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ABSTRACT

A CHROMATOGRAPHIC STUDY OF THE OXYGEN EXCHANGE
REACTION BETWEEN CARBON MONOXIDE AND CARBON
DIOXIDE OVER A Cu-Zn0 CATALYST

by
William David Smith

Perturbation chromatography and, more specifically,
the use of isotopic tracers have been applied successfully
to the investigation of equilibrium and nonequilibrium
chemisorption and surface reaction in a gas-solid system.

The theoretical treatment of the problem resulted
in equations describing the movement of tracer samples
down a packed column when adsorption and reaction processes
were at equilibrium. In general, the assumption that these
processes were near equilibrium was not valid. In order to
describe the data over the entire range of flow rates, it
was necessary to solve the continuity equations numerically.

The experimental system consisted of carbon monox-
ide and carbon dioxide, along with their carbon-14 isotopes,
in the presence of a copper-zinc oxide catalyst at 400°F.

The catalyst, Girdler G-66B, is a commercial low temperature



water gas shift catalyst.

A five step adsorption-reaction mechanism was found
to fit the data very well. Simpler mechanisms were at-
tempted and found to Be qualitatively unsatisfactory. The
mechanism assumes two different types of adsorption for
both carbon monoxide and carbon dioxide. In each case only
one form of adsorption is directly involved in the exchange
reaction. The mechanism is not specific regarding the
nature of the oxygen exchange on the surface.

A brief investigation of the carbon dioxide - helium
system showed that carbon dioxide adsorption on this cata-
lyst follows a Freundlich isotherm at 400°F. The existence
of dissociative carbon dioxide adsorption was neither
proven nor disproven.

The absence of Langmuir behavior in both systems
leads to the conclusion that the surface of this catalyst

is extremely heterogeneous energetically.
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I. INTRODUCTION AND LITERATURE REVIEW

I.1 Introduction

In the past chemisorption of gases on catalytic
surfaces has been étudied most often in static systems. In
the past decade, however, perturbation chromatography and
the use of distinguishable molecular pulses (tracers) has
emerged as a valuable new approach in chemisorption studies.

In this work, the theory and practice of perturba-
tion chromatography and the use of radioactive tracers has
been applied tc the investigation of carbon monoxide and
carbon dioxide adsorption on a copper-zinc oxide surface.
The solid used was Girdler G-66B, a commercial low tempera-
ture water gas shift catalyst. |

The purpose of this work was twofold. First, it
was desired to extend the application of perturbation chro-
matography to the study of chemisorption in the presence of
a surface reaction. Second, it was hoped that some contri-
bution might be made to the fundamental understanding of
carbon monoxide and carbon dioxide chemisorption over this
catalyst.

The use of radioactive tracers eliminated any re-
strictions regarding the linearity of adsorption isotherms.
Information was not extracted from mass peaks, which also

1
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result when tracer samples are injected, primarily because
of poor detector sensitivity. The theory which is pre-
sented to account for the phenomena observed yielded
sparingly to analytical solution. Most of the comparison
between theory and experiment was accomplished by numerical
solution of the equations resulting when the column was

simulated by a series of perfectly mixed tanks.

I.2 Literature Review

Chromatography was introduced to the world in 1906
by Tswett (53), who used the procedure to separate plant
pigments. The column effluent consisted of several zones
of different colors, due to the pigments, and as a result
Tswett coined the word chromatography, which means ''color-
writing," to describe the process. Evidently his work went
somewhat unheralded, for it was not until 1941 when the
next work in chromatography was published. Martin and
Synge (37) introduced the plate theory to partition chro-
matography and applied it to a liquid-liquid system. James
and Martin (25) used a gas as a carrier and thus initiated
work in the field of gas chromatography. As the research
effort in chromatography began to accelerate, Littlewood
et al. (35) used chromatography to calculate heats of solu-

tion. Martin (36) suggested the use of gas-iiquid partition
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chromatography to determine thermodynamic quantities such
as interaction potentials.

A number of reviews have been written about chro-
matography (22, 26, 27, 29, 42). Purnell (42), along with
Keulemans (27), was concerned primarily with separation
chromatography while Kobayashi et al. (29) concentrated on
the use of chromatography in physico-chemical measurements.

Since the mid-1950's a voluminous amount of work
has been conducted in chromatography. Most of the work has
been concerned with retention volumes or retention times.
Stalkup and Kobayashi (47), by measuring retention volumes,
determined K values for n-butane in methane-n-decane at
high pressure. Stalkup and Kobayashi (46) in a later work
confirmed the theory presented in a paper by Stalkup and
Deans (45) which predicted N-1 peak velocities for an N
component flowing phase infinitesimally perturbed. Koonce
et al. (30) demonstrated that a radioactive peak has a dif-
ferent velocity than the concentration peak. Barrere and
Deans (4) used chromatography to study absorption with
chemical reaction in the carbon dioxide-diethanolamine sys-
tem. Eberly (11) applied gas-solid chromatography to the
measurement of adsorption isotherms, surface areas, and
heats of édsorption at high temperatures.

In a classic paper which stirred interest in peak

shape, Van Deemter et al. (55) introduced a relationship



between zone spreading and plate height, which, unfortu-
nately, could not be used a priori to calculate plate height.
Giddings (19) introduced the concept of generalized diffu-
sion coefficients which included the kinetic constants of
the rate processes involved. Giddings and Seager (21)
pointed out that the total variance of a peak could be
expressed as the sum of the variances of a number of inde-
pendent processes. Giddings and Keller (20) qualitatively
discussed a slow reversible first order unimolecular reac-
tion under chromatographic conditions for no reaction,
intermediate reaction, and complete reaction cases. Klinken-
berg (28) analyzed this reaction in a chromatographic
column for the latter case and expressed the results in
terms of retentior time znd zone spreading. Kubin (31) and
Kucera (33) used LaPlace transforms in solving for expres-
sions for the moments of the eluted peak in gas-solid chro-
matographic systems. Smith and co-workers (41, 43, 44, 49)
combined their results with experimental first and second
moments to determine adsorption isotherms, adsorption rate
constants, intraparticle diffusion coefficients, surface
diffusion coefficients, and axial dispersion coefficients.
Aris (2) introduced the moment method, in which the axial
distance variable is transformed, by using it to solve the
' problem of dispersion in capillary flow originally solved

by Taylor (50). The moment method has since been used by
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Deans et al. (9) to develop a generalized theory of pertur-
bation chromatography in multicomponent systems involving
an arbitrary number of chemical reactions. Recently Gangwal
et al. (16) applied Fourier analysis to chromatographic
peaks.

Carbon monoxide has been observed to adsorb on many
solids (1, 5, 12, 13, 14, 15, 17, 18, 24, 32, 34, 39, 51,
58). Eischens and Webb (13) observed the dissociation of
carbon monoxide over an iron catalyst, and Ertl (15) ob-
served carbon formation in the carbon monoxide - copper
system at high temperatures. Most other work (5, 12, 14)
has shown carbon monoxide chemisorption not to be dissocia-
tive. Carbon dioxide adsorption in general is not as exten-
sive as that of the monoxide. Uzniike the monoxide, carbon
dioxide adscrbs both associatively (18, 23, 24, 39, 58) and
dissociatively (7, 23, 58). Both carbon oxides have been
found to adsorb reversibly on zinc oxide at room tempera-
ture (1, 17, 18, 32, 51, 56). Infrared studies (1, 51) omn
zinc oxide indicated that there exists more than one type
of carbon monoxide chemisorption and that surface carbon
dioxide exists primarily as a carbonate type structure.
Nekipelov and Kasatkina (39) noted that dissociative carbon
dioxide adsorption did not occur on their zinc oxide cata-

lyst and were in agreement with Winter (56) in concluding
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that the oxygen exchange reaction between carbon monoxide
and carbon dioxide was mnegligible over zinc oxide.

Oxygen exchange between both carbon oxides and cata-
lyst oxygen has been observed over both zinc oxide and
cuprous oxides (24, 39, 52). Several investigators (3, 7,
39, 40, 48, 56) have conducted kinetic studies of the oxXygen

exchange reaction,

2C%0, + C O

C*0 + C O 2

2

where the * denotes a nonnormal carbon isotope, such as
carbon-14. Stroeva et al. (48) measured rate constants for
this reaction in the presence of iron oxide, copper, silver,
platinum, and cobalt. 1In spite of the fact that carbon
dioxide adsorption on copper oxide at low temperatures is
negligible (24, 57), copper was found to catalyze the oxygen
exchange reaction in the 250°C - 400°C temperature range.
Following the kinetic experiments X-ray analysis of the cat-
alyst indicated that very little of the copper was present
as oxide. Cha and Parravano (7) observed this reaction
over a titanium dioxide catalyst and concluded that carbon
dioxide adsorption was rate limiting.

The copper-zinc oxide catalyst (G-66B) employed in
this work was a commercial low temperature shift catalyst.

It is generally thought that the catalytic activity for the
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water gas shift reaction is provided by the copper, with the
zinc oxide playing the role of a support and a spacer to
inhibit thermal sintering of the finely dispersed copper (6).
Uchida et al. (54) investigated similar copper-zinc oxide
catalysts by X-ray and electron microscope techniques. They
found the copper to exist primarily in the metallic state
and to be of two general types according to structure:

(1) 1large massive particles several hundred & in size, and
(2) thin patches covering the zinc oxide surface. Musser
(38) showed that carbon monoxide chemisorption on G-66B was
not due exclusively to a one site mechanism, although he

was unable to differentiate between various two site mecha-
nisms. A chromatographic study of hydrogen chemisorption
was carried out on this catalyst by Suzuki and Smith (49).
Their work yielded good adsorption data but no conclusions

were reached regarding the mechanism involved.



II. THEORY

ITI.1 General Description

The transient behavior of a slug of tracer being
swept down a packed column by a multicomponent carrier gas
is to be described. It is assumed that the tracer adsorbs
on the surface of the catalyst and may react while on the
surface of the catalyst to become a different chemical com-
ponent. The general mass balance for the tracer in the

flowing phase may be written as follows:

9C -

at1+v~ciﬁ=v-DvCi+Ri (I11-1)
where: u = flowing phase velocity vector
C; = concentration of component "i"

= dispersion coefficient

D
Ri = source of component "i'" in the flowing phase

Equation (II-1) can be simplified by introduction

of the following assumptions:

(1) Flow is in the axial direction only.
(2) Flowing phase dispersion is negligible, and there-

fore D = 0.



The simplified form is

aci ac.

1 oV _ -
5t TV 3z Y%z TRy (11-2)

where: v = average fluid velocity

Collins (8) has shown that for the system to which
this theoretical treatment will be applied, injection of a
tracer component also results in a concentration disturbance
which propagates down the column at a velocity different
from that of the tracer. At all points upstream and down-
stream of this perturbation the total concentration of each
chemical component in the carrier gas remains constant at
the steady state value that was established before injec-
tion of the sample. This is illustrated for a two component
system in Figure II-1. Furthermore, Collins' analysis
pointed out that the term %% was zero except for certain
cases in the region of the perturbation. Therefore, since
the tracer will not be at the same location as the concen-
tration perturbation, the term %% can be set equal to zero,
and the analysis can be simplified a great deal.

