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ABSTRACT OF THE DISCLOSURE

High pressure continuous catalytic water-gas shift con-
version process in which CO conversion is maximized and
an effluent gas stream comprising essentially ¥, and COq
is produced having a substantially constant composition
at all times throughout the life of the catalyst. Process
design and operation are optimized to yield an overall CO
conversion of about from 80 to 98 mole percent over a
period of two years or more on stream. Steam and a CO
containing gaseous feedstream are reacted in an adiabatic
catalytic reaction zone comprising one or more fixed beds
of iron-chromjum oxide catalyst connected in series and
provided with interbed cooling. The catalyst is charac-
terized by its activity increasing as a function of pressure
over the operating range of about 35 to 250 atmospheres.
This is contrary to the present general idea that the
activity of an iron oxide shift catalyst levels out at about
400 p.s.i.g. The temperature of the gases leaving each
bed is maintained in the range of about 30° F. to 100° F.
less than the corresponding equilibrium temperature and
to offset catalyst deactivation the inlet and exit tempera-
tures of the gas stream in each bed is increased as a
logarithmic function of time on stream.

BACKGROUND OF THE INVENTION

Field of the invention

This invention relates to the production of hydrogen
and carbon dioxide. More particularly, it relates to pro-
ducing hydrogen and carbon dioxide from a CG contain-
ing gaseous fedstream by an improved continuous cata-
lytic water-gas shift conversion process.

DESCRIPTION OF THE PRIOR ART

In recent years, processes involving chemical synthesis
from gases and hydrogenation processes for the manufac-
ture of synthetic ammonia and for the manufac-
ture of motor fuels from coal, tar, and other hydrocar-
bons have focused attention on methods for producing
feedstock streams of hydrogen and gaseous mixtures of
hydrogen and carbon oxides.

The well known water-gas shift conversion process for
the production of H, and CO; provides for the treatment
of CO with steam, in the presence of a suitable catalyst
at temperatures in the range of from about 750° F. to
1012° F. In general, previous to our invention, catalysts
have been employed only at moderate pressures. The
water-gas shift reaction is represented stoichiometrically
by Equation 1.

CO4-H,0=2C0Oy+H, ¢

CO; and minor amounts of impurities are removed from
the effluent stream of gases from the shift converter yield-
ing essentially pure hydrogen. The extent to which reac-
tion (1) proceeds is limited by thermodynamic equili-
brium. High CO conversion is favored by a lowered reac-
tion temperature and by excess water vapor. An increased
reaction rate may be effected by raising the temperature
in the reaction zone.

"

10

20

30

40

50

55

60

70

2

Tt is generally believed throughout the industry that the
activity of all commonly used commercial iron oxide shift
conversion catalysts levels out at a pressure of about 400
p.s.i.g., i.e., increasing the pressure above 40 p.s.i.g. will
not increase the activity of the shift catalyst. Thus any
increase in pressure above 400 p.s.i.g. would result in an
economic penalty. For example, if the feedstream to the
inlet to the shift converter consists of the effluent gas from
a high pressure synthesis gas generator (600 to 3750
p.s.ig.), it is common in some conventional processes to
reduce the pressure of the synthesis gas before introducing
the gas into the shift converter, and then recompressing
the shifted gas at the cost of significant energy. However,
by operating the shift converter at the same pressure as
the gas generator, in accordance with the process of our
invention, this disadvantage may be avodied and the size
of the shift converter may be reduced.

SUMMARY

This invention pertains to an improved continuous high
pressure catalystic water-gas shift conversion process for
the maximum conversion of a CO containing gaseous
stream into a product stream comprising essentially H,
and CO; whose composition is maintained substantially
constant throughout the life of the catalyst.

