" AND THE VALUE OF K IS P aF10e%s 33X '*FACTO
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vEL, 20 MATIN DATE = 73100 01/711/09

3R =t F1Ce&/7’)

WRITLIEoI‘)
15 FORMAT(1HO, "FRACTION AD SORBED , CB SERVED PRESSURE + CALCULATED PRESSURFE
1E«DIFFERENCE AND PERCENT DEVIATICN®//) . :
S=0, - " o
DO & I=1,N B
X(1)=BETA/ALL) -
PC=AKTWOXX({I)/(1e0=X{T)I*EXP(X(I)/ (1.0~ XC1)) ) REXP (-2« *ALPHAC*¥X (I )/RT/BETA)
IRT/BETA) f :
PCAKTWORX(I)/(1e=XCI)IREXP{X{T) /(1 =X(1)})

-

 PC=PCHEXP (-~ ALPHAC/BETA/RT/SQRT(T)*(X(I)/(lo+X(I))*ALDG(I./(I-*X(I))))
1))y

DEL=PC-P(1}

S=S+DEL=*DEL : .

PER=DEL/P(I1)%*100. -

_QVWRITE(6-111_LLEEIIrE!il;PE;EE&zfﬁﬁgk_“__rg_n_.ﬁ, e
WRITE(6+7) NS . ) e

7 FORMAT(FHOs' FOR®.15¢3X,* THE.SUM OF DEVIATION SGUARED IS '+E10.4)
WRITE(€4+52) “ L
FORMAT(1H1;* SPREADING PRESSLRE CALCULATICN *)
5=0e0
pDQ S51-1=1,N o
PIC=RT/(ALTI=BETAI=ALPHAC/A(II/ACI)
P1C= RT/(A(I)—BETA)—ALPHAC/A(I)/(A(I)+BETA)JSOPT(T|
DEL=PIC-PICI)
S=S+DEL¥DEL
PER=DEL/PL{1}%100. v
51 WRIPE(E,11) I.X(I).PLCI)PICSDELLPER

WRITE(E47) NS '
a4 CONTINUE

Go TO & , e P
10 RETURN q

J END' .

th
o
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EVEL 20 LEASQ ’ DATE = 73100 . ;' 01711709

_SUBROUTINE LEASQ(XsYsNeAsB)
DIMENSION X(20),Y{20) X = *
S1=0.0 )
S2=0.0 2
S3=0.0
54=0.0
DD 3 I=1sN
S1=51+Y(1) . .
S2=S2+X(1)%xX(I) ' ' :
SIA=S3I+X(I)%x¥Y(1) ‘ '
S54=54+Xx(])
1 coN?INuE : .
D AN*<2 54*54
A={AN%S53-S4%51)/D
B={S1%52-S3%x54) /D
WRITE(G6+3 ) NsA+B
S1=0.0
,,,.52 0 0 — y T
Do 2 I= loN
YC=A*X(1)+B
7 DEL=Y{I)-YC
PER=DEL%100./YC
S1=S1+ABS(DEL)
_52=S2+ABS(PER) . .
WRITE(6+3) 1aY( I ' 'YC ODEL!PER
2 CONTINUE
AVDEvV=S1 /AN

o

AVPER=S2 /AN
WRITE(6+3) I[+AVDEV,AVPER
3 FORMAT(1H0,20Xs12,4F1044)

RETURN
END
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" APPENDIX VI ' ' .

CALCULATION OF THE CHARACTERISTIC PARAMETERS OF THE ANALOG OF
THE REDLICH-KWONG EQUATION BY EXTENDING THE METHOD OF CHANG-LU
PROPOSED IN V.L.E. CALCULATIONS '

This program was used to calculate the values of < and
B of the Redlich-Kwong analog using experimental adsorption data.
The input data are read in the following orders
1) Title
2) Tempqrature.‘T
3) Pressure, P{(I), moles of gas adsorbed, X(I,1),
~A/RT for gas 2, Y(I,2) for 15 incremental values
of pressure.
The output data are listed.in Tables IV.5 of Appendix
I, S
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DATA INPUT

ETHANE - ETHYLENE - SILICA GEL AT 25,0 DEG. CENTIGRADE

298,16 305.5 48,5 282,66 45,98 0,0142 0,0381

50,0000 0.0655 0.0672  0,1559 0.1716

100,0000 0.1239 0.1315 " 0.2701 . 0,3163

150.0000 0.1773 0,1920 0.3638 0. el ;.