At this point the following assumptions are to be

made:

(3) The pressure drop across the column is negligible,

so that the pressure can be assumed constant.
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(4) The column is isothermal.

(5) The flowing phase is an ideal gas mixture.

Introducing these assumptions and setting %% equal

to zero transforms equation (II-2) as follows:

* Vo= R (II-3)

where: y; = mole fraction of component "i'" in the follow-

ing phase

i
o
]

Ri/c

total molar concentration of the flowing phase

(g]
n

I1.2 Equilibrium Theory
IT.2.1 Generalization
At this point the following assumptions are made:

(6) All mass transfer and adsorption rates are infi-
nitely fast; i.e., local equilibrium exists.
(7) Any reactions occurring on the surface are revers-

ible and at equilibrium.

The material balance in the stationary phase is

L1 - R (I1-4)



12

]

where: n, surface concentration of component "i", moles
"i'"/mole flowing phase

Ry

source of component "i" in the stationary phase

Incorporating assumptions 6 and 7 leads to the

following relationship:

R; = -RI + % vir Fx (I1-5)
where: Fk = rate of the kth surface reaction
Vi T the stoichiometric coefficient of component

"i'" in the kth surface reaction

At this point it becomes necessary to introduce a
relationship for the equilibrium existing between the two

phases. Such a relation is

i7Yi (II-6)
where: wu. = the adsorption equilibrium function of com-
ponent "i", moles "i" on the surface/mole "i"
in the flowing phase and wy = ui(TC,PC,yl,yz,
Yzs---Yn_ 1> catalyst, etc.)
where: T_ = column temperature
P_. = column pressure
y; = mole fraction component "i'" in the flowing

phase
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n = number of components in the carrier gas

The equilibrium function, By, Can be treated as a
constant, since by assumption PC and TC are constant and in
the vicinity of the tracer peak the total concentrations of
distinguishable chemical species are constant.

Combining equations (II-3) through (II-6) yields

Ay - 3y - 3y -
1 1 1 - -
T T CF Ryl 1{ vig Fi) =0 (11-7)

I1.2.2 Adsorption Without Reaction

Consider a binary carrier gas consisting of com-
ponents A and B. Equation (II-7) can be applied to describe
the behavior of a tracer component, A*, which is assumed to
be chemically indistinguishable from component A. In this
case, since it has been assumed that there is no surface
reaction, Fi = 0. Equation (II-7) becomes for the A-B-A%
system, where 1 and 2 represent components A and B, respec-
tively,

*
3y 9y

(1 + Hy) 3T F V=0 (I1-8)

* -
where: y; denotes the isotopic tracer "i".
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Equation (II-8), being a hyperbolic partial differ-
ential equation, can be solved by the method of characteris-
tics. This method has been well documented with respect to
chromatographic systems (4, 8, 38). The characteristic

®
velocity, Vs is given by

&
ve = (52 s (11-92)
73
s o 3y :
or Ve = - 5377 0)/0557) (II-9b)

The solution of equation (II-8), therefore, is

LV II-10

This can be rearranged to give

b= (L -1 (1I-11)

Vv
Cc

In terms of more readily obtainable experimental quantities

equation (II-11) becomes
.t
= ( ER - 1) (I1-12)
T

residence of the peak

=
=2
o
H
(¢}
ﬂ
]

ot
L}

residence time of the carrier gas
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A column conversion constant, B, can be defined as follows:

g = Vm_c' (II-13)
G

where: m mass of catalyst in the column

VG cclumn free volume

Dividing equation (II-12) by 8 gives the experimental

quantity G*, which is given in the following equation:
1 t
G* = = (-2 - 1) (I1-14)
B tr

and by equation (II-12)

G* = ui (I1-15)
. T = 1 -
where: n; B Yy (I1-16)
and n: = moles of component "i'/g catalyst
B; = adsorption equilibrium function of component

AER]] | - .
T, wl o= ug/8

Now consider the addition of a second tracer com-
ponent, B*. A four component system, A-B-A*-B*, now exists

and a second equation appears as

* &
3y, 3y, _
(1 + “2) Tt Vi < 0 (I1-17)
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Since there is no surface reaction (Fk = 0) equations
(II-8) and (II-17) are not coupled, and each can be solved
separately by the method of characteristics. The solution

to equation (II-17) is

G* = y (I1-18)

]
2
I1.2.3 Equilibrium Reaction

Now consider the case of the four component system,
A-B-A*-B*, under conditions in which the following reaction

may be assumed at equilibrium:

A+ B* T B + A%

* E3
Y1 Y2 Y2 i

where: Yi flowing phase mole fraction of component "i'

flowing phase mole fraction of isotopic tracer

\<
=
]

of Hi"

The presence of the above exchange reaction reduces the de-
grees of freedom for the system from two to one. Because
of the coupling effect of the reaction, both tracer com-
ponents will have the same characteristic velocity as
opposed to the case described in Section II.2.2. For the

tracer components, equation (II-7) becomes
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% * &

oy Y1 . 3Y1 .

s TV 37 Y1 3t F. =0 (I1-19a)
* ® %

5t TV 3z tTuyspotFF=0 (I1-19Db)

where: F* = the rate of the exchange reaction

The form of the equilibrium constant for the exchange reac-

tion is assumed to be

Y1y
=172 (II-20a)
Yo ¥y
E3
Y1 _ 71
or = =K 7 (II-20b)
M) 2

Combining equation (II-20b) with

s &
Yi T Y1 Y Ys (II-21)
where: yi = the steady state mole fraction of component "i"
yields
® S
Y1 Y1
) Y2

That is, in the vicinity of the tracer pulse, the ratio of

the tracer components is constant.
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With this restriction, equation (I1-19a) can be
multiplied by (l/y:) and added to the product of equation
(II-19b) and (—1/y;) to give

E3 *
* ayl * 3}’2
« _ J2"1 3% Y142 3t
F* = —« T % (11-23)

Y1 77, Y1 7Y%,

Equation (II-23) can be rearranged by using equation (11-22)

as follows:

% *®
241 %Y

¥qa T M
F* = 1 3t - - 2 3t (II-24)
Ko,

S S
Y3 K y3y

Substitution of equation (II-24) into equation (II-19a)

results in

& &
oy oy
* * s 1 s 2
oy oy Kuy vy7 ==— KyJd v, —/
1 . v 1. 171 3t 1 "2 3t _ 0 (II-25)

3t 3 s s s s
vzt Ryl K vl v
Using equation (II-22) to convert the last term of equa-

tion (II-25) gives
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* s S &
241 Ky yy + wp 73 24
— (1 + ) + v —=20 (I1-26)
ot S 3 o2
Ky + 72

Once again solving by the method of characteristics

gives as the solution to equation (II-26)

Kuj y] * u} y3

G* = (I11-27)

3 I3
K Y1 * ¥
The addition, then, of an equilibrium reaction in the four
component system, A-B-A%*-B*, results in reducing the number
of tracer peaks from two to one, with the subsequent value
of G* resulting in a linear combination of the G* values to

be expected when there is no reaction.

I1.3 Nomequilibrium Theory

In Section II.2 equation (II-3) was applied to cases
in which all adsorption and reaction rate processes were
either sufficiently rapid to be assumed at equilibrium or
slow enough to be neglected. At the intermediate stages,
where neither of these assumptions is valid, the equations
can no longer be put in the hyperbolic form. The equations
can be solved numerically, however, by simulating the column

by a series of perfectly mixed tanks according to the method
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of Deans and Lapidus (10).

As explained in Section I1I.2.3 the coupling is pro-
vided by the exchange reaction. If the isotopic tracers
are assumed to be infinitely dilute, the mole fractions of
A and B can be assumed to be constant and equal to the
steady state mole fractions. The exchange reaction can

then effectively be written as

B* I A%
* £ 3
Yo Y1

Following equation (II-20a), the equilibrium can be ex-

pressed as

71
(%) =x (11-28)
Y2
Y1
where: X' = K —= (1I1-29)
Y2

In general it must be assumed that both adsorption
and reaction processes may not be at equilibrium. In such
a case the two tracer components can be described by equa-
tion (II-3) as follows:

% %
3y 4 3y

stV - R'*% = 0 (II-30a)

3z 1
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* E3
3y, %y, .
3T + v Tz RZ_ = ( (I1-30b)

Equations (II-30) could be placed in the form of
equation (II-7) if it could be assumed that all the adsorp-
tion processes were at equilibrium.

The exact form of Ri* and Ré* depends on the mech-
anism chosen to explain the adsorption and reaction phenom-

ena. Equations (II-30) can be rewritten for each tank "ty

used in modeling the column as follows:

% 1%
d yl(j) ® . Vt Rl (J)
=G -y G) (1I-31a)
d y5(3) v, R,5(5)
¥YoUJ x x t ~o U
where: 1 = %—Q B (I1-32)
t
and Vt = VG/N (I1-33)
where: Q = column flow rate
¢ = volume of each tank

N = number of tanks used to simulate the column
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IT.4 The CO - €O, - ¢*%0 - c!o, system

II.4.1 General

An interesting practical example of the theoretical
three and four component systems discussed in Sections II.2
and II.3 is the mixture consisting of carbon monoxide and
carbon dioxide and one or both of their respective carbon-
14 isotopes in the presence of a Cu-In0 water gas shift
catalyst. The impetus to investigate this system stems
from the fact that the catalyst is commercial and in common
usage. It is of interest therefore to attempt to understand
the surface chemistry involved with this catalyst and the
carbon oxides, which are two of the four major chemical
species involved in the water gas shift reaction. Musser
(38) has investigated carbon monoxide adsorption and the
oxygen exchange reaction between carbon monoxide and carbon
dioxide over this catalyst. The oxygen exchange reaction

can be written as

co + ¢, z cl% + co
2 2
k3 *
Y1 Y3 Y1 Y2

Musser found that by varying the flow rate the extent of

the exchange reaction could be controlled.
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For high flow rates in a short column, it might
reasonably be assumed that the exchange reaction is negli-
gible. Under such conditions, the retention of each tracer
may be expressed according to equations (II-15) and (II-18)

as follows:
G* = ! (II-34a)

G* = u! (II-34b)

For the opposite situation, in which there are low flow
rates in long columns, it is assumed that the exchange reac-
tion is at equilibrium. It is further assumed that the
equilibrium constant, K, for this reaction is equal to
unity. According to equation (II-27), then, and using the

fact that ) y; = 1, the relationship for G* is
i

G* = (II-35)

, s s
Heo Yoo * “éoz Yeo,

I1.4.2 The Mechanism

Musser (38), in his brief look at this reaction,
attempted unsuccessfully to explain his data in terms of a
single surface reaction coupling two surface species. The
mechanism shown on the following page was advanced to

explain the reaction and adsorption phenomena observed on
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this catalyst. Since dissociative adsorption on metals is
not uncommon (24), it was assumed that a dissociative

carbon dioxide adsorption step was the key to the exchange
reaction. The basis for assuming this five step mechanism

is presented in Section IV.1.2.

