Chromatographic Investigation of the Oxygen
Exchange Reaction Between Carbon

Monoxide and Carbon Dioxide

The theory of perturbation chromatography and isotopic tracers has
been applied to the investigation of the oxygen exchange reaction between
carbon monoxide and carbon dioxide in the presence of a copper-zinc
oxide catalyst at 205°C and atmospheric pressure. By analyzing the reten-
tion times of carbon-14 monoxide and carbon-14 dioxide tracers in six
binary carbon monoxide/carbon dioxide carrier gas streams, it has been
possible to shed light on the mechanism of the exchange reaction. Two
types of carbon monoxide adsorption and two types of carbon dioxide ad-
sorption were identified. Based on a numerical simulation of the experi-
mental data, it has been concluded that the exchange reaction proceeds
via the dissociative adsorption of carbon dioxide. Furthermore, the surface
oxygen species formed during the dissociative adsorption of carbon dioxide
appears to be the active site for the exchange reaction.
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The water gas shift reaction has been a reaction of
considerable commercial importance for many years be-
cause of its value in hydrogen production. The first gen-
eration of water gas shift catalysts was composed of iron
oxide. These catalysts were active only at high tempera-
tures where hydrogen formation is thermodynamically
limited. Second generation water gas shift catalysts con-
sist of copper supported on zinc oxide or on a mixture of
zinc oxide and alumina. These catalysts are active at much
lower temperatures where hydrogen formation is favored.

This paper describes the results of a chromatographic
study of a commercial copper-zinc oxide water gas shift
catalyst. In particular, the method of interpreting the
chromatographic data derived from the experiments repre-
sents an extension in the area of perturbation chroma-
tography. The oxygen exchange reaction between carbon
monoxide and carbon dioxide has been used as a test
reaction to gain insight into the mechanism of oxygen
transfer that occurs in the presence of this catalyst during
the water gas shift reaction.

CONCLUSIONS AND SIGNIFICANCE

The method of interpreting the chromatographic data
described in this paper has made it possible to extract
more information from chromatographic data than ever
before. Previously, analysis of tracer retention data re-
lied on perturbation chromatography theory, which as-
sumes that all adsorption and/or reaction processes oc-
curring in the chromatographic column are at equilibrium.
By varying the flow rate of carrier gas through the cata-
lyst-packed column it was possible to obtain not only
retention data which can be described by the equilibrium
theories but also data falling in a transition region where
one or more adsorption processes are neither negligible
nor at equilibrium. In order to analyze the transition re-
gion data, the column was simulated numerically on a

computer.

With this combined equilibrium-nonequilibrium method
of analysis, a five-step adsorption-reaction mechanism
has been developed to describe the exchange reaction over
the entire range of the experimental data. The mecha-
nism shows oxygen transfer to occur as a result of dis-
sociative carbon dioxide adsorption. Furthermore, the ap-
pearance of the four adsorption isotherms developed in
this study can be explained only if the active surface site
for the exchange reaction is an oxygen site created by
the dissociative adsorption of carbon dioxide. This mecha-
nism represents a departure from the traditional view
that the active site for the exchange reaction is a reduced
(metallic) site.

In recent years chromatography has emerged as a use-
ful tool for direct measurement of many physicochemical
phenomena. By relating the moments of the eluted chro-
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matographic peaks to the processes occurring within the
column, investigators have been able to determine gas-
liquid K-values {Stalkup and Kobayashi, 1963; Koonce et
al., 1965), adsorption isotherms (Eberly, 1961; Helfferich
and Peterson, 1963), intraparticle diffusion coefficients
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(Schneider and Smith, 1968), and axial dispersion co-
efficients (Taylor, 1953; Schneider and Smith, 1968). Re-
cently, a generalized theory of direct chromatography
(Deans et al.,, 1970), which includes nonlinear and cou-
pling effects, was published.

The initial application of direct chromatography to
gas-solid systems was in measuring adsorption isotherms,
as reported by Eberly (1961). The use of isotopic tracers
and multicomponent carrier gases was treated theoretically
and experimentally by Helfferich and Peterson (1963),
Stalkup and Deans (1963), Stalkup and Kobayashi (1963),
and Koonce et al. (1965). Klinkenberg (1961) dealt
theoretically with the case of adsorption with equilibrium
chemical reaction in a chromatographic column. Later,
Collins and Deans (1968) conducted a theoretical and
experimental chromatographic investigation of chemically
reactive gas-solid systems at equilibrium.