200,0000 ~  0,2265 0.2498 0.4457 0.5602

250,0000 0.2722 0.3053 0.5198 0.6677

300,0000 . 0,3148 10,3588 0.3883 0,7686

350,0000 0.3547 0,4102 0.6519 0.26M1

400,0000 0.2922 0.4602 .  0.7112 0.9551

450,0000 0.4275 0,5024 0,7668  1,0421

500,000 ° 0,4609 0.5552 0.2126 1.,1256

550,0000- 0.4925  0,6007 0.2669 1.2059 ‘
600,0000 0.5225 0.6442 0.9112 1,2233 N
650,0000 . 0,5510 0,6272 0.9526 1.3580

700,0000 0,5782 0.7297 0,9925 1.4301

750,0000 0.6041 0,7705 1,0287 1,4992
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ORTRAN IV G LEVEL 21 MAIN DATE = 74341 - 14/&
C..  CALCULATION OF. 0MEGA1 ANE_ CMEcAa WITH . REDLICH—KUDNG EQUATIOM
c . 1=PRESSURE
. c K=COMPONENT
| 4 JJ=TEMPE RATURE -
(Ccol DIMENS ICN x(15.2)-Yt15-2).TITLE(EOD-TC(Z)-PC{zi-P(ISI’HKIZ).
: LIYACLI4),YB(14) s XT(14)YET(14) ¢ERRCR(14)2W(14)
KK SR e e e s s
| KK=1 s S :
AREA=6G8,
AREA=601.4
AREA=69Se4
AREA=722+6
) TOL=e0000S . .o e
N=15S : !
AN=N
JJ=0
L READ(S+2,END=4) (TITLE(I)+I=1,20) (
C hNM=14 S . . .
€1 IF(YJI-NMIL19.20420 . ' T
C 19 READ(S+2) (TITUECT) »1=1+20)s, .
2 FORMAT(20A4) - , )
[ "WRITE(7.34) (TITLE(I),I1=1.,20)

34 FCRMAT(20A4)

READ(S5+6) TITC(I)Opc(l)'TC(E)IPC(E)!HK(l)lHK‘EJ

CREAD(SE) DUM e

READ{(S,6) DUM

READ(S+€) DUM

RT=1«587%T7/10C0,.

DO 3 I=1515 )
3 READ{(54+6) P(I)oX(Ill)sY(Ivl)lX(Iuc)sY(Iod)
6“FCRMAT(7F10.Q)

. I B T Dc 35 K= 1 i 2 4 mrmr e s AR s n e s .:...._....‘.._,..,_....:...,..._._..,... 4 Amemem e emrane s ,,.,.‘._._...__a
WRITE{(6+50Q) .

S0 FCRMATL(1lHl+.////)
WRITE(6.5) (TITLE(I)sI=1.20)
S FORMAT{(1HO+10X+20A4+//)
‘ WRITE(G67) . ... . ..
7 FCRMAT(1IHOs 10Xy ‘ ,
’ 'I's4X-'J‘oEXo'N‘n?Xg'PI'-BXs 879,11 X+ "ALFA®,7 Xs
v 1' *ALFA'7X, 'BETA',//)
JI=Jd+1 $ \
DO 30 I=1,.N .
. ==L e
H=e%8 - : “
[ of I=N"
ADMOLE=X{1I.K)
PIAORT=Y{1+K)}
SIG=AREA /ADMOLE
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IF(H=0a0) 47447549

URTRAN IV G LEVEL 21 _ . MAIN - ~ DATE = 74341 1474
€037 ... 2L=PIAGRT/ADMOLE

0038 PI=PlAORT*1,9687%T/AREA. /1000- - .

€039 HKCK)=X(KKsK)/P(KK) *10,’ : ' .