1. CO + A< Co
1

A
2. CO + B ZCo
T
B
>
3. Co, +BZ cgz
B
4. C0, + B 200+ 0
1] 1 1
B B B
->
5. C0,+C*% co,
C

The assumed equilibrium relationships are as follows:

K. = 0 (1I-36a)

K. = 0 (II-36b)

K, = — 2 (I1-36c)
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n n
K, = <0 0 (1I-36d)

K. = 2 (II-36e)

5 1t

where: n. = surface concentration of component "i

on site "M"

A,B,C = concentration of unoccupied type A, B, C,
adsorption sites, respectively, moles of
site/mole flowing phase
Az

and A= (I1-37a)
1+ K Yeo
Bz
B = (II-37b)
ks K, Yco,
1+K,vy + K, vy + —_—
2 7Co 3 CO2 K2 Yeo
Cz
C = (I1-37c)
1F K5 Ve,
where: A_, B C_ = total site concentrations of type A,

B, C, respectively, mole site/mole

flowing phase
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It should be pointed out that since in the vicinity
of the tracer the total concentration of each distinguish-
able chemical component is constant, the quantities A, B,

C and ng are constant for a given carrier gas.

Equations (II-36) can be placed in the form of

equation (II-6) as follows:

1o = Mee/Yeo (11-38a)
B, = a2 Ve (II-38b)
“goz = nEoz/yco2 (T1-38c)
K} = ngo/ngoz (II-38d)
“goz = ngoz/yco2 (1I-38e)
where: u? = the adsorption equilibrium function of com-

ponent "i' on site 'M"
K& = surface chemical equilibrium function, mole B
type C0/mole B type CO2

I11.4. Application of the Equilibrium Theory

Since the mechanism proposes two types of adsorption
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for carbon monoxide, the following expression can be
written:

_ A B
Neg = Neg * Deg (II-39a)

and, therefore

= 8 B (II-39b)

co T Heo Tt Meo

Equation (II-34a) describes the situation in which
both types of adsorption are near equilibrium. Now consider
the case in which type B carbon monoxide adsorption is
negligibly slow. In this case equation (II-15) becomes

Al
% = : -
G ¥eo (II-40)

Similarly, for the carbon dioxide, assuming step 3 to
always be rapid while step 5 is negligible, equation (II-18)
becomes
* B!
Accordingly, there are two subcases when the ex-
change reaction is at equilibrium, depending on whether or

not step 5 is included. If this carbon dioxide adsorption

step can be neglected, equation (II-35) is modified to



28
become

% - s B! [ _
G* = wugg Yoo * “co, Yco, (II-42)

On the other hand, if all five steps of this mechanism can
be assumed to be near equilibrium, equation (II-35) remains
unchanged.

% = S ' S -
5% = MCo Yeo * e, Yoo (11-35)

2

IT.4.4 The Nonequilibrium Treatment

For the regions in which nonequilibrium processes
cannot be neglected, the coupled equations can be solved
numerically as explained in Section II.3. The rate equa-

tions for the five steps are as follows:

_ U ]
-k * B*, B 11-43b
Ty = ky Blygg - mgo/vgp ) (1I-43b)
_ 8 B* , B | _
ry = k3 B(ycoz- ncoz/uC02 ) (II-43c)

B* _ _B¥* ., -
k4 B(nCOZ nCO/K4 ) (I1-434d)
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- k. Cc(vT c® ,.C II-4
Ty = kg (Ycoz' ncoz/“co2 ) (II-43e)

=
=
o
H
o
H

I

rate of step ""4", dimensionless

L
k2 = rate constant of step "¢", dimensionless
V. RI*(§) Ve RL*(3)
The source terms, ————6————-and —q in equations

(II-31) can now be expressed as follows:

Ve RIFG) _ .

—g— - rl(J) - rz(J) (I1I-44a)
Ve RIE() . .

—g = " 130() - (3 (II-44b)

Equations (II-31) now become

d Y&, () . . .
& = Y& -1 - vEe() - () - 1,(9)
(I1-45a)
d y&q. (3)
—— = ¥ GD) - yEy () - T.() - 1o (9)
dt YCo, Y¢o, 3t 54
(I1-45b)
The rate equations for the four surface species are
ES
4 ngy .
1 = rl(J) (I1-46a)
d nB*

—H?Eg = 1,(j) + r4(j) (11I-46Db)
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rs ()
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(II-46c)

(II-464d)



IIT. EXPERIMENTAL

ITII.1 Equipment

The equipment, along with the direction of gas flow,
is depicted schematically in Figure III-1. Carbon monoxide-
carbon dioxide and helium-carbon dioxide carrier gas mix-
tures were prepared in standard 1A gas cylinders. Refer
to Appendix D for details. As shown, the system could
accommodate as many as three gas cylinders. Since the
helium, used for catalyst activation and free volume deter-
minations, and the hydrogen, used for activation, were
never disconnected, changing carrier composition required
physically interchanging cylinders.

Upon expansion through a two stage pressure regu-
lator, the gas passed first through a filter and then
through a flow controller on its way to the precolumn, which
was housed in the oven. The role of the precolumn was to
remove any poisons which might be present in the feed stream.
The sampling valve was located immediately downstream from
the reference side of the thermal conductivity cell. An
injected sample passed directly into the oven and hence the
test column. Upon exiting the test column and the oven,

31
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the concentration peak was monitored in the sample side of
the thermal conductivity cell. The effluent of the thermal
conductivity cell entered the ionization chamber, where the
radioactive tracer concentration was measured. The outputs
of both detectors were recorded on a two channel chart
recorder. The gas then exited through a 50 cc soap bubble
flow meter to the hood, which exhausted to the atmosphere.
Only the columns were thermostated; the remainder of the
equipment was exposed to room conditions.

Two test columns were required in order to procure
data over the desired range of residence times. Previous
investigators (4, 38) used a capillary bypass, having a
negligible residence time, to obtain a reference peak and
thus eliminate the need to calibrate the system for lag
time caused by dead volume and finite instrumentation
responses. For experiments in which it was desired to
maintain the residence time of the gas flowing through the
column at a low value, the procedure resulted in unaccept-
ably poor resolution of the two peaks. Therefore, the
design shown in Figure III-2 was employed to overcome this
problem. By interchanging line 1 and line 2 connections,
flow could be directed either through the two columns in
series or through the short column alone. In this manner
the catalyst in both the short column and the long column

had the same activation and temperature history. The bypass
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could be used when the two columns were connected in series.
When only the short column was in use, manipulation of the
toggle valves directed flow either through the column or by
the column. Therefore, the bypass and reference peaks could
be obtained separately.

Pressure gages were used to measure column entrance
and exit pressures, all of which were close to atmospheric.
Mercury manometers were avoided because of the possible
effects of the mercury vapor on the activity of the cata-
lyst. The system could be evacuated on both sides of the
precolumn and downstream of the test column.

A sample manifold, shown in Figure III-3, was con-
structed so that radioactive samples could be diluted and
expanded into the sample loop for injection. An argon sup-
ply was connected to the manifold for free volume determi-
nations. Details of the sample system can be found in

Appendix C.

III.2 Procedure

Following activation, helium was passed over the
catalyst in order to carry out bypass and free volume cali-
brations for both the long (series) and short columns.

Upon completion of this procedure, a carbon monoxide-carbon

dioxide carrier gas mixture of the desired concentration
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was allowed to flow slowly overnight over the catalyst in
the long column. This procedure insured that any initial
rapid catalyst deactivation was completed; and it allowed
any helium, hydrogen, or water vapor trapped in dead ends,
such as pressure gage connections, to diffuse outward.
Experiments were then ready to be carried out in the long
column.

The flow rate was established by opening the meter-
ing valve to the appropriate setting. When the thermal con-
ductivity cell output indicated that the system had reached
equilibrium, the flow rate was measured via the soap bubble
meter. Simultaneously, oven temperature, inlet and outlet
column pressures, room temperature, and barometric pressure
were recorded. After the appropriate recorder range and
chart speed were verified, carbon monoxide tracer was
expanded into the sample manifold to a pressure of about
25" Hg vacuum. This pressure varied somewhat depending on
the relative strength of the supply and the residence time
of flow through the column. The sample then was injected
via the sampling valve and the response was observed on the
recorder. Since the long column (series configuration)
was in use the output consisted of two peaks, the first due
to the bypass and the second due to the column. The time
elapsed between these peaks was treated as the residence

time of the peak in the column. Determination of the peak
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first moments is discussed in Appendix D.

After both tracers had been observed under these
conditions, the metering valve was reset, and a new flow
rate was established. The same data acquisition and
sampling procedure was repeated.

For the high range of flow rates, the chromato-
graphic train was reconnected so that experiments could
be conducted over the short column. The experimental
range of flow rates was limited by excessive pressure
drop on the high end and by the minimum obtainable flow
rate on the low end. The latter was determined by the
flow controller capability and flow measurement accuracy.

For the short column, the procedure had to be
modified slightly, however, because the bypass peak and
the column peak had to be recorded separately as described
earlier. The toggle valves first were positioned so that
flow bypassed the column. After equilibrium conditions
were attained, a sample of either tracer was expanded into
the manifold. It was now necessary to mark the time of
injection. This was accomplished by switching the chart
movement switch to the off position and marking the pen
position. Then, the chart movement switch was turned on
simultaneously with injection of the sample. With the
bypass peak thus recorded, the two toggle valve positions

were reversed. When steady state was indicated, the same
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set of data as described before was taken. Two samples
were injected, one of each tracer, and the injection
times were marked by the same procedure used for the bypass
peak. As with the long column, flow rates were varied
over a range with column and bypass samples being in-
jected and data recorded at each point.

Upon completion of studies with a particular
composition carrier gas, another mixture was investigated.
The system was converted to the long column configura-
tion and the new mixture was allowed to pass over the cat-
alyst overnight. From this point the experimental pro-
cedure becomes identical with that already described for
the first carrier gas.

Experiments with the helium-carbon dioxide carrier
gas mixtures were abbreviated considerably with respect
to the studies described previously. All data were taken
at the same flow rate for the various mixtures. The work

was conducted on the long column.