The mathematical model used to determine the opti-
mum process design and operating conditions for our high
pressure shift converter, comprising one or more fixed
beds of iron-chromium oxide catalyst connected in series
and provided with interbed cooling, basically assumes
that at any pressure over the range of from about 35 at-
mospheres to 250 atmospheres and at a temperature in the
range of about 550° F. to 1000° F., (1) that the rate of
reaction is proportional to the displacement of the re-
actants from equilibrium and that a correction for the
effect of pressure on the reaction rate must be made at
all pressures, (2) that the classical Arrhenius temperature
relationship applies, i.e. k=0 exp (—E/RT) in which
constant Q is the “collision factor” and E is the “activa-
tion energy” for the reaction, (3) that for a given con-
version the maximum space velocity per bed is achieved
when the reactants exit each catalyst bed at a tempera-
ture in the range of about 30° F. to 100° F. below the
corresponding equilibrium temperature, and (4) a correc-
tion for the effect of pressure on k is made at all pressure
levels, as will be described later.

The activity of the shift catalyst was found to un-
expectedly increase when the pressure in the reaction
zone was raised to 35 atmospheres or higher. This pres-
sure effect is contrary to the present general opinion that
the activity of an iron-oxide chromium oxide catalyst
levels out at about 400 p.s.i.g. The catalyst activity may be
calculated now as a function of pressure using the for-
mula k=Fk,P® where k is the second order reaction rate
constant for the water-gas shift reaction at pressure P,
ko is the second order reaction rate constant for the water-
gas shift reaction at P=1 atm., P is the absolute pres-
sure in the reaction zone in atmospheres, and » is a pres-
sure exponment determined experimentally for each
catalyst.

By our improved shift conversion process, the com-
position of the effluent gas stream from the shift con-
verter may be maintained substantially constant for a pe-
riod of at least two years on stream with an overall CO
conversion greater than 80 mole percent. Steps in the
process includes increasing the inlet and exit tempera-
tures of the gas stream in each catalyst bed as a function
of time-on-stream to offset catalyst deactivation, main-
taining the temperature of the effluent gas from each bed
in the range of about 30° F. to 100° F. less than the cor-
responding equilibrinm temperature, and maintaining the
pressure in the reaction zone in the range of 35 to 250
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atmospheres. In the design of the process corrections for
the effect of pressure on the reaction rate are made for
all pressures.

It is therefore a principal object of the process of the
present invention to produce on a continuous basis a
stream of gases comprising essentially hydrogen and car-
bon dioxide from large volumes of a CO containing
gaseous feedstream over a range of pressure from about
35 to 250 atmospheres.

Another object of this invention is to provide a con-
tinuous process by which essentially all of the carbon
monoxide in synthesis gas is economically and efficiently
utilized for the production of hydrogen.

Still another object of this invention is to provide an
improved high pressure water-gas shift conversion process
which offers maximum CO conversion and in which the
composition of the effluent gas stream is substantially
constant at all times throughout the life of the catalyst.

One further object of the present invention is to provide
an improved water-gas shift conversion process which
may be operated at the same pressure as the discharge
pressure of the gas generator used to produce the CO con-
taining gaseous feedstream to the shift converter.

DESCRIPTION OF THE INVENTION

This invention comprises the design and novel operat-
ing conditions for an improved water-gas shift converter
in order to achieve maximum CO conversion and sub-
stantially constant composition of the effluent gas stream
at all times throughout the life of the catalyst.

In the process of our invention a CO containing gaseous
feedstream is introduced with steam into an adiabatic
reaction zone of a catalytic water-gas shift converter
comprising one or more (usually one to three) separate
fixed beds of iron-chromium oxide catalyst in series. The
purpose of the shift converter is to generate hydrogen
and carbon dioxide according to the water-gas shift reac-
tion shown in equation (1). This reaction is exothermic,
liberating approximately 16,400 B.tu. per mole of CO
converted. In order to cool the reaction and achieve high
conversion, the gases should be cooled between each
catalyst bed. Because high temperatures promote fast
reaction rates and low temperatures promote high con-
version, it is normally advantageous to operate each suc-
ceeding catalyst bed at a lower average temperature.
Cooling is achieved between beds with either external in-
direct heat exchange or with internal direct water injec-
tion. Direct condensate injection results in a smaller over-
all reactor than a reactor using an external heat exchanger
due to the higher steam to dry gas ratio (driving force)
in the second bed for the same amount of cooling be-
tween beds.