0040 HK{K)=HK(K) =003 *HK(K) :

tCal 32 21= P(I)#HK(K)*ZL*I.GET*TIIOOO.IIO-IFL/AREA

(o042 THIV=1,0 )

0083 i SO

0044 y 40 CONTINUE . .

0045 IH=0 ‘

0046 41 IF(HLT140) GO TL 42 ) - 4 .
0047 H=H-0,0& o . . :

2048 IH=IH+1 _ ' : ) .
COs50 43 H=0.58 ’

0051 42 Jz=Jd+1

PICAL=PICAL*1000, : '

0053 47 IF(L-C) 4€&,30,30

0054 46 H=el _

0055 k=2 S A K

0056 WRITE(6.,48) A s y

0057 . 48 FORMAT(IHC.,* H WAS NEGATIVE®) i

0058 GO _Ta a¢ . 4

0059 49 RH SCle=ZL*(1e=H})¥(1e+H)¥ALOG(le+H)/E/(1e—F) *

coel FFH=ALOG(Z1*THIV)+1,0-ZL+ALCG(1 e=H) +RH

0061 DFFH==14/(1e0-H)+RH*(ZL/(1le~ZL*(1e=H)) 3
1 +{~- 10+2.*H‘|‘H*H)/H/( lea=H%H) +1e/(1 .+H,/ALOG( 1 o'l‘h))

0062 TEST=EFH/DFFH : ;

0063 H=H-TEST/Z40 3

0064 IF{JeGTa90) GO TOQ 45 ;

006S IF(ABS(TEST/H) «GToTOL) GO TC 40

0006 ... .._..45 CONTINUE . e et e

V067 . B=H®*ZL/PI

co6s A2=B*(1e0/(1e0-H)}=ZL)}*(140€H)/H-

0069 WASA2RPC(K) *TEXZ ¢ S/TCIK)*%245 T

0070 WB=BxPC{K)I*T/TC(K)

0071 ZCAL=1e/{1e~H)}=A2/B%{H/(1e+k))

0072 LASA2R1 G872 oK THRZ24E/1000000, .

0073 B=B%1.587%7/1000. . X

0074 R=B/S1G b

0075 1--A/B/1.987/TISORT(T)*1000. {

0076 R2=R/(1e=R)

0077 R3=R/( 1 e+R)

9078 R4=ALAG(le#R) =~~~ - - -

0079 . AKSHK{K)/AREA

0080 AK=1e/AK/B

c081 PCAL=AK*R2¥EXP{R2)*EXP(R1%(R3+R4)) -

tos2 PICAL=RT/(S1G-B)- A/SQRT(T)/SIC/(‘IG+B) , - '




ORTRAN IV G LEVEL 21 "~ MAIN ° : DATE = 74341 . 147¢
cos4 . .. ....PI=PI1*1000Q, e oo e e .
085 WRITE(6+202) I,JsADMCLE'PIAORT+ZL»AsB
0086 . 202 FORMATU(1HOs6X ‘ :
1 . c 3215, 3F104433X32F1002)
. . . C WRITEL7+33) PLI )} ADMCLE ,PIACRT WA WE A
0087 33 FORMAT(F10e1+2F10e444F1244) ' ’ ‘
vo88 . . .30 CONTINUE e e e e e e B .
¢ WRITE(7+36) HK(K} P : - .
0089 36 FCRMAT(F10.6) - '
0090 : 35 WRITE{6+31) HK(K) ) .
€091 " 321 FORMAT(1HO.//+12X+"LIMITING SLOPE="4F745) . "
0092 - GO TO 1 : ‘
0093 4 RETURN %
C/GO.FTOITFOOL DD SYSOLT=B '
0094 . END - . .
1 - *. "‘* ‘
~ - '\ ) -
b

-. v
: .
~.
r
N ]

[

-~ A N
H

'
1. R
( L]
B
. [4 3
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. © . . . . . - _-
e _ APPENDIX VI,
PREDICTION OF PHASE EQUILTBRIA IN MIXTURES USING THE ANALOG OF
THE REDLICH-KWONG EQUATION WHOSE COEFFICIENGS HAVE, BEEN CALCU- .
LATED BY THE METHOD EMPLOYED IN V.L.E. CALCULATIONS PROPOSED BY

A CHANG AND LU

i';i;'ﬁ,-‘_n‘;?’.. This .program was used to calculate the v&lues of o and
X of a binary mixture adsorbed using the analog of the Redlich-
Kwong equation of state.’