IV. RESULTS AND CONCLUSIONS

IV.1 Carbon Monoxide - Carbon Dioxide System
IV.1.1 Experimental Results

As was explained in Section III.2 the retention of
both carbon monoxide and carbon dioxide tracers at 400°F
and atmospheric pressure was recorded as a function of
carrier gas residence time, tes for each carrier gas mix-
ture. For each chromatogram the centroids of the bypass
and main peaks were approximated by the procedure described
in Appendix D. The difference between these two values was

taken to be the residence time of the tracer in the column,

tp. This value was normalized to the flow rate by convert-
ing to the retention quantity G*¥ according to equation
(II-14).
1 t
G* = T ( ER - 1) (I1-14)
T

The purpose of B is to give G* units of moles/g catalyst.
The experimental and calculated results for the

carbon monoxide - carbon dioxide runs are tabulated in

Appendices G and H, respectively. The results are plotted

43
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in terms of G¥* versus gn t. in Figures IV-1 through IV-7.
These data are the basis for this thesis.

The numbering of the carrier gas mixtures reflects
the chronological order in which the experiments were con-
ducted. Table C-1 lists the compositions of all carrier
gases used in this work.

Originally it was hoped that by varying the resi-
dence time of the carrier gas (i.e., the velocity for a
given column), it would be possible to define two distinct
regions of behavior. This was based on the assumption that
the surface exchange reaction step was a considerably slower
process than either carbon monoxide or carbon dioxide ad-
sorption on this catalyst. One region, cerresponding to
large values of t,> would be characterized by the existence
of adsorption and reaction processes all being at equilib-
rium. Within the limits of the other region, at low t,
values, the exchange reaction would be negligibly slow
while the adsorption steps would remain essentially at
equilibrium.

This approach met with little success, however,
being too much of an oversimplification. As can be seen,
the data generally are characterized by nonequilibrium
processes; the existence of plateaus of constant G* is more
the exception than the rule. Regions in which the equilib-

rium theory presented in Sections II.4.1 and II.4.3 is
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valid will be pointed out in Section IV.1.3.

Qualitatively, several interesting features can be
observed in Figures IV-1 through IV-7. In mixtures 1, 2,
4, and 7, which are rich in carbon dioxide, a slow adsorp-
tion process is evident because G* continues to increase
even after the exchange reaction has apparently reached
equilibrium. In mixtures 2 and 3 the retention of the
carbon dioxide tracer at low t,. values is less than the
carbon monoxide tracer; but as t. becomes larger the carbon
dioxide tracer eventually is retained longer than the car-
bon monoxide. This indicates that the slow adsorption
process is a carbon dioxide step. Data taken with mixtures
3 and 5 also indicate that this slow carbon dioxide adsorp-
tion step is not necessary for the oxygen exchange reaction
to proceed. It is also evident that as the carbon monoxide
concentration in the carrier gas increases this carbon
dioxide step becomes even slower until for mixture 5, it
is beyond the range of experimental investigation. Con-
trasting the previously described type of adsorption is a
fast form of carbon dioxide adsorption which is present at
all seven carrier gas compositions.

Carbon monoxide, on the other hand, appears to ad-
sorb rapidly in all cases except mixtures 5 and 6, in which

at tr values less than one second the G* value for the
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carbon monoxide tracer appears to decrease.

IV.1.2 Column Simulation

As was pointed out in Section IV.1.1, the data
generally were characterized by nonequilibrium processes,
which invalidated the assumptions leading to the solutions
to the equations presented in Sections II.4.1 and II.4.3.
It was necessary to solve the rate equations numerically
in order to describe the data over the entire range of t.-

The column was simulated by a number of perfectly
mixed tanks in series according to the method of Deans and
Lapidus (10). A copy of the Fortran program is included
in Appendix I. In this system the column dispersion
amounted to only a small fraction of the dispersion created
by the kinetic processes involved. As a result it was pos-
sible to reduce the number of tanks used to approximate the
column to thirty without affecting the results. This was
checked several times by using 45 and 60 tanks. The output
in each case was unchanged. The retention time of the simu-
lated peak was determined by the same method used for the
eXperimental peaks; that is, the centroid of each peak was
approximated by the procedure described in Appendix D
instead of using the peak maximum as a time reference.

Several mechanisms advanced to describe the adsorp-

tion processes in this system were found to be unsatisfactory.
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The five step scheme presented in Section II.4.2 proved
to explain the data where the others failed. This is
not to say that this mechanism is a unique description of
the system. It does, however, combine simplicity with
qualitative agreement. Three adsorption steps and a reac-
tion step were pointed out in Section IV.1.1. The fifth
step had to be added in order to simulate the data satis-
factorily.

It was originally hoped that the constants K2 and
kz’ in equations (II-36) and (II-43), respectively, would
fit the data over the entire range of carrier gas composi-
tions. After three sets of data (carrier gas mixtures)
had been roughly fit, it became obvious that K2 and kz were
not constant over the entire range of carrier gas composi-
tions. Therefore, the data for each mixture were fit
according to the following modified version of the mechan-

ism presented in Section II.4.2.

1. co < (C0),
2. Cco < (CO)g
>
3. €0, ¥ (€O,
4. X + (CO,)g z (CO)p + XO

->

5. C0, < (COZ)C

where: X any oxygen acceptor

(i)M component '"i'" on site "M"
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The equilibrium functions in the above kinetic scheme re-
main identical to those listed in equations (II-38). The
rate parameters, kL, for the above steps become, in terms

of those in equations (II-43)

ki = kl A (IV-1a)
ké = k2 B (IV-1b)
ké = k3 B (IV-1c)
ka = k4 (Iv-14)
ke = kg C (IV-1e)

There are some subtle differences between this
scheme and the mechanism presented in Section II.4.2 which
merit discussion. 1In step 4, which provides the coupling
between the two tracers, it now becomes impossible to dis-
tinguish between a direct oxygen transfer process and the
dissociation of molecularly adsorbed carbon dioxide. It
is also no longer possible to differentiate between sites
"A" and "C". That is, the carbon monoxide and carbon
dioxide adsorption processes, steps 1 and 5, which are not
involved directly in the surface exchange reaction may or

may not occur on the same sites.
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Perhaps the most interesting difference between
the two mechanisms is that the former assumes Langmuir be-
havior and the latter does not. One of the assumptions on
which the Langmuir adsorption model is based is that the
surface is energetically uniform. This is often quite
unrealistic, and the results of Section IV.2.2 demonstrate
this with respect to carbon dioxide adsorption on this
catalyst.

As stated earlier, no one set of constants could
be found which fit all the data. For this reason no
attempt was made to use statistical methods to minimize the
error between the simulated results and the experimental
data. The fact that quantitative agreement can be achieved
is apparent from Figures IV-1 through IV-7. It should be
pointed out that for carbon dioxide tracer in pure carbon
monoxide carrier gas, numerical simulation was not possible
because the equilibrium function for the surface reaction
step becomes infinite. Simulation was also not possible in
the opposite case, carbon monoxide tracer in carbon dioxide
carrier gas, because the surface reaction equilibrium func-
tion equals zero. Consequently, the last term in equation
(II-43d) becomes infinite.

The results of the numerical studies indicated that
some of the adsorption processes were, in fact, more rapid

than others. Table IV-1 gives a qualitative classification
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of five kinetic steps according to relative speed.

TABLE IV-1 Relative Rates of the Various Steps

Step 1 Carbon monoxide adsorption fast
Step 2 Carbon monoxide adsorption slow
Step 3 Carbon dioxide adsorption fast
Step 4 Surface reaction moderate
Step 5 Carbon dioxide adsorption slow

Equilibrium and rate parameters in equations (II-38)
and (IV-1) used to account for the results in Figures IV-1
through IV-7 are shown in Table IV-2. The equilibrium
constant K& is omitted because, as is shown in Appendix A,
it is not an independent variable. Once again it should
be emphasized that these numbers are of a qualitative sig-
nificance only. In some cases the results were insensitive
to certain of the parameters. The numbers used in these
cases are not to be taken seriously.

Contradicting the hypothesis advanced in Section
IV.1.1, the results of this study show that the surface
reaction is not the slowest step. One of the types of both
carbon monoxide and carbon dioxide adsorption is apparently

slower than step 4. An interesting consequence is that
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TABLE IV-2 Equilibrium and Rate Parameters

Mixture 7 4 1 2 3 5 6
“éo 6.0 6.0 4.87 3.34 1.3 0.73 0.87
“go 208.% 208.% 13.0 3.34 0.22 0.34 0.36
B
NCo, 0.84 0.84 0.67 0.57 0.47 0.1* u
“goz 1.34  1.34 1.44 1.38 6.96 u u

QK

7 (sec) e e e e e 4.0 5.3
t

Q kj -1

—(sec) e e 0.22 .096 0.21 .011 .013
t

Qky

7 (sec) e e e e e e e
t

Q kg -1

7 (sec) 0.43 0.43 0.60 0.55 0.90 e u
t

Qky

—>(sec) .017  .017 .021 .016 .063 u u
t

TThe‘equilibrium parameters in Table IV-2 can be
converted to the form of equation (II-15) by dividing by 8.
Although, strictly speaking, B varies with the flow rate,
i.e., with tge pressure drop, an approximate value for 8
is 0.43 x 10° g/g mole.

%
Denotes that the simulation was insensitive to
this parameter.

®Denotes that the rate parameter was set sufficiently
high to insure equilibrium at all times.

UDenotes that this step was unnecessary to explain
the data, so the rate constant was set at zero.
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carbon monoxide adsorption, step 2, is the rate limiting
step for the exchange reaction. This is surprising in that
one might intuitively expect carbon dioxide adsorption,
especially if it were dissociative in nature, to be slower
than the carbon monoxide adsorption.

For example, Cha and Parravano (7) concluded that
the rate limiting step in the titanium dioxide catalyzed
oxygen exchange reaction was the carbon dioxide adsorption
step. Furthermore, their calculations indicated that the
subsequent dissociative breakdown of the adsorbed carbon
dioxide was much faster than the molecular adsorption step.

That more than one type of adsorption for both
carbon oxides is required to explain the data is not sur-
prising. In Section I.2 it was stated that infrared
studies (1, 51) indicated more than one type of carbon
monoxide adsorption on zinc oxide. The added presence of
more than one form of copper (54) on the surface of this
catalyst leads to the conclusion that the surface is quite
heterogeneous.

As was previously stated, this study was unable to
determine whether the surface reaction proceeded via direct
oxygen transfer or dissociative carbon dioxide adsorption.
It can, however, be emphasized that the literature favors
the copper as the active portion of the catalyst with

respect to the exchange reaction. Two sources, Winter (56)
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and Nekipelov and Kasatkina (39), stated that the exchange
reaction was negligible over zinc oxide. In the latter
paper it was further argued that dissociative carbon di-
oxide adsorption did not occur on zinc oxide. Stroeva
et al. (48), however, did observe this reaction to be
catalyzed by copper. Their results also indicated that
the copper existed primarily in the metallic state. The
nature of carbon dioxide adsorption on copper at this
temperature is still open to question, however. Hayward
and Gomer (23), for instance, found both associative and
dissociative carbon dioxide adsorption on tungsten, and the
same situation may well exist for copper.