The purpose of this work was to extend direct, that is,
equilibrium perturbation, chromatography using isotopic
tracers to nonequilibrium chemically reactive systems.
Musser (1965), in his study of carbon monoxide adsorp-
tion on a copper-zinc oxide catalyst, observed the presence
of a nonequilibrium oxygen exchange reaction between
carbon monoxide and carbon dioxide. In keeping with
the original goal of the work and considering the im-
portance of this reaction, it was decided to conduct a
more detailed study of this system.

Copper supported on zinc oxide is used commercially
as a water gas shift catalyst to take advantage of the more
favorable water gas shift equilibrium at lower tempera-
tures. The purpose of the zinc oxide, in addition to sup-
porting the copper, is to inhibit thermal sintering of the
finely dispersed copper. Uchida et al. (1968) concluded
that the water gas shift activity of this type of catalyst
can be related to the amount of copper present.

The oxygen exchange reaction between carbon mon-
oxide and carbon dioxide,

CO + C*0, 22 C*°0 4 CO, (1)

where * denotes a detectable carbon isotope, represents
a powerful investigative tool for studying the mechanism
of the water gas shift reaction over this catalyst since
oxygen exchange is the necessary step in the reaction,

CO + H, 0« CO; + H, (2)

In this work the exchange reaction was initiated by in-
jecting either a carbon-14 monoxide or a carbon-14 dioxide
tracer sample into a binary carbon monoxide-carbon di-
oxide carrier gas flowing at equilibrium over activated
catalyst. All experiments were carried out at 205°C and
atmospheric pressure. By varying the carrier gas flow rate
over a given column it was possible to vary residence time
relative to adsorption and reaction half-lives, hence to alter
the equilibrium approach of the isotopic exchange reac-
tion,

EXPERIMENT

The experimental apparatus used in this work is depicted
schematically in Figure 1. The feed cylinder was first filled
with a carrier gas of accurately known composition. The cylin-
der was then connected to the system through a filter, a flow
controller, and a metering valve. From this point the gas
passed through a precolumn containing the same catalyst at
the same temperature as the test column. The purpose of the
precolumn was to adsorb any poisons which might be pres-
ent in trace amounts in the carrier gas. The gas flowed from
the precolumn to the reference side of a thermal conductivity
cell and then a two position, six-way chromatographic sampling
valve. The sample loop of the sampling valve was connected
to a manifold through which tracers could be admitted. The
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gas stream then flowed from the sampling valve to the test
column in the oven. The gas leaving the column then passed
through the sample side of the thermal conductivity cell and
on to the jonization chamber for carbon-14 tracer measure-
ment. Finally the gas flowed through a soap bubble flow meter
to a hood for dispersion to the atmosphere.

The thermal conductivity detector was used in this work
primarily to ensure that the system was at equilibrium prior to
sample injection. The ionization chamber was a flow-through
cell with an internal volume of 3 cc. A 6 V potential was con-
nected across the interior electrode and the outer wall. The
current generated by the radioactive tracer in this cell was
measured by a Cary Model 401 electrometer. The millivolt
outputs of both detectors were recorded on a two channel
Hewlett-Packard strip chart recorder.

Two stainless steel columns, both 0.64 cm in diameter,
and 101.4 cm and 10.0 cm in length, respectively, were packed
with Girdler G-66B copper-zinc oxide catalyst which had been
ground and sieved to retain the 28/35 mesh fraction. The two
lengths were necessary in order to achieve the desired range of
residence time (0.25 to 300 sec.) without developing exces-
sive pressure drop or uncontrollably low flow rates. The two
columns were connected in series in such a way that the car-
rier gas flow could either be directed over the two columns in
series or over only the short column simply by interchanging
two connections outside the oven. By including both columns
in the oven by this arrangement, only one catalyst activation
was required, and any variables in this procedure were not re-
flected in the experimental results.

When two columns were connected in series, a capillary by-
pass was used to create a reference peak for comparison with
the peak emerging from the column. The retention time of
the tracer in the column could be determined from the dif-
ference between the first moments of the two peaks. It was
not possible to use a capillary bypass with the short column,
however, because poor resolution between the peaks resulted.
The system was constructed in such a way, however, that a
bypass peak could be recorded separately. A more detailed
description of the column arrangement is given elsewhere
(Smith, 1972).