‘ . The input data are read in the following order: _
. I o : . . ., ) -‘ . . . ) e
c) Ry ;
* . . >_2)'°ij | ‘
- L 3B Vo Ty w for each. pure component -- N
. k) "7, the 3 compositions in the gas ;{a:e investigated
9 "
5) Title . - "
6‘) Ta Kl' KZ o . . Y - .
\_\ ~7) P, n, mA/RT, ¢3+ B; for each pure component
o 8) P,-n, X; experimental data for each composition
. - N ‘7'. ) -
2 _ : , in the gas pha‘se considered (3 sets),
. . o : .
s The ovtput data are'. listed in Tables IV, 15 and Iv.16,
The iterata.on scheme employed to solve for the roots
and X using incremental value of P is illustrated below:
. * . u . . 0 .
@ : 3 - * i ¢ .
1 z
R . 4?. * ;:
M * o ) ) ‘ ]
b . ]
g v 1 B .-Q
< .'. ! - e 7 R ®
e e : ! g



346

f 3
0 . o
- —~ '
; ' Data input
. ] . |
2 ' Initial values of P, o and X ' q
- Calculated d“a_nd B based on initial

value (or new value) of X

Solve F(g, X) = 0 for o and X
. ®
Compare new values of ¢ and X with

W - ¥ | previous ones

No - -| Yes

fr—

~ e Recalculate 2, B and m with new values
of o and X

r

Compare new value of m with experimental

- L

o

ew vélue of P No -

Yes

Data Output Table IV.+5; Y1, Y2
- SIGMA, (PIMIX '

. . % P . - ) Y -

Comparison Between Calculated and

TN |Meseweandx o

o " | pata output Toble¥IV.16; Y1, DP
DY, DX

ra

' * Resqlts‘of Table IV.16 are obtained for equkl intervals of
_ T e R
gas phase molar compositions, . : ' .



0.0
-0.1

49.98
48,5
" 0.2635+

ETHANE - ETHYIENE - SILICA GEL AT 25,0 DEG. CENTIGRADE

298,16
27,0
200,0
136.2 °
106,7

90.17

$00.0
750,.0

526.5 -
W1k b <

'363.3
435.0
1000.0
750.0 .
588, 4
517.6

T127.64

. A141,72

<

- 0,5042

- 0,03024
0.225 .
0,228
0.2214
0.2142
0.2241
0,589 .
0.6041
0,614
0.5947
0.,5989
0.75
0,75
'0.7673
0.7579

0,7616

e

DATA INPUT

&

'

282.7
305.5
07547

o,0f27m
0,25
0,25.
0,486
-, 0.,6902
0.8786
0.7705
0.7705
0.,4679
1 0.6888

'

1,014

1,014

0.4684
" 0.6865
. 0,8708

0,085
0.105

24200.0

11301.0

. 5090,0

2513.,8

. 2710,0

2514,0

I

1300.,0
8?0-0

460 ,0
361.7

342,0
362.0

347
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B v o LEVEL 21 _ o MAIN

c

. DATE = 75056 10730741

.70 CALCULATE MULAR. AREA_AND. ADSORKBED. PHASE . COMPQSITION’
DIMENSION AD(1S)4ALFA(2)+3ETA(2)sHK(2)»TITLE(20)PIAORT(2)
DIMENSION ARK(Z2)sBRKI2) +W(2)+PC(2),VC(2)+TC(2) .
DIMENSION Xl(lSl-xE(lS).Yl(lS)-YZ(lS).SIGHA(15).9(10)

- DIMENSION PITI1S5)+sTP(3)+TNC(I)+TX(3)

NP=10 —
NP=3 . ’ -

READ(S.IQ.END 17} AKI J

READ(S-IQ) c1J '
READ(S,191) (PC{T) VCL{I) TC(I), u{I}\.I 1s 2)

23
32

READ(Ss21 ) (Y1{1)s1=1,43) t - .