A salient feature which was not noticed until the
simulation studies were carried out is that for mixtures 1,
2, 4, and 7, the carbon dioxide G* values increase linearly
with respect to 2n t. at sufficiently large values of t..
This property could not be explained by one rate process
alone because of the large range of t. involved. Attempts
to do this resulted in a serpentine approximation of the
straight line. An attempt to describe this feature by two
-‘successive rate processes, steps 2 and 5, was still unsuc-
cessful, as evidenced by the dashed curve in Figure IV-1.
However, a series of three rate processes, or transforma-

tions during which additional steps become appreciable,
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gives a much better approximation of this apparently linear
relationship.

Figure IV-1 is a good example of this finding. At
very low t. values, G* for the carbon dioxide tracer is
due to step 3 alone, with the subsequent surface reaction
step and the slow carbon dioxide adsorption step both too
slow to contribute to the observed response. As t. in-
creases the surface reaction of the adsorbed carbon dioxide
begins to become important. This increases the amount of
adsorption, and consequently G* begins to increase. The
exchange reaction is not yet at equilibrium, however, be-
cause the carbon monoxide adsorption in step 2 is still
negligibly slow. Just as this change in G* has passed the
inflection point and has begun to start leveling out,
another process becomes important. This process is the
approach to the equilibrium reaction provided by steps 2,
3, and 4. Using the equilibrium values for steps 1 through
4, equation (II-42) predicts the new value of G*, which in
this case is larger than that provided by carbon dioxide
adsorption alone. Finally, after this process has nearly
reached equilibrium, a third process begins to become impor-
tant. Step 5, the slow carbon dioxide adsorption step,
contributes to the last stage of the increase in G*. Pre-
sumably, if there are no unaccounted for adsorption steps,
G* would finally level off at a value predicted by equa-

tion (II-35).
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The greatest difficulties in fitting the data arose
in mixtures 4 and 7, which are both almost pure carbon di-
oxide. In both cases carbon monoxide tracer was rapidly
converted to carbon dioxide. Numerically it was not pos-
sible to obtain this degree of conversion without jeopardiz-
ing the carbon dioxide fit. This may suggest that under
these conditions, in which the surface may contain a sig-
nificant amount of oxygen, a competing step leading to the
exchange reaction exists. Although there is no direct sup-

porting evidence, a possible parallel mechanism might be

0

co+ 8 2 Co, + S

Another source of error is the extreme sensitivity
of the numerical simulation to carrier gas composition when
the mole fraction of one of the components nears zero. The
analysis of mixture 4 was not very accurate because of the
minimal amount of carbon monoxide present. Also, mixture 7
was classified as being 100% carbon dioxide, although the
impurities may be as high as 0.5% as stated in Appendix B.
Since one of the major impurities is carbon monoxide, the
minimal differences between the data in Figures IV-4 and
IV-7 are not surprising. It should also be added that

explanation of the carbon dioxide data in Figure IV-7
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Otherwise the linear variation of the carbon dioxide data

discussed previously could not be simulated.

IV.1.3 Equilibrium Regions

After the numerical simulations were carried out,
it became easier to locate the plateaus in G* where the
analytical solutions of the theory presented in Sections
IT.4.1 and II.4.3 were valid. The following is a summary
of regions in the various figﬁres where these solutions

hold:

Figure IV-1: At very low t. values, G* for the
carbon dioxide data is approximately constant. This can
be explained by assuming that step 3 is near equilibrium
while the surface reaction step (step 4) is negligible.
This situation is expressed by equation (II-41).

B!

G* = “COZ (II-41)

Figure IV-2: These results are similar to those in
Figure IV-1. 1In addition, at low t,. values carbon monoxide
adsorption is due only to step 1 and can be described by
equation (II-40).

A'
£ 3 = -
G “CO (11 40)
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Figure IV-3: The low tr behavior of both carbon
monoxide and carbon dioxide can be explained as in Figure
IV-2. In this case, however, a new plateau becomes evident
in which the reaction is at equilibrium and the slow carbon
dioxide adsorption step is still negligible. The region
is defined roughly by 10 < t. < 50 seconds. The value of
G* is predicted by equation (II-42). Using the values for
the equilibrium constants that were found while fitting
the data, the predicted value of G* is 2.69 x 10-5, which
is to be compared with the experimental value of approxi-

mately 2.7 x 10°°.

BI

Yco (I1-42)

£ = oS s
G* = Yo ¥¢o * Yeo,

2
Figure IV-4: This case is the same as Figure IV-1.

Figure IV-5: Carbon monoxide adsorption in a t.
range of 1 < t,. < 100 seconds can be described by equation

(I1-40).
Figure IV-6: This case is the same as Figure IV-5.
Figure IV-7: This case is the same as Figure IV-1.
IV.2 Carbon Dioxide - Helium System

IV.2.1 Basis for Experiments

The oxygen exchange reaction can conceivably occur
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through either an associative carbon dioxide adsorption
step with subsequent oxygen transfer to an adjacent carbon
monoxide species, or a dissociative mechanism, in which sur-
face oxygen and carbon monoxide species are formed. This
latter step is represented by steps 3 and 4 in Section
II.4.2. In the past chromatography has been used to dis-
tinguish between various types of adsorption. The theory
presented in Appendix A can be applied to carbon dioxide if
it is assumed that any carbon monoxide foymed on the surface
does not desorb as such. This assumption was verified in
Section IV.1.2, in which éimulation studies indicated that
the desorption of carbon monoxide was indeed very slow. It
is therefore desirable to distinguish between the two fol-

lowing carbon dioxide adsorption mechanisms:

co,
1
Co, + S s (associative)
0 Co
\ 4
o, + 28 S+ S (dissociative)

Indication that dissociative carbon dioxide adsorp-
tion might occur on this catalyst was obtained from the
experiment discussed in Section IV.1. 1In Figure IV-8 plots
of sn G* as a function of t,. are shown for the two carrier

gases with the minimum carbon dioxide to carbon monoxide
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ratio. These results show that as yCO2 becomes small, the
limiting value of G¥*, as t. approaches zero, becomes very
large. Furthermore, G* at low t, values is due primarily
to adsorption and not reaction. According to equation (A-6),
this type of behavior is to be expected when dissociative
Langmuir adsorption is present. Data for carbon monoxide
samples in rich carbon dioxide carrier gases, shown in
Figure IV-9,.can be seen to contrast this type of behavior.
In this case the limiting values of 2n G* do not seem to

increase in the same manner as the data in Figure IV-8.

IV.2.2 Experimental Results

It was decided therefore to conduct a brief investi-
gation of the carbon dioxide - helium system. The raw data
and calculated results for the six carrier gases used are
shown in Appendices G and H, respectively. The same flow
rate was used in all cases, and, as with the carbon monoxide-
carbon dioxide system, all work was carried out at 400°F
and atmospheric pressure. The experiments were abbreviated
for two reasons. First, since the simulation work had not
yet been completed by the time these experiments were con-
ducted, it was not known whether or not the dissociative
theory could be applied. Second, the absence of carbon

monoxide in the carrier gas might tend to leave most of the
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sites oxygenated if dissociative adsorption did occur.
The resulting surface, then, might be very much unlike the
one over which the experiments with the carbon monoxide -
carbon dioxide system were completed.

The results shown in Appendix H show that G* in-

creases as YCOZ approaches zero. If Langmuir two site
adsorption exists equation (A-7) should be valid, and the

1/2
product G* yCOZ /

should approach a constant as YCOZ ap-
proaches zero. In Figure IV-10 the data are plotted in this
form. It is quite apparent that this relationship does not
hold.

At this point it was decided to check for Freund-
lich behavior. The form of G* for a Freundlich isotherm
is presented in Appendix A. A plot of a2n G* versus 2n YCOZ’
which is indicated by equation (A-10), is shown in Figure
IV-11. The resulting straight line demonstrates that a
Freundlich isotherm does explain the data. The value of
the constant d in this case is -0.84. The Freundlich iso-
therm can be derived by assuming that the heat of adsorption
varies exponentially with surface coverage. Consequently,

the assumption of a constant heat of adsorption, as required

by the Langmuir model, has been demonstrated to be invalid.

IV.3 Conclusions

Chromatography and, more specifically, the use of
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isotopic tracers have once again been demonstrated to be an
effective tool for investigating adsorption phenomena. In
this case, the extension to cases involving nonequilibrium
reactions has resulted in a somewhat more difficult theo-
retical problem. Several conclusions have been reached,
however, by this method regarding the carbon monoxide -
carbon dioxide system in the presence of a copper - zinc
oxide catalyst at 400°F.

1. Based on the mechanism used to explain the
data, there are at least two types of carbon monoxide ad-
sorption on this catalyst. One form is rather rapid while
the other is considerably slower. The slower form is in-
volved in the oxygen exchange reaction.

2. Similarly there are two types of carbon dioxide
adsorption, but in this case the faster process leads to
the exchange reaction.

3. The rate limiting step in the exchange reaction
has been found to be a carbon monoxide adsorption step.

4. The surface of this catalyst has been found to
be energetically heterogeneous. This is indicated by the
inability to fit a Langmuir model to the data and by the
Freundlich nature of the carbon dioxide adsorption.

5. Attempts to distinguish between associative and

dissociative carbon dioxide adsorption have been inconclusive.
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6. The effect of varying the carrier gas flow
rate has been demonstrated an important one. This result
casts some doubt on the reliability of chromatographically
determined isotherms on surfaces where nonequilibrium

processes may be present despite being assumed nonexistant.



APPENDIX A

THEORETICAL DETAILS

A.1 Associative Adsorption

Consider a gas which only adsorbs molecularly on
the surface of the catalyst. The Langmuir equilibrium rela-

tion takes the following form:

avy;

5 T e (A-1)

i
where: a, b are constants at a given temperature

When expressed in the form of equation (II-16), the equilib-

rium function ui becomes
i T TE By (A-2)

For the case described in Sections II.2.2 and IT.4.1, in
which no chemical reaction exists, it was shown that ui was
equal to G*. In the limit, as Ys becomes very small, G#

approaches a constant, a.

lim G* = a (A-3)
y; ~ 0

74
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A.2 Dissociative Adsorption

Consider the alternative to Appendix A.1 in which
the gas is diatomic and dissociates upon adsorption. The

Langmuir equilibrium relation becomes

1/2
ay; /

n! = (A-4)
i 1 + b in7f

When expressed in the form of equation (II-16), the equilib-
rium function “i becomes

-1/2
c o 2

i 1+ b yi172

(A-5)

For the conditions referred to in Appendix A.1l, G*
was shown to be equal to “i’ Therefore, in the 1limit as Y;

approaches zero, G* approaches infinity; that is,

lin G* = ay ~1/2 (A-6)

Yi'*o

1/2

If G* is multiplied by Yi > the following limiting expres-

sion is obtained:

lim G+ y /% < 4 (A-7)
y; > 0
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A.3 Freundlich Adsorption

A third type of adsorption isotherm is the Freund-

lich type. The Freundlich relationship is
(A-8)

where: f, d = constants at a given temperature.