As stated above, measurement of the retention time of the
tracer in the column requires knowledge of the first moments of
both bypass and column peaks. Although the first moment of
a peak can be determined rigorously by graphical integration,
a substitute method was used which proved to be rapid, re-
producible, and adequately precise. A line was first drawn
through the chromatogram at the half-height of the peak paral-
lel to the baseline. The midpoint of the segment of this line
falling within the peak was taken as the centroid. This method

Fig. 1. Schematic flow diagram: 1. Hydregen; 2. Helium; 3. Carrier

gas; 4. Pressure regulator; 5. Filter; 6. Pressure gauge; 7. Metering

valve; 8. Flow controller; 9. Precolumn; 10. Test column; 11. Sampling

valve; 12. Thermal conductivity cell; 13. Bridge; 14. lonization

chamber; 15. Preamplifier; 16. Electrometer; 17. Recorder; 18. Soap
bubble meter; and 19. Oven.
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was checked in several instances against the graphical pro-
cedure, and the resulting values were found to be in close
agreement. Furthermore, the short-cut method was insensitive
to the uncertainty introduced by tailing.

Six equilibrium gas mixtures were used in this work. In ad-
dition to pure carbon monoxide and carbon dioxide, four mix-
tures of these two gases containing 94.7, 63.5, 27.6, and 6.5
vol. % carbon monoxide served as carrier gases. The mixtures
were analyzed on a mass spectrometer. The purity of the gases
used exceeded 99.5 vol. %, with the primary impurity in each
gas being the other oxide.

The catalyst was activated by passing a mixture of hydro-
gen and helium over the catalyst (both columns in series) at
atmospheric pressure and 205°C. The hydrogen concentra-
tion was maintained at 1 vol. % for the first 6 hours, at
2 vol. % for the second 6-hour period, and 5 vol. % for the
final 6-hour period. Condensed water was observed in the exit
lines, confirming that reduction of the catalyst was taking

lace. The system was purged of hydrogen and water by al-
owing helium to flow over the catalyst overnight.

The free gas volume of the system was determined by mea-
suring the residence time of an argon sample in a helium car-
rier gas stream, assuming negligible argon adsorption at 205°C.
This procedure was carried out for both columns connected
in series and for the short column by itself. Following free
volume calibration, flow of one of the premixed carrier gases
was initiated over both columns.

When a steady thermal conductivity cell response indicated
that the system was at equilibrium, data taking began. Ap-
propriate flow, pressure, and temperature data were recorded,
and then a sample of each tracer separately was injected
into the carrier gas. The response of the ionization chamber to
each sample was recorded on a strip chart recorder in the form
of a typical chromatogram. The moments of these peaks were
approximated by the method described previously.

This sampling and data taking procedure was repeated for a
range of flow rates over both columns connected in series and
also for the short column by itself. At no time was the column
pressure drop allowed to exceed 20 N/m?(3 1b./sq.in.).

This procedure resulted in a complete set of data for a par-
ticular carrier gas. The same procedure was then followed for
each of the remaining carrier gases to generate the total set of
experimental data. .

EQUILIBRIUM THEORY

Collins and Deans (1968) developed the equilibrium
theory for a chromatographic system characterized by an
isotopic exchange reaction of the form

A+ B*®£A°+ B (3)

where * denotes a nonnormal isotope. The results of
Collins and Deans (1968) can be applied to the experi-
mental system studied in this work if the following as-
sumptions are made:

1. The column is isothermal and isobaric.

2. The carrier gas behaves ideally.

8. The column is one-dimensional.

4. Local equilibrium exists between the flowing phase
and the stationary phase. Adsorption equilibrium can be
expressed by the following equation:

0 = wY; (4a)
where
F’i‘——I"i(T:P,yAs9yBs"~-) (4b)

5. Dispersion effects are negligible.

6. The effect of the mass perturbation induced by sam-
ple injection can be neglected in the vicinity of the iso-
topic tracer.