DO 23 I=1,.,3 . dw
Y2(I)=1la-Y1(I)

READ(S+2) (TITLE(I) »I=1,20)

READ(Ss19) Te HK(1)sHK(2}

AREA=T22.9 hd

AK=1498717%(140E-03)

AKT=AK *T _
HK1=HK(1) : _ -
HK2=HK{2)

DO 16 1=1,2

16 HK({I)=HK(IIZARFA

b

60

DO 3 KK=1,3
READ(S+S) (P(I), AD(I)-PIAORT(I)nALFA(I"BETA‘I,OI 1,2)
FORMAT(2F10a01} .
READ(S+21) (TPUI)sTNLL)}sTX(I)4I=143)
DO S6 1—1.3

56

_ TP(I)_IP(I)/IO- i - ;
TNCI)=AREA/TN(1) . -
P(1)=P(1)) /10. :

P{3)=P(2)/10.
SIQ1=AREA /ADI(1)
SIGR2=AREA /AD(2)
T1=K51G1

31

_PI£PIAORT (1)*AKT/AREA : !

T2=s1G2 . _

P =AK*T/[SIGI-BETA(1))-ALFA(1)/SIG1/($IGI+BETA(1))ISQRT(T)
2= AK*T/(SIGZ-BETA(E))*ALFA(E)/SIGB/{SIGZ+BETA(2))/SQRT(T)
READ(5+31) BETA(ll.BETA(&).ALFA(I):ALFA(E)-HK(I)iHK(Z)
FORMAT (20X 6F1040)

[+ T aRT ¢

DO 9 I=1,.2 .
ARK{I)I=ALFA{I}*PC{l}/AK%%2, O/TC(I)**Z-

'BRK(I)-BETA(I)*PC(I}/AK/TC(1)

HK(I)=1e/ (HK(I)*0ETA(L})
FORMAT(1HOs10F10e4)
IF(NPal T210) GO _TQ 24

Y1(1l)=al . , .
Y2(1)=ae$ :

=
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DO 18 I=2.,9
Al=1, o
Y1(I)=0e0S+0e1%(Al-14)
18 Y2(I)=14=-Y1(1) .
Y1(10)=e9 - o ’
Y2(10)=41 ‘ . ‘
24 CONTINUE ' - : S | _
CONST=(ARK( 1) +ARK (2) )% {VCI1)%%(14/3e)+VC(2)%*%(1e/3e))%x3,0%
1 (SART(TCI1)*TC{2) })**1eSkAKK®2,0/(4.656-0.64%(W(1)+W(2)))/B2,06
ALFA12=CONST*(1e=AKIJI*%1,5
cC . clu= lo-CONSTt(l.—AKIJ)**I-S/SQRT(ALFA(I)*ALFA(E))
c ClJ=140-ALFA12/SURT(ABS(ALFA(1))*ABS{ALFA(2)))
DO 3 K=1,1
WRITE(64+34)
WRITE(6+:57)
WRITE(6+4) (TITLE(I)aI=1,20) :
WRITE(6+20) TsPI,P1+P2.P(1),P(2),T1 o T2 sHK1 +HK2 4 { I4ALFA(I),1,BE
1TA(I)s1=1,2) : ’
ClJ=0.0 ) )
ALFAL2=(ALFA(1)+ALFA(2))/2e*(1a —ClJ)
ALFA1l2= SQRT(ABS(ALFA(1))*ABS(ALFAC2I))*(lo-CIJl
AN=0a
PIAV=04 : : .
SIGAV=0,. c :
22 DO _ 15 I=1.NP , ’ s
X1(1)= Yl(l)*HK(l)/(Yl(IJ*HK(1)+Y2(I)*HK(2))
X2(I)=1e=-X1({1)
PP=P(2) '
40 PP=P(1)
FIGMA(T)= X1C1)*SIG1+X2(1)*SIG2 >
- SIGMA(I)= Xl(I)*BtTA(1)+xa(I)*BETA(2)+X1(I)/HK(!)/YI(I)/PP o
» - IP (4] . -
36 1T=0 - '
IP=1P+1 y