When expressed in the form of equation (II-16), the equilib-

rium function ui becomes
(A-9)

For the case described in Appendix A.1l, G* was shown to be

equal to “i’ Therefore G* becomes
Gr = £y, 41 (A-10)

A.4 Relationship Between ugo, ugo , and Ki
2

The fact that only two of the above equilibrium

constants are independent can be easily shown. Since

Kt = ca (II-38d)
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and

B
B Dco
= =Y I1-38b
nB
co
B 2
u = (I1-38c¢)
co, Yco,
it follows that
UB Yy
Ky = 50 (A-11)
*co, yco2
y
where the ratio yCO was shown in Section II1.2.3 to remain
CO0,

constant for a given carrier gas in the vicinity of the

tracer.



APPENDIX B

MATERIALS

B.1 Helium, Argon

Helium and argon were both purchased in 1A cylin-
ders. The helium was supplied by Iweco and had a stated
minimum purity of 99.99%. The Matheson Company supplied

the argon, which had a minimum purity of 99.995%.

B.2 Hydrogen

Hydrogen was purchased from the Matheson Company in
a 1A cylinder. The Ultra High Purity grade had a purity of
99.999%.

B.3 Carbon Monoxide, Carbon Dioxide
Both carbon oxides were purchased from the Matheson
Company in 1A cylinders at 99.5% minimum purity.

B.4 Radioactive Gases

The radioactive tracers were obtained from the New
England Nuclear Company. Two millicuries of each, or a

78
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total of four millicuries, were used throughout this work.

The gases were shipped in glass ampoules containing one mil-
licurie each. In the first shipment the specific activities
of the carbon dioxide and the carbon monoxide were 30.8 and
4.5 millicuries per millimole, respectively. In the second

shipment these respective values were 20.0 and 4.5.

B.5 Catalyst

The catalyst under study was Girdler G-66B Low
Temperature CO Conversion catalyst, manufactured by the
Catalysts Division of the Chemetron Corporation. The un-
reduced catalyst, consisting of copper oxide supported on
zinc oxide, was received in the form of 1/4" x 1/8" pellets
courtesy of Mr. Luis Guzman of Chemetron. The manufac-
turer listed the BET surface area as 25.4 mz/g and Suzuki
and Smith (49) experimentally determined it to be 35.9 mz/g.
These authors have presented a table of physical properties
of this catalyst in both the unreduced and the reduced

states based on their own investigation.



APPENDIX C

EXPERIMENTAL APPARATUS

C.1 Equipment Layout

The oven, temperature controller and heat source
were all purchased in one integrated unit which stood ap-
proximately five feet high. A large metal stand was used
to support the recorder, the electrometer, the thermal con-
ductivity bridge and the D.C. power supply. Between the
instrument stand and the oven was a large frame-like sup-
port constructed of slotted angle iron. Wooden shelves
were placed in portions of this structure in order to
support the preamplifier and the vacuum pump. The remainder
of the equipment was mounted on the angle iron structure.

The gas cylinders were clamped to this center support.

C.2 Tubing, Valves, Filters, Fittings

In general 1/8" type T Polypenco Nylaflow tubing
was used. The primary advantage offered by this tubing was
the ease of handling because of its flexibility and easy
cutting. Because of the temperatures involved, stainless
steel tubing was used to connect with the columns in the

80
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oven. The sampling valve, test column, thermal conductivity
cell and ionization chamber were connected by 1/8" x .042"
stainless steel tubing. This size was selected in order to
minimize dead volume in this region. The precolumn connect-
ing tubing was also 1/8'", but the wall thickness was .035"
instead. The 1/16" tubing used in the construction of the
bypass and the pressure taps is described elsewhere.

Swagelock fittings were used exclusively. Nearly
all fittings were brass, although stainless steel was used
on occasion.

Whitey OKS2 or ORS2 forged body valves were used
almost exclusively. Exceptions were the two Whitey 0GS2
toggle valves, a Whitey OKM2-S2A forged body valve used for

tracer supply cutoff, and the metering valves.

C.3 Flow Control and Measurement

Flow control was provided by a constant differen-
tial type flow controller manufactured by the Moore Products
Company. The specific model, 63BU-L, was constructed of
brass and designed for low flow rates with a constant up-
stream pressure. The controller provided a constant pres-
sure differential across a stainless steel Nupro very fine
metering valve. Flow was varied by adjusting the metering

valve.
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Flow rates were measured by timing the displacement
of soap bubbles in a 50 cc soap bubble meter. The timing
device used was manufactured by the Precision Scientific

Company and recorded time in tenths of a second.

C.4 Temperature Control and Measurement

The precolumn and the test column were thermostated
in a Con-Wate Ultra-Temp oven, manufactured by the Blue-M
Electric Company. Control to within 0.4°F was obtained
over the short range, but over a period of days the tempera-
ture was observed to vary over a 5°F range. A temperature
guard system was installed on the oven in order to prevent
a temperature runaway resulting from a temperature con-
troller malfunction.

For temperature measurement a chromel alumel
thermocouple was positioned in the oven. The output was
measured on a Leeds and Northrup model 8686 millivolt poten-
tiometer.

In all, then, there were three thermocouples in
this oven. One was for temperature control; another for
temperature measurement; and the third for the runaway guard

system.

C.5 Pressure Measurement

Pressure taps were installed inside the oven so that
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once again stainless steel connecting tubing was employed.
In keeping with the objective of minimizing dead volume,
additional fittings were not incorporated for these pressure
taps. Instead, 1/16" holes were tapped in the unions at the
ends of both the short and the long columns (3 unions, since
the columns were joined together), and lengths of 1/16" x
.010" stainless steel tubing were silver soldered into
place. Reducing unions (1/16" x 1/8") joined the 1/16"
tubing to 1/8" tubing, which led directly tc the three pres-
sure gages. These Crosby gages measured pressures from 30"
Hg vacuum to 15, 30 and 60 psig, respectively. Only two of
these gages were really necessary. Therefore, the 60 psig

gage was used only as a check on the other two gages.

C.6 Test Column and Precolumn

The precolumn was installed upstream of the test
column in an attempt to remove any poisons in the carrier
gas before reaching the test column. A 61.2 cm length of
3/8" x .035" stainless steel tubing was used to contain
39.3684 g of catalyst which had been ground and seived to
a 35/48 Tyler mesh particle size range. Both ends of the
column were fitted with glass wool plugs in order to hold
the bed in place. A Mettler balance was used in all cata-

lyst weighings.
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The test column consisted of a long and a short
column in series. As described previously, it was possible
to use either the short column alone, or the two columns in
series for experiments. Both columns were constructed of
1/4™ x .035" stainless steel tubing. The short column con-
tained 2.2671 g of 28/35 Tyler mesh catalyst and had a
length of 10.0 cm. The long column was 101.4 cm long and
contained 26.0905 g of 28/35 mesh catalyst. As with the
precolumn, glass wool plugs were inserted in both columns.
The two columns were connected by a 1/4" Swagelock union
and wound into a helix. Two 1/16'" holes were tapped in the
side of this fitting in order to accomodate two lengths
of 1/16" x .010" stainless steel tubing. These connections
were silver soldered into place. One of these was a pres-
sure tap, while the other was available to direct the
carrier gas over the short column only when so desired. At
the ends of the resulting test column Swagelock fittings
were similarly tapped. As with the center fitting, one tap
in each fitting was constructed for pressure measurement.
A 2 1/2" section of 1/16" x .028" stainless steel capillary
tubing was silver soldered into the remaining two holes in
order to provide a partial bypass flow when the columns
were operated in the combined mode. Proper proportioning
of the flow between the bypass and the column could not be

obtained a priori by selection of the appropriate inside
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diameter. Therefore, it was necessary to flatten the bypass
very slightly with a hammer until the desired bypass to
column ratio could be approximated. Determination of the
fraction of flow through the bypass is discussed in
Appendix D.

A third 1/16" tap was provided at the short column
exit. The 1/16"™ x .010" section of tubing, which was silver
soldered in place, was connected to 1/8" x .042" tubing.
This line was connected to one of thé»toggle valves and
was used to generate a bypass peak when operating with the

short column.

C.7 Sample System

The sample system is shown in Figure III-3. It con-
sisted basically of a sample loop, sampling valve, pressure
gage, vacuum source, tracer supply and connection tubing.
The sampling valve was a standard two position six way chro-
matographic sampling valve. The sample loop had a volume
of approximately 0.29 cc.

The stainless steel tubing in the manifold was
1/8" x .042", as every effort was made to minimize the dead
volume and thus conserve the radioactive tracer. The pres-
sure gage, manufactured by the Marsh Instrument Company,

measured pressure from 30" Hg vacuum to 250 psig.



86

The system was designed so that not all the radio-
active tracer would have to be diluted simultaneously. High
vacuum stopcocks were joined to the glass ampoules in which
the tracers were shipped while the breakseals remained un-
broken. Kovar seals were joined to the other sides of the
stopcocks in order to connect the assemblies to the Whitey
valves, which in turn were connected to the manifold by
Swagelock fittings. The space between the valve and the
stopcock provided an excellent dilution volume, into which
a portion of the tracer could be expanded and then diluted
by the carrier gas, if necessary. In addition to these
mixing volumes, a 30 cc Hoke 4HS30 sample cylinder was con-
nected to the manifold. This container was used to hold
some of the radioactive carbon monoxide which had been
diluted with mixture 1.

It was felt that by employing the high vacuum stop-
cocks and the original glass ampoules better protection
against air contamination could be achieved than by methods

used by previous investigators.

C.8 Thermal Conductivity System

The thermal conductivity cell was used to measure
cencentration disturbances in the gas exiting the column.

In free volume determinations argon peaks were monitored
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as the helium carrier gas swept the sample through the cell.
In experiments involving the carbon oxide mixtures as car-
rier gases, the thermal conductivity system was used to
determine if the chromatographic system was at equilibrium
before a sample was injected. Concentration peaks were not
used in chemisorption analysis because of small amplitude
and variable polarity.

The thermal conductivity system is shown in Figure
C-1. The cell was a Gow-Mac model 133 micro-thermal conduc-
tivity cell. It was constructed of stainless steel and had
an internal volume of 0.115 cc. Detection was provided by
a matched pair of 8K ohm glass bead thermistors mounted
inside the cell. The response time was stated by the manu-
facturer to be less than 0.5 second. The assembly was
mounted on a wood support and no attempt was made to insu-
late the cell from ambient conditioms.