7. Each isotopic tracer is chemically indistinguishable
from its normal counterpart.

8. The equilibrium constant K* of the isotopic exchange
reaction in Equation (8) is equal to unity. The reaction
equilibrium relationship is assumed to take the following
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form:
&
Ya yz (5)
Yays
In the vicinity of the tracer, it can be shown that

K* =

ya®/ys® = ya®/ys® (6)

In the limit of equilibrium adsorption and zero exchange
reaction rate, the relative retention of each tracer is given

by

Ga = pa/B (7a)
G = up/B (7b)
where
__m 7c)
B= v, (7c

G; is an experimental quantity determined from the re-
tention of the tracer according to the following equation:

ci=—;;(ﬁ—1) (8)

t,

In the limit of equilibrium adsorption and equilibrium
exchange reaction the relative retention is the same for
each tracer and is given by

BGe = ya'ua + yp°us (9)

NONEQUILIBRIUM ANALYSIS

In order to describe the system when the exchange re-
action is neither negligible nor at equilibrium, it was neces-
sary to simulate the column mathematically and obtain
numerical solutions for the pulse response. The continuity
equation for component i in the flowing phase can be
written as

Em 2
i + v ﬂi—{ = De 9 yi
ot 9z 922

4+ Ry (10)

Similarly, for the stationary phase, the material balance
for surface component j is

boi _ R 11)
% - D (

Component i can participate in any of several types of
adsorption according to the following equation for adsorp-
tion step k:

Jol § (gas) = o] f (surface) (12)

The reaction shown in Equation (12) has a rate Fy, where
Fix = Fx ({y:}, {o;}, rate constants) (13)

The source term in Equation (10) can then be expressed

as follows:
1

R; = 2 vieFx (14)

k=1

where ! denotes the total number of local reactions in
which component i participates.

The method of Deans and Lapidus (1960), in which
column dispersion is modeled by representing the column
by a series of perfectly mixed tanks, was used to simulate
the data over the entire range of carrier gas residence
times. The procedure first requires converting Equation
(10) into stirred-tank form. When this is done, Equation
(10) takes the following form for the nth tank:

dyi V
[—d—; ] + (yi)n ~ —6‘ (R)n= (y:)n-1 (15)
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The four-step mechanism shown in Equation (16) was
first used in an attempt to explain the data but, as will be
discussed later, was found to be inadequate.

CcO
|
1. CO+B=B (16a)
CO,
|
2. CO,+B=B (16b)
CO, Co O
| | ]
3. B +B&B +B (16¢)
CO,
|
4. CO,+C=C (16d)

The least complex mechanism found to satisfactorily
explain the data is the five-step mechanism shown below.

Cco
I
1. CO4+ A=A (17a)
0 clzo2
|
CO+B&B (17b)
0 CO;
| ]
3. CO;+B=B (17¢)
CO, Co, O
| | |
4 B +B=B +B (17d)
CO,
|
5. CO,+Ca2C (17¢)

In this mechanism it can be seen that there are two
adsorption steps (1 and 5) which are unrelated to the
exchange reaction. The equilibrium relationships for these
steps are assumed to be of the following form:

K; = wco?/ (yco) (wa) (18a)
Kz = 0c0®8/ (yco) (wos) (18b)
K3 == wc0s°8/ (Ycoy) (woB) (18¢)
Ky = (0co®®) (wos)/(wcozoB) (oB) (18d)
K5 = (0c0s°)/ (Ycos) {(wc) (18e)

Collins and Deans (1968) showed that for a given carrier
gas, the values of wa, wg, wc, and wop are constant in the
vicinity of the tracer. Consequently, Equations (18) can
be rewritten in the following form:

pco® = eco*/Yco (19a)
#co®® = wco®®/yco (19b)
#co®® = ©c0.%®/ycos (19¢)
K = wco®B/wco B (19d)
peos® = wcost/Ycop (19e)

It should be pointed out that, although these adsorption
relations are linear in form, it is not necessary for the ad-
sorption isotherms to be linear. (The K; in Equations (18)
can also depend on concentration.) The rate expressions
for the five steps in the mechanism are

Fy =k (yco — wco?/pco?) (20a)
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Fy = kg (Yco — ©co®B/pco®®? (20b)
F3 = k3 (Ycop — wcos®8/pcos®®) (20c)
Fy = kg (0c02° — wco®®/K’) (20d)
F5 = ks (ycoy — ©co2°/ pcosC) (20e)

Again, these can be written in linear form because the
perturbation is isotopic.