8 IT=IT+1 N )
] IF(IT=20) 10,10,15
10 BMX=X1(I}*BETA(LI+X2(1)*3=TA(2)
IF(X1(I1)}—0s0) 15,15,27
27 IF({X2(1)-0e0) 15,15,28
28 AMX=X1{I)*%x24%ALFA[1)+2, #xl(I)*XZ(I)*ALFA12+XZ(I)**2 *ALFA(2)

EZI=SIGMA (I )+BMX : -
EZ2=SIGMA(I1)-BMX )
IF(EZ2=0e¢0) 15,15,29 . _ -
29 RT=14587*T**1e5%¥cMX/1000.
Al==~ALOG(EZ2)
A2=BETA(1)/EZ22.

— ey e e e ——

A3==2e% {X1{II*ALFA(1)}+X2(I1)*ALFA12) *ALOG(E'ZI/SIGMA( I1))}/RT
AG=AMX*BETA{1)*{ALOG(EZ1/S5IGMA(1))}-BMX/EZ1)/RT/BNX
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AN IV G LEVEL 21 _ MAIN DATE = 75056 10/30/44

43 FX1=ALOGIHK(1)%PP  *xY1(I)/X1(I)) _ e
FSIGLI=A1+A2+A3+AG
X=X1(1I)
SIG=SIGMA{L{I)}
X1{I)=X1{1)*FSIGL/F X1
sSIG) =SIGMA(I)*FX1/FSIG1
A2=BETA(2)/EZ2 . e e
I==2ek(X2( 1) RALFA(2)+X *ALFAL12)*ALOG(EZ1/SIGMA(I))/RT
SAMX*BETA(2)%(ALOG(EZL/SIGMA{ I} )=8BMX/EZ1)/RT/BMX
= G{HK(2)xpp *Y2{I)/X2(1))
=Al+A2+A3+As _ '
X2(T)=X2(1)*FSIG2/FX2
SIG2 = =SIGMA(Il)¥FX2/FSié2
X1CE)=X1(1)/{X1(L)+X2(1))
X2(I)=1lae=X1(1) < .
SIGMAL( T )I={(SIGL+S] G2)/2.0
45 EX1=X31(I)-X
. ESIG=SIGMA(I)-SIG
' ERX1=ABS{EX1) /X
ERSIG=ABS{ESIG)/SIG =
_ IF(ERX1=4005 ) 11,11,.5
11 IF(FRSIG-a005 ) 12:12,.8
12 AMX=X1(T)*k2.%ALFA(1)¢2. *x1(1)*x2(1)*ALFA12+X2(I)*#2.*ALFA(2)
BMX=X1({I)*BETA{1)+X2(1)*BETA{2)
Pl12= AK*T/(SIGHA(IJ-BMX)—AMX/S[GMA(l)/(SIGMA(II+BMX)/SQRT(T) ‘
EPI=ABS(P12-~P])
ERP I=ERPI/PI
PIT{I)=P®
IF(ERPI=04005) 50,35,35
35 R=BMX/SIGMA({1)
: R1=—AMX/BMX/AKTLIURT(T)
R2=R/(1e-R) _/ _
R3=R/(1e+R) - -
Ba=Al CG{1.4R)
HKM=X1{1)}*HK(1)+X2( 1) *HK(2)
) HKM=1 e /HK M/ BMX
c PP SHKM*R2XEXP (R2) *EXP(R1*(R3+R%Y)
PP=PP+s1
IF(PP=P(2)) 37415,15 . L
— d? _IF(IP=500)363+36+50
| S50 WRITE(6413) I4PPiY1{I)sX1(I),SIGMA(IL),P12 L
SIGAV=SIGAV+SIGMA{ ) -
PIAV=PIAV+P12 _ , -
AN=AN+1, o - '
15 CONTINUE _ -
IF{ANILE«Qa0} GO T O 3 : :
PIAV=PIAV/AN
SIGAV=SIGAV/AN > ‘ ) .o

/‘\“I
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WRITE(6,14) ch ALFA12-SIbAV.PIAV N ‘ ' | X

IF(NP-GT. GO Tao 3
* WRITE(6,34)
WRITE(G6:53)

WRITE(6+4) (TITLE(I)I=1,20)

WRITE(6:54) TePLsP1+P2:P(1)4P(2)+sT1 T2 o HK14HK2,4 (14ALFA(L),1,BE
1TACI) 4 I=1,2) )
S1=0.