The thermistors were an integral part of a standard
wheatstone bridge assembly, which in this case was a home-
made device. The D.C. power supply was a Kepco model ABC
75-2. The device was set at 7.5 volts throughout this
study, and bridge currents of approximately 3 milliamperes
were typical. The bridge output was connected to the re-

corder channel which was equipped with the integrator.
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Numerical Legend

Figure C-1

D.C. Power Supply

Bridge Assembly

Recorder

Thermistor Mounting
Thermal Conductivity Cell
Flow From Precolumn

Flow From Test Column
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C.9 Radioactive Detection System

The eluted radioactive sample was detected in a 3 cc
stainless steel ionization chamber. Figure C-2 shows the
chamber, along with a schematic diagram of the radioactive
detection system. The chamber was designed specifically
for this type of service and had been used previously by
other investigators. The outer wall of the chamber served
as one electrode, while a 1/8" polished stainless steel rod
in the center of the chamber served as the other. A six
volt potential, supplied by four 1.5 volt Burgess dry cells
connected in series, was placed across these electrodes.

The center electrode was insulated from the chamber by Kel-F.
Care had to be taken to insure that this Kel-F spacer re-
mained clean. On several occasions water and fine catalyst
particles contaminated the insulator during the activation
process. Inability to zero the electrometer resulted.

As the radioactive molecules enter the detector,
the energy released during the decay process ionizes some
of the surrounding gas molecules. The ions are caught in
the resulting field and migrate to the appropriate elec-
trodes. A small current, which is proportional to the level
of radioactivity in the chamber, results. Currents of the

14

order of 10 amperes were typical in this work. The pre-

amplifier was connected to the Model 401 Cary Vibrating
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Numerical Legend

Figure C-2

1/8" Nylon Tubing
S S Connector
Ionization Chamber
Preamplifier
Electrometer
Recorder

6 Volt Dry Cell
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Reed Electrometer by a four foot coaxial cable. The elec-

12 ohms.

trometer was operated with the resistor set at 10
The preamplifier was in the critical damping mode. The
output of the electrometer was fed to the recorder for
simultaneous monitoring with the thermal conductivity out-

put. Operation in the critical damping mode resulted in a

response time of approximately 1 second.

C.10 Recorder

Both the thermal conductivity cell and the ioniza-
tion chamber responses were recorded on a Hewlett-Packard
Model 7100B two channel recorder. One channel, the thermal
conductivity channel, was provided with an integrator. The
instrument was capable of measuring voltages varying from
1 millivolt to 100 volts. The chart speed could be varied

from 1 inch per hour to 2 inches per second.

C.11 Vacuum Pump

A Welch Duo-Seal vacuum pump was used to evacuate
the sample manifold and portions of the flow system. Nor-

mally a 29" Hg vacuum was obtained.



APPENDIX D

EXPERIMENTAL PROCEDURE DETAILS

D.1 Catalyst Preparation and Activation

The catalyst was ground and sieved to 28/35 and
35/48 Tyler mesh fractions. The smaller particle size was
used in the precolumn. The tubing was cut to the appropri-
ate length, washed with acetone, and dried in a stream of
nitrogen. A 1/8"-1/4" glass wool plug was placed in one
end. The tubing was then secured by a clamp on a ringstand
and held in a verticle position. Catalyst from a preweighed
vial was then poured into the column through a funnel until
the level rose to within 1/4'" of the top. All the while
the column was vigorously tapped in order to maximize pack-
ing. The top end was plugged with glass wool before in-
stallation in the oven. The vial was then reweighed and the
weight of the catalyst in the column determined by differ-
ence. All three columns were prepared in this manner. The
precolumn was installed and the long and short columns were
connected in the series configuration.

The activation procedure was essentially the same
as those used by Musser (38) and recommended by the

94
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manufacturer. The helium flow rate was first established
at approximately 3.7 cc/sec, ambient conditions. Hydrogen
flow was then combined with the helium flow at such a rate
as to result in a 1% hydrogen mixture. Simultaneously the
oven was set at 400°F. Condensation could be observed in
the exit lines shortly thereafter, indicating that reduc-
tion was taking place. After six hours the hydrogen flow
was increased to give a 2% mixture. After a second six
hour period the hydrogen level was increased to 5%. At the
end of the final six hour period the flow of hydrogen was
terminated, and the helium flow was reduced in preparation
for the free volume and bypass calibration procedures. It
was necessary to know, of course, the proper hydrogen
metering valve settings before activation was started.

The activation step apparently was reproducible
from one column to another. In some preliminary work which
led to the work described in this thesis, a different
column was prepared and activated by the same procedure
described above. Adsorption data with mixture 1 gave re-
sults which were identical, within experimental error, to
results from columns discussed herein.

A check on the catalyst activity with respect to
time was accomplished by comparing the level of adsorption

with a mixture 1 carrier gas at a given flow rate. The
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first check was carried out upon the completion of experi-
ments with mixtures 1, 2 and 3. It showed only slight, if
any, deactivation. After work with mixtures 4, 5 and 6 was
finished, a second check was made. 1In this case the
activity had decreased to approximately 84% of the original
level. After mixture 7 experiments were completed, a final
check showed that about 17% of the activity had been lost.

These check points are shown in Figure IV-1.

D.2 Carrier Gas Mixtures

A mixing manifold was constructed to facilitate
preparation of the carrier gas mixtures. The valves were
Whitey OKS4 stainless steel forged body valves. The con-
necting tubing was 1/4" x .035" stainless steel. A
Heise 0-1000 psia gage was used to measure the pressure as
the gases were expanded into a previously evacuated 1A gas
cylinder. The mixing cylinder was actually purged with one
of the carbon oxides and evacuated three timeé. Each gas
was slowly expanded from its supply into the mixing cylin-
der until the desired pressure was attained.

Final compositon analysis of the carbon monoxide-
carbon dioxide mixtures was made on a Consolidated Electro-
dynamics Type 21-104 mass spectrometer. Carbon dioxide-

helium mixture compositions were determined by pressure
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measurements before and after freezing the carbon dioxide
in a vacuum system. The mixtures used in this work, along

with their compositions are listed in Table D-1.

TABLE D-1 Carrier Gas Compositions

Mixture Vol. % He Vol. % CO2 Vol. % CO
1 0.0 93.5 6.5
2 0.0 72.4 27.6
3 0.0 _-w,.,”,.wws6’5 63.5
4 0.0 99.6 0.4

0.0 5.3 94.7

6 0.0 0.0 100.0
7 0.0 100.0 0.0
8 92.7 7.3 0.0
9 71.1 28.9 0.0
10 85.8 14.2 0.0
11 90.0 10.0 0.0
12 92.8 7.2 0.0
13 87.6 12.4 0.0

D.3 Radioactive Sample Preparation

A physical description of the sample manifold is

presented in Appendix C. When the stopcock was joined to
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the ampoule containing the tracer, a ball bearing was placed
in a specially prepared pocket. The ball bearing was there-
fore held above and slightly to the side of the breakseal.
The valves and the stopcock were positioned in such a way
as to evacuate the sample manifold up to the breakseal.

When the vacuum was deemed satisfactory, the stopcock was
closed. A magnet was used to dislodge the ball bearing and
cause it to fall on the breakseal. Several attempts were
required because of the short distance of fall and the

light weight of the ball bearing. When the seal was broken,
the tracer was ready for use. Both tracer supplies were
prepared for use ‘in this manner.

A large amount of carbon monoxide tracer was
expanded into the 30 cc sample container. The tracer in
this container was then diluted by the addition of mixture
1. From these supplies samples could be diluted and

expanded as necessary for injection.

D.4 Free Volume Calibration

For both the long and short columns free volume
calibrations were made in order to determine the void
volumes of the columns. From the free volume and the flow
data, the carrier gas residence time, t., in the column
could be calculated. The free volume, VG’ can be expressed

as



99

Vg = Qt, (D-1)

Experimentally this determination was accomplished
by injecting argon samples into a helium carrier stream.
Argon, of course, does not adsorb and therefore travels
through the column at the same velocity as the carrier gas.
For the short column, two samples were required in order to
determine a value for t.. This procedure is described
under Section III.2. For the long column, only one sample
was required since one sample resulted in bypass and main
column peaks. After correcting the measured flow rates to
column conditions to obtain Q, VG could be determined by
equation (D-1).

For the short column the average free volume, VG’
was 1.86 cc. The value of VG for the long column was

16.8 cc. The data and calculated results for these deterri-

nations are presented in Appendices G and H, respectively.

D.5 Bypass Line Calibration

When the bypass was used it was necessary to know
what portion of the flow approaching the column was diverted
by the column. This was determined at the same time the
free volume calibration was carried out. Since the thermal

conductivity cell output was connected to the recorder
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channel with the integrator, the areas of the peaks were
known. The fraction of flow bypassing the column could be

calculated by the following expression:

£ = arca of bypass peak
B area of bypass peak + area of main peak

It was assumed that the thermal conductivity cell response
was proportional to the argon concentration. This assump-
tion was verified experimentally for the range of argon
concentrations used.

When the columns were in series, 22.9% of the flow
bypassed the column. As with free volume determinations
results from a number of runs were averaged. The experi-
mental fB values are included with the free volume data in

Appendix G.

D.6 Peak Analysis

The determination of the residence time of a sample
in a column from a chromatogram can sometimes not be a
straightforward task. Strictly speaking, graphical integra-
tion should be carried out in order to determine the
centroid of the peak. In this work, however, this method
was rendered useless because of the excessive tailing, which

introduces large amounts of error into this procedure.
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Selecting the peak maximum provided the easiest approach.
This was totally satisfactory with the argon-helium data
because of the smoothness of the peaks. However, with the
radioactive peaks this method proved unreliable because

of the stochastic nature of these peaks. The problem was
finally resolved by the following procedure. A line was
drawn through the peak parallel to the baseline at an
amplitude equal to 50% of the maximum value. The segment
of this line situated within the peak then was bisected.
This point, then, represented the time reference point

of the peak. The method showed good reproducibility. The
data showed considerably less scatter when this method

was used instead of attempting to locate the peak maximum.



APPENDIX E

SAMPLE CALCULATIONS

E.1 The average column pressure, Pc’ was calculated for

every run from the three pressure readings recorded as

data.
P, + P0
Pc = 2 * Pa
. (2.9 +0.0) - mm . .
PC > psig 51.71 35ig + 30.520 in Hg
25.4 ==
in
P_ = 852.8 mm Hg

E.2 The column flow rate, Q, was calculated from the

measured flow rate as follows:

LR e ) - @ - £p)
Q=Q - ==--S. (@ - . (1 -
m PC Tr Pa B
) cc 775.2mm _ 477.9 °K . 21.196 mm
Q= 1.0860 o= * 35778 m ~ 2963 °% L Trr 7 m)-
(1 - .229)

102
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_ CcC
Q = 1.1943 S

For the short column, fB = 0.

E.3 The column free gas volume, VG’ was calculated from

the argon - helium data as follows:

V,=Q- t

G where t.=t for argon.

T’ P

<
I

CcC
0.2331 ‘s—e—c 72.0 sec

For the long column, VG values for various runs were

averaged.

(17.05+17.00+17.00+17.00+16.64+16.78+16.92+16.57+
V. = 16.66+16.57) -
G 10

<
]

16.8 cc

For the short column, one average residence time
was determined for each of three flow rates with the cor-
responding VG values subsequently being calculated. These
latter values were then averaged.