Equations (14) and (15) can then be combined to
yield the following two equations for Hlowing phase carbon

monoxide and carbon dioxide tracer concentrations in the
nth tank:

[ 22 ]+ oo+ (%) (Fy+ F2) = (goo)-r

dr
p (21a)
V,
[ _%rgo_z ]n + (Ycog)n + (5) (Fs + F5) = (ycog)n—1
(21b)
For the surface species,
deco? \%
= ( -Qi) (F) (222)
dwco®® Ve
= (Fa 4 F) (Q—) (22b)
dwco,B Vi
d: = (Fs — Fy) ('é-) (22¢)
c
d“’;:z = (%) (Fs) (22d)

These equations were integrated numerically on an
IBM 360 computer. Thirty tanks were used for all simu-
lations, Simulation of one tracer sample took approxi-
mately 10 sec. of computer time although more time was
required for samples with large retention times. Since
the value of the exchange reaction equilibrium constant
was assumed equal to one, K’ is constrained and only
four of the adsorption equilibrium functions shown in
Equations (19) need to be specified.

The search procedure for the values of the four equi-
librium constants was simplified by qualitatively observing
that for most of the data steps 1 and 3 were near equi-
librium at small carrier gas residence times while the ef-
fect of the other three steps was negligible. Therefore,
these two rate constants were adjusted to maximum levels
(to ensure equilibrium) while the values of the two equi-
librium functions for a specific carrier gas were set accord-
ing to the data and Equations (7). Therefore, only two
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= o —— SIMULATED PEAK
o RESIDENCE TIMES: |
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& SIMULATED
Q PEAK - 132.5
N 04} i
-
<
2
O 02+ -
Z
/ ——
7/
o‘o pd i 1 ] i 1
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DIMENSIONLESS TIME r
Fig. 2. Experimental and simulated peaks.
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equilibrium functions and three rate constants remained
to be adjusted in order to fit the data.

The retention time of the simulated peak was deter-
mined in the same manner as was described earlier for
estimating the first moments of the experimental peaks.
It is also possible to match the shape of the experimental
peak by adding a post-column tank to account for the
dispersion of the detection system. Although simulation
of the retention data did not require that this be done, a
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Fig. 3. G vs. t, for 100% CO carrier gas.
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Fig. 4. Gi vs. t, for 94.7% CO carrier gas.
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Fig. 5. G vs. tr for 63.5% CO carrier gas.
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few such simulations were made to demonstrate the re-
liability of the method. Figure 2 compares the shape of
an experimental peak with a simulated one.

RESULTS

The final set of data is reported as the relative reten-
tion of each tracer over a range of carrier gas residence
times of 0.2 to 300 sec. These data are plotted for each
carrier gas in Figures 3 to 8. In plotting these data, the
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a Cl402
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G; x 105 (g mole/g}
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Fig. 6. G; vs. t, for 27.6% CO carrier gus.
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Fig. 7. G; vs. t, for 6.5% CO carrier gas.
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carrier gas residence times for the long column were cor-
rected to the short column basis to account for the differ-
ence in catalyst packing density for the two columns. In
these figures the solid lines represent the results of best
fits by numerical simulation, which will be discussed later.

Several qualitative features of the data are immediately
obvious. For each carrier gas essentially the same retention
time was observed for each tracer when the carrier gas
residence time exceeded 250 sec. At small carrier gas resi-
dence times, each tracer has a unique response in every
case except that of pure carbon dioxide carrier gas. The
range of carrier gas residence times appears to include
the limiting cases discussed earlier.

If the exchange reaction is negligibly slow and the ad-
sorption processes are at equilibrium, the retention G; for
each tracer is given by Equations (7). Since this equation
predicts no dependence on velocity (or carrier gas resi-
dence time), G; should be independent of t,. As the fig-
ures indicate, such a region is observed experimentally for
carbon dioxide adsorption for the carrier gases containing
6.5, 27.4, and 63.5 mole 9% carbon monoxide. For carbon
monoxide adsorption this region is clearly defined for the
27.4 mole ¢, carbon monoxide carrier gas, and very
nearly so for the 63.5 mole 9% carbon monoxide carrier