$2=0e '
53_0!_

DD 51 I=1,3 '

DP=A8S({TP{I)- PIT(I))/PIT(I)*IOO. . R
DN=ABS(TN(I)~SIGMA(I)})}/SIGMA(TI)*100.
DX=ABS(TX(I)=X1(I))/X1(1}%100.

WRITE(6+52) Y1(1),DP4DNsDX

S1=S1+0P

S2=S2+DN
$3=S3+DX
51 CONTINUE _ ‘
51=51/3.
S2=52/3,
S3=S53/3.

.3 CONTINUE

WRITE(6.55)51-52f53
LWRITE(6414) ClJ, ALFA12sSIbAV.PIAV

READ(S,33) ICHEK
33 FORMAT(I1)
IF(ICHEKeGEel) GJ TO 1

GG TO 32 : . 7
17 RETURN ‘

21 FORMAT(3F1040)

2 FORMAT(2044)

13 FORMAT({1HO+10XsI5+F10els FIO.E.FIO-Q'FlﬂnZ.F12.6)

19 FORMAT(4F1040)

S FORMAT(S5F1040)
34 FORMAT(1Hlesr7//7)

4 FORMAT(1HO+10X+20A%4+//) _

57 FORMAT(1HO0.,25X.* PREDICTION OF PHASE EQUILIBRIUM DATAY,/s) =
20 FORMAT(1HO0,10Xs *TEMPERATURE=®;F6e2+10X,* SPREADING PRESSURE=® F 8.
16+//210Xy * CALCULATED SPREADING PRESSURE  PI1=¢ 1FBe625X, *P12=

e P e '!H"F?

2FBe6s/7/+,10X4y* PURE ADSORBATE PRESSURE Pl=23FT7e2:5Xs"P2=%FTe2,s

3//7+10Xs* PURE MO_LAR ARZA SIGI"'.FTqB.SX.'SIGZ=‘.F7.2-//'IOX. L
4IMITING SLOQPE Kl—'oFQ-Ssbx-'K2 "sF G 5.//'10X'2(' AFﬁqu”___mw

5 111;F10.4:5X|'BETA'|II|F10.4 L 4/9210X s/ /915X,
6L, TXs'P "sTXs 'YL, 7Xs"%X1% ,6X,9SIGMA"Y, 6Xe*PIMIX?,/)

14 FDRMAT(1H0.1ox.--c1J=i.F6.3.5x.-ALFA12=-.Flo.a'.V/.1ox.' SIGAV=e,F

N

17e2+5Xs*PIAV=",F1046) ‘
S3 FORMAT{1HO,10X+* COMPARISON BETMEEN EXPERIMENTAL AND CALCULATED PH
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Iv G LEVEL

54

21 ' MAIN DATE = 75056 Los30r4¢

1ASE EQUILIBRIUM UATAY//). e e o ‘
FORMAT({1HO0,10Xs 'TEMPERATURE="3F642+10X+* SPREADING PRESSURE=" .F8,
16+/7510Xs * CALCULATED SPREADING PRESSURE Pli=* LFBebe5Xe*'Pl2=r,’
2ERafie /7 10Xs ' PUIF ADSORBATE PRESSURE. Pl="*+F1a2:5X2"P2=*3F7e2s

3/7+10X%Xs* PURE MOLAR AREA SIGLI=*4F7e2:5Xs ¥SIG2=" 4FT7e2s//+10Xs" L
AIMITING SLOPE KI1=*,F9e5+5X s 'K2="4FGaS5:/7/210X+2(* ALFA®
5 . s I14F1004s5Xs*BETAsI1sF10e% . . o/410X_ _  © )4//415Xs?
& Y1 pDP DN DX%e/7) . '

S2 FORMAT(1HG,+10XsF10e443F10e2)

55 FORMATIIHO11X:s"AVGa NDEV®* s 3F10a2)

END N
-
, e
“ r
¥
P . ,.¢’