- 1.898 + 1.867 + 1.829
G 3




104
V-~ = 1.86 cc

E.4 The fraction of flow going through the bypass, fB’ was

Calculated as follows from the argon - helium data:

£ = .-

B AB + AC

£ = 1.36

B~ 1.36 + 4.55
fB = 0.230

The individual determinations were then averaged.

£ = .232+.230+.226+.223+.228+.231+.231+.228+.232+.229
B 10

H
]

0.229

E.5 The residence time of the carrier gas flowing through

the column, tr, could then be calculated as follows:

v
t_ = G

r Q

- 16.8 cc
T 1.194 cc/sec

14.1 sec

(—f
]
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E.6 The peak residence times were calculated differently
depending on which column was in use. For the long column

the following procedure was followed:

- . 1 . :
tp = 2.15 in m 60 SeC/mln

ct
It

64.5 sec

The peak residence time in the short column was

calculated as follows:

tp =Ly 1/Csl - Ly 1/Csz

tp = 4.43 in - 1/(2 in/sec) - 2.16 in - 1/(2 in/sec)
t. = 1.14 sec

5 s

E.7 The column conversion constant, 8, was calculated as

follows:
2
m C
B = 77— where ¢ =
VgC ° RT_
c = 852.8 mm/ (62360 2= SC . 477.9°K)

g mole“K



G*

G*

2.862 - 107° g mole/cc

28.3576 g catalyst

16.8 cc - 2.862 - 10°° g mole/cc

5.899 - 104 g catalyst/g mole

G* was then calculated according to the equation

|
™| bt
Ld

(t,/t, = 1)

(64.5/14.1 - 1)

5.809 - 10%

= 6.059 - 10™> g mole/g catalyst .
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APPENDIX F

ERROR ANALYSIS

F.1 Temperature

A 0.2°C graduated mercury thermometer was used to
measure the room temperature to within + 0.1 °C. For a
room temperature of 23°C, the error in T.is + (0.1) (100)/
296 = +0.034%.

The short term fluctuation of the column temperature,

T_., was less than +0.2°C. The resulting error in T. is

C,
+(0.2) (100)/477 = +0.042%.

F.2 Pressure

The atmospheric pressure was measured to within
+0.005 inches of mercury. The error in Pa is +(.005) (100)/
30 = +0.017%.

The inlet pressure was measured on a gage which
could be read to an accuracy of #0.05 psi. For an inlet
pressure of 2 psig the resulting error in Pi is +(.05) (100)/
16.7 = +0.30%.

The same degree of accuracy was obtained for the
outlet pressure gage, and the resulting error in PO for an

107
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outlet pressure of +0.5 psig is +(.05)(100/15.2 = +0.33%.

[

The average column pressure was calculated by the

P. + P
formula PC = —5—7——9 + Pa‘ For an average pressure of

820 mm, the error in PC is £((.30 + .33)/2 + .017) = +0.33%.

F.3 Time and Distance

Distance measurements on recorder charts were made
to within +(.01) (100)/2 = +0.5%.

A stopwatch graduated in tenths of a second was
used to measure time elapsed in recording flow rates with
the bubble meter. Repeated measurements were reproducible
to within +0.3 sec for a 100 sec time interval. The result-
ing error in the measured flow rate, Qm’ is +(0.3) (100)/

100 = +0.3%.

F.4 Column Flow Rate

The column flow rate is given by

Q=0Qy + (B/P) + T/T,e (1 - —5—) - (1-fp).

The resulting error in Q is (.30 + .33 + .078 + .024 +

.27) = +1.0%.
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F.5 Catalyst Weight

The catalyst was weighed on a Mettler balance to an
accuracy of +0.0001 g. But due to the handling procedure
in packing the columns it is doubtful that the weight of
the catalyst, m, was known to limits better than +0.001 g.
For the short column this results in an error of +(.001)
(100)/2.2671 = +0.044%.

For the long column the error in m is (.001) (100)/

F.6 Bypass Fraction

The peak areas, AC and AB’ used in calculating the
fraction of flow which bypassed the column could be deter-
mined to within +0.0l1. For a typical determination, in
which AC = 4.55 and AB = 1.36, the resulting error in fB =
+(.0021) (100)/0.230 = +0.91%.

F.7 Column Free Volume

The column free volume, VC, was determined by the
product Q - tp’ where the tP referred to the residence time
of an argon sample in a helium carrier gas. The error in

Vg is therefore = +(1.0 + 0.5) = +1.5%.
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F.8 Column Conversion Constant

The column conversion constant, B, was determined
m

by the expression, B8 = V-c - When the ideal gas law is
mRT
assumed, this becomes B = V‘?E . The error in this temrm
G c

then is = +(.044 + .042 + .33 + 1.5) = +1.92%.

F.9 G* Error

The resulting error in G*, calculated by (1/8)
(¢ /t_ - 1), is +(1.92 + 3.85) = +5.77%.
p’r
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RAW DATA
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APPENDIX I

FORTRAN PROGRAM FOR COLUMN SIMULATION
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1600
1r

11
12
13
14
17

15

i8

16

2¢

25 FORMAT{SHDF1 =,FB8.4,4H F2=+F8444+5H F3 =3FBe%95H F& =4F8e4/

1194 CO MOLE FRACTION

36H RK1 =,FB8a4s6H RX2

WeDaSMITHs COLUMN SIMULATION PROGRAM

DIMENSION X{500 ), Y(SC0) ¢+ XA{500) ,YB(5CC ), XB(5001),YC(500])
READ(S5421M1) DT.EPSsXTYT4NsM

FORMAT{4F10.0,215)

READ(S,11) XIsYI,IXyIY

FORMAT(2F10,0,215)

READ(5,512) EXK1,EK2,EK3+EK49AZ;B2

FORMAT{6F1%.0)

READ{5y13) RK1,RK2yRK3sRK4

FORMAT(4F13.0)

READ{5,14) TM1,TM2,TM3,TM4,TM5

FORMAT{S5F10G,.0)

READ{(S5,17) CZ,EKS4RK5

FORMAT{3F16,.,0}

WRITE(6415) XT:NyAZsBZsEKLIEK24EK3 sEK4RKLRKZ2)RK3 4 RKA
FORMAT{39H]1 #WeDeSMITH, COLUMN SIMULATION PROGRAM/ /

WRITE(6518) CZ4EKS5,RKS

FORMAT(5H CZ =4F8,5,6H EK5 =,FB845,6H RK5 =4F8e6)
WRITE(6,16) XI,YI

FORMATI{SHNXI =+FB8.4,5H YI =,F8.4)

DO 20 1=1,500

X(1)=0.

Y{1)=0,

XA{(I1}=0,

Y8(1)=0.

YC(1)=C,.

XB{I}=0.

IXPRN=C

MIN=M

1Z2=0

MTM=0

MFAC=1

MUL=1

TFAC=1l.

A=AZ/{1.+EK1%XT)
B=BZ/(1+EK2EXT+EK3HYTH{1,+EK4/ (EK2*XT)})
C=CZ/(1.+EKS5*YT) .
ZB=EK3*YT*BXEK4/(EK2*XT)

F1=EK1*A

F2=EK2%B

F3=EK3*B

F4=EK4*B/ZIB

F5=EKS*C

WRITE(6,25) Fl4F2,F34F4+A,B,28

=yF6e394H N =,1545H AZ =43F8434¢5H BZ =4F6e3/
26H EK]1 =,F8.%4,6H EK2 =4F8.4s6H EK3 =,F8.4%y6H RK4 =yFBa&/
=4FBaby6H RK3 =,F8.496H RKG =,F8.4)
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11c
115

2re

14H A =4FBaty4H B =3F8a4,y5H ZB =,F844)
WRITE(6426) F5,C

& FORMAT(S5H FS =,FRe5+4H C =,F8.51]
¢ DELT=DT*TFAC

RT1=RK1*DELT*4
RT2=RK2*DELT*B
RT3=RKI*DELT*B
RT4=RK4XDEL T*B
RT5=RKS*DELT*C
T1={24-DELV)/{2.,+DELT)
T2=24/(24+DELT)}
T3=DELT/(2¢+DELT)
MTM=MTM+MFAC

TCNT=MTM

VIME=TCNT*DT

XF=G,

YE=0,

IF{MTM,GT.IX} GO TO 110
XF=24%X1

IF(MTM.GTL.IY) GO TO 115
YF=2e%*Y1

I=1z

1S=1Z+1

I=1+}

X0=X(I)

YO=Y(1)

XAQ=XA{I)

XBO=XB(1)

YBO=YB(I)

YCO=YC(I)
RI=RT1*(X0~XAQ/F1)
R2=RT2* (X0-XBO/F2}
R3=RT3*(Y0U-YBO/F3)
R4=RT4%{YRO-XBO/F &)
R5=RT5%(VYB-YCO/F5)
XA{I)=XA0+R1
XR{I}=XBO+R2+R4
YB(I)=YBO+R3-R4
YC{I)=YCO+RS
AN=X0FT1+XFXT3-T2*(R1+R2)
YN=YO*T14+YF*T3-T2%{R3+R5)
XF=XN+X0

YE=YN+YQ

X{I¥=XN

Y{I)=¥N

IF{I.GE.N) GO TO 302
IFLANGGTLEPS} GO 7O 200
XN=0.
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IF{YNL,GTLEPS) GO TO 2¢n0
YN=0.
[F(I.6T41S} GO TD 210
1Z=1S
IF{IZ.GE.N) GO 70 5171
GO TQ z0n
210 IF(I.LT.MIN} GO TO 24¢C
MIN=Y
3T IF{TIMELLT. (TMI-EPS)) GO TO 400
MFAC=2
TFAC=2,0
IF{TIMELLTL{TM2-EPS)) GO TR 400
MFAL=5
TFAC=S5,.M
4CC TMUL =MUL
TPRN=TMUL*TM3=EPS
XPRN=TXPRN
IF{TIME.LT. (XPRN®TMS)}) GO TO 41"
IXPRN=IXPRN+1
WRITE(6.,402) (X(1),1=1,68)
WRITE(6,4072) (Y(I}s1=1,€0)
ARITE(6,402) (XA{I),I=1,69)
WRITE(6,4N2) (XB(I),I=1,60)
WRITE(64,402) (YB(I),I=1,60)
WRITE(6,4%2) (YTUI},I=1,67)
402 FORMAT(IHO/(1H 417F10,6))
413 IF(TIMEL.LT,TPRN) GO TQ 503
MUL=MUL+1
XL=X{N}
YL=Y(N)
XY=XL+YL
WRITE(6,401) TIME,ZXL,YLyXY
401 FORMAT{BH TIME =,F6,2,6H XL =,F8,5,6H YL =,F8s5,7H XL+YL=,
1FB8.5) :
S IF(TIMELLT.TM4) GO TN 100
READ{5,512) IEND
510 FORMAT(I2)
IF(IENDLGT.) GO TO 100N
501 CALL EXIT
END
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