as.
i For the data taken at large carrier gas residence times,

Equation (9) relates G; for either tracer to the carrier

gas composition and adsorption equilibrium functions for
the two components, carbon monoxide, and carbon di-
oxide. Again, the theory predicts G; to be independent
of the carrier gas residence time if both adsorption proc-
esses and the exchange reaction are at equilibrium. For
carrier gases containing 100 and 94.7 mole % carbon
monoxide, the large carrier gas residence time data ap-
pear to lie on a plateau which can be defined by Equation
(9). For the carrier gas containing 63.5 mole % carbon
monoxide, the data falling between carrier gas residence
times of from 10 to 80 sec. also appear to define such a
plateau. But when the carrier gas residence time exceeds
80 sec., G; begins to increase for both tracers. This indi-
cates the presence of an additional slow adsorption step
which is not involved in the exchange reaction.

This slow step can be tentatively identified as a carbon
dioxide adsorption step from the data of Figure 5. At
larger values of #,, the value of G; for the carbon dioxide
tracer slightly exceeds the value of G; for the carbon
monoxide tracer. This is in contrast to the fact that at low
carrier gas residence times the G; value for the carbon di-
oxide tracer is smaller than for the carbon monoxide tracer.
This characteristic of the data was also predicted in the
simulation,

For the carrier gases containing 100 and 94.7 mole %
carbon monoxide, it can be argued that this adsorption
step would have been observed if it had been possible to
collect data at higher carrier gas residence times. It is also
possible that the sites for the slow step are not present in
sufficient number in carrier gases containing predominantly
carbon monoxide.

At sufficiently large carrier gas residence times G; would
be expected to level off at a new plateau, once again ac-
cording to Equation (9). In any case, two types of ad-
sorption are apparent for carbon dioxide. A feature of di-
rect chromatographic studies which this work serves to
emphasize is that although various types of adsorption by
the same component cannot be distinguished from each
other if they are all at equilibrium, they can be observed
separately if they differ in rate.

From the qualitative analysis of the data to this point,
the following can be concluded:

1. There is at least one type of carbon monoxide ad-
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sorption which is relatively rapid.

2. There are at least two different types of carbon di-
oxide adsorption, one rapid and one slow.

3. The exchange reaction occurs at a rate which is
slower than the rapid adsorption rates of carbon monoxide
and carbon dioxide.

4. The second type of carbon dioxide adsorption is a
slower process than the exchange reaction itself and is
not necessary for the exchange reaction to occur.

Based on these observations the mechanism shown in
Equations (16) was used in an attempt to simulate the
data. The broken line in Figure 7 represents the best fit
obtained using this mechanism for the carrier gas contain-
ing 6.5 mole % carbon monoxide. The disagreement be-
tween the experimental data and the results of the simu-
lation indicate that the four-step mechanism is inade-
quate.

In order to satisfactorily explain the data, the four-step
mechanism was expanded to the five-step mechanism
shown in Equations (17) by the addition of a second
carbon monoxide adsorption step. In this mechanism step
1 now corresponds to the rapid carbon monoxide adsorp-
tion. For the purpose of simulating the data shown in
Figures 3 to 8 it is not necessary to make any assumptions
regarding the nature of the active sites. Evidence suggest-
ing that the active sites (O-B) contain oxygen will be
introduced later.

The results of the five-step simulations are represented
by the solid lines in Figures 3 to 8. In simulating the data
in Figure 8, it was assumed that the carrier gas contained
0.5 vol. % carbon monoxide because of the purity of the
carbon dioxide. This mechanism explains the data rea-
sonably well. From the numerical simulations four ad-
sorption equilibrium functions were determined for each
carrier gas composition. This allowed calculation of the
surface coverages for each type of adsorption according
to Equation (4a). The resulting isotherms are plotted in
Figures 9 to 12. The isotherms in Figures 9 and 10 for
the rapid carbon monoxide adsorption (type A) and the

24 T T T T
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Fig. 9. Type A carbon monoxide adsorption isotherm.
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slow carbon dioxide adsorption (type C), respectively,
are normal in appearance. The type B carbon dioxide and
carbon monoxide adsorption isotherms, Figures 11 and
12, respectively, are unusual. The concave appearance of
the carbon dioxide isotherm can best be explained if the
number of sites available for this type of carbon dioxide
adsorption increases as the carbon dioxide content of the
carrier gas increases. This also explains the shape of the
carbon monoxide isotherm in Figure 12, if the same sites
are involved. Another significant characteristic of the iso-
therm in Figure 12 is that the intercept for pure carbon
monoxide is nonzero, that is, the concentration of the car-
bon dioxide related sites does not go to zero as the car-
bon dioxide concentration of the carrier gas does.

These isotherms indicate that the exchange reaction
occurs via dissociative carbon dioxide adsorption [repre-
sented by Equations (17c) and (17d)], not intermolecu-
lar oxygen exchange between adjacently-adsorbed mole-
cules. Dissociative carbon dioxide adsorption results in
creating a surface oxygen species. The amount of surface
oxygen can be expected to increase as the carbon dioxide
content of the carrier gas increases, Consequently, the
accumulation or depletion of oxygen on the catalyst sur-
face follows the same pattern as the available adsorption
sites in the explanation of the type B carbon monoxide
and carbon dioxide isotherms. It is therefore consistent
with dissociative carbon dioxide adsorption and the nature
of the isotherms in Figures 11 and 12 if the oxygen re-
maining on the surface as a result of dissociative carbon
dioxide adsorption serves as the active site for both carbon
dioxide and carbon monoxide adsorption leading to the
exchange reaction,

This interpretation implies that as the composition of
the carrier gas approaches pure carbon monoxide, the
amount of oxygen left on the surface to serve as carbon
monoxide adsorption sites should approach zero. The non-
zero intercept of the carbon monoxide isotherm in Figure
12 can be explained if it is assumed that two surface oxy-
gen sites must be adjacent to one another for the reaction
in Equation (17d) to occur. As the carbon monoxide
content of the carrier gas increases, a point is reached at
which all the remaining surface oxygen is surrounded by
oxygen-free sites. These residual oxygen atoms cannot be
removed according to Equation (17d). This explanation
assumes that these adsorbed oxygen species have no sur-
face mobility. This is reasonable at 205°C.
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The question arises as to whether or not carbon mon-
oxide or carbon dioxide adsorb on the unoxygenated B-
sites. If carbon dioxide were to adsorb appreciably on
these sites, the concave nature of the isotherm in Figure
11 would be destroyed. Carbon monoxide adsorption on
the reduced sites cannot be ruled out completely. In fact,
such adsorption could contribute partially to the nonzero
intercept in Figure 12, But if this type of adsorption does
occur, it necessarily occurs at very nearly the same rate
as carbon monoxide adsorption on the oxygenated sites.
Otherwise, this process would have become evident dur-
ing the simulation of the data.

It has been reported in the literature (Uchida et al.,
1968; Young and Clark, 1973) that water gas shift ac-
tivity over supported copper catalysts is related to the
amount of copper present. Stroeva et al. (1959) observed
the oxygen exchange reaction between the carbon oxides
in the presence of a copper film. Winter (1958) noted
that this reaction has been observed to proceed quite
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Fig. 12. Type B carbon monoxide adsorption isotherm.
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slowly over zinc oxide. This evidence supports the belief
that the exchange reaction is associated primarily with
the copper. The B-sites in Equation (17) would corre-
spond to reduced copper atoms, The oxygenated B-sites
could correspond to a surface form of copper oxide. The
exchange reaction might then proceed as follows:

0
VAN
—Cu—Cu—Cu—Cu— + CO,
0
I
C
|-

(0] 0]
[« |
—Cu—Cu—Cu—Cu—
O O

[
#2 —Cu—Cu—Cu—Cu— + CO (23b)

Perhaps the structure of the surface oxide could be
more akin to that in Equation (24).
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The question of the observed negligible carbon mon-
oxide adsorption on the unoxygenated site was discussed
earlier. Although carbon monoxide is known to adsorb
strongly on metals, most of these studies have been con-
ducted at low temperatures. Carbon monoxide adsorption
on copper may not be appreciable at 205°C.

The character of the carbon monoxide and carbon di-
oxide adsorption sites in Equations (17a) and (17e),
respectively, is not clear, However, since these types of
adsorption processes appear unrelated to the exchange re-
action, these sites could very well be associated with
the zinc oxide support.

CONCLUSIONS

The application of the theory of perturbation chroma-
tography and the use of isotopic tracers has been extended
further to the investigation of chemical reaction in the
presence of a solid catalyst. Interpretation of the experi-
mental data has resulted in several conclusions with re-
spect to the adsorption of carbon monoxide and carbon di-
oxide on this catalyst.

AIChE Journal (Vol. 20, No. 4)

It has been shown that nothing less than a five-step
mechanism can be used to explain the data. This mecha-
nism includes two types of carbon monoxide adsorption
and two types of carbon dioxide adsorption. In both cases
these types of adsorption can be difterentiated by rate.
It has also been shown that the exchange reaction occurs
via dissociative carbon dioxide absorption in preference
to intermolecular oxygen transfer between adjacently-ad-
sorbed carbon monoxide and carbon dioxide.

Additional evidence indicates that the active sites for
both carbon monoxide and carbon dioxide adsorption lead-
ing to the exchange reaction are oxygen sites created by
the dissociative adsorption of carbon dioxide. Further-
more, the literature suggests that the copper is involved
in the exchange reaction.
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NOTATION

c = total gas phase concentration, moles/cc
D, = effective axial dispersion coefficient, cm?/s
F, = rate of local reaction k, s !

G: = relative retention time of tracer i, mole/g
ki = local reaction rate constant for step k, s~!
K, = equilibrium constant for local reaction k
K®* = equilibrium constant for exchange reaction
K = surface reaction equilibrium constant

m = mass of catalyst, g

P = pressure, N/m?

Q = column flow rate, cc/s

R; = source of component i, s™!

t = time, s

tp; = residence time of tracer i in column, s

t, = carrier gas residence time in column, s

T = temperature, °C

v = velocity, cm/s

Vy = column free gas volume, cc

Vi = volume of single tank, cc

Yi = mole fraction of component i in carrier gas
y = mole fraction of component i at steady state
y:* = mole fraction of tracer component i

z. = flowing phase direction, cm

Greek Letters

ui = adsorption equilibrium function for component {

uf = adsorption equilibrium function for component i
on site p

vz, = stoichiometric coefficient of component i in local
reaction k

T = dimensionless time

@ = stationary phase concentration of component i,
moles i/mole flowing phase

w® = stationary phase concentration of component i

on site p, moles i/mole flowing phase
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Gas Absorption by Non-Newtonian Fluids

in Agitated Vessels

Carbon dioxide was absorbed by aqueous Carbopol solutions in a

JEROME F. PEREZ

turbine-agitated vessel for the cases of absorption across an unbroken and

interface and absorption with the gas bubbling through the liquid. The

ORVILLE C. SANDALL

rheological behavior of the solutions was described by the non-Newtonian

power law model with flow behavior indices varying from 0.92 to 0.59,
An effective viscosity technique which had previously been developed to
correlate agitated vessel rates of viscous dissipation and heat transfer
with power law pseudoplastic fluids was used to correlate the data.

Department of Chemical

and Nuclear Engineering
University of California

Santa Barbara, California 93106

SCOPE

Gas absorption in mechanically agitated vessels is used
in a variety of industrial applications and has been studied
extensively for Newtonian liquids in various types of
apparatus. In the work described here, gas absorption by
non-Newtonian pseudoplastic liquids in agitated vessels
is studied. The particular system chosen for the study is
carbon dioxide absorption in various aqueous Carbopol
(carboxy polymethylene) solutions. The rheological be-
havior of these solutions is well described by the Ostwald-
de Waele power law model with the flow behavior index
varying between 0.92 and 0.59. The agitated vessel geom-

etry corresponded to the Standard Tank Configuration
(Holland and Chapman, 1966); the impeller used was a
six flat blade turbine.

Two methods of gas-liquid contact were studied. In
the first method, the gas was introduced into the absorp-
tion vessel above the gas-liquid interface. This technique
provided an unbroken gas-liquid interface of known area.
In the second case, mass transfer occurred in a gas-liquid
dispersion caused by introducing the gas through a sparge
tube located in the liquid directly below the impeller.

CONCLUSIONS AND SIGNIFICANCE

The gas absorption data were successfully correlated
using an effective viscosity technique which previously
had been developed to correlate rates of viscous dissipa-
tion and heat transfer for pseudoplastic liquids. The effec-
tive viscosity is defined as the ratio of the shear stress
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corresponding to an average shear rate existing in the
agitated vessel to this average shear rate. The average
shear rate is empirically found to be proportional to the
impeller speed. For the turbine impeller used in the ex-
periments the effective viscosity is given by Equation (8).
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