The shift catalyst is conventionally manufactured from
about 85 to 95 weight percent iron oxides and may con-
tain from about 5 to 15 percent chromic oxide as a
promoter. Other promoters include 1 to 15 percent by
weight of an oxide of a metal such as thorium, uranium,
beryllium or antimony. The catalyst is characterized
by heat stability (up to 1184° F.), high activity, good
selectivity, resistance to poisoning, constant volume, and
long life. It may be obtained in the form of pellets or
irregular fragments that range in size from about 5 to
10 mm. and larger, or cylindrical tablets ranging from
¥4 in. to % in. diameter x 34¢’" to 38"’ long, of iron and
chromium oxides. The composition of the catalyst in

. each separate bed of a multibed reactor may be varied

if desired. The packed density may range from 50 to 100
1bs./cu. ft.

The catalyst used in the process of our invention is
characterized by the fact that its activity is a function of
pressure over the operating range involved. Further, the
catalyst activity may be calculated as a function of pres-
sure using the following general equation;

k=kpn )
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where:

k=second order reaction rate constant for the water-gas
shift reaction;

ko,=second order reaction rate constant for the water-
gas shift reaction at 1 atm. pressure determined ex-
perimentally for each catalyst;

P=operating pressure (atmospheres); and

n=pressure exponent determined experimentally for each
catalyst.

A quantitative comparison of the activity of commer-
cial iron oxide shift catalyst suitable for the process of
our invention may be made on a common basis over 15
to 26 days of operation at a bed temperature of about
750° F. and at several pressures in the range of 35 to
250 atmospheres. A log-log plot of measure space veloc-
ity/calculated space velocity for each catalyst as a func-
tion of days on stream will produce a series of straight
isobars. Since a fixed value for the reaction rate constant
is used for each calculation, the ratio of measured to
calculated space velocity is a direct measure of the cata-
lyst activity. This activity is seen to increase with increas-
ing pressure and to decrease with increasing time. On the
average the activity of each catalyst will increase as the
0.6 power of the absolute pressure. In practice, the pres-
sure exponent # in Equation 2 may be a number in the
range of 0.4 to 0.9 when said catalyst is on stream over
a minimum period of 15 hours at an average bed tem-
perature of above 750° F.

The relationship expressed by Equation 2 is contrary
to the generally accepted belief in industry that the activ-
ity of all commonly used iron oxide shift conversion
catalysts levels out at a pressure about 400 p.s.i.g. Actu-
ally, the increase in catalyst activity with pressure will
have a profound effect upon the economics of high pres-
sure shift conversion for as the pressure is increased above
400 p.s.i.g. to a pressure in the range of 35 to 250 atmos-
pheres the amount of catalyst necessary to achieve a given
conversion of CO for a given throughput decreases. Fur-
ther, the size of the reactor needed is reduced and the
shift converter may be operated at the same pressure as
the synthesis gas generator used to produce the CO con-
taining gaseous feedstream.

The CO containing gaseous feedstream may be pro-
duced by such conventional processes as the partial
oxidation of a carbonaceous or a liquid hydrocarbon fuel,
or by the steam reforming of a hydrocarbon fuel. The
mole ratio of HyO/CO in the feed to a catalyst bed
ranges from about 2 to 6/1 and the preferred mole ratic
of HyO/dry gas in the feed is about 1.0 to 3.0/1. The inlet
temperature to a catalyst bed must be high enough to
prevent condensation of water, which is destructive to
the catalyst.

The mathematical model used for the design and oper-
ation of our shift converter basically assumes ( 1) that
at any pressure and temperature the rate of reaction is
proportional to the displacement of the reactants from
equilibrium, and that a correction for the effect of pres-
sure on the reaction rate must be made at all pressures,
(2) that the classical Arrhenius temperature relationship
k=Qgxp (—E/RT) applies; and (3) that for a given
conversion, maximum space velocity is achieved when
the reactants exit each bed of a shift converter compris-
ing one or more separate beds of catalyst in series at a
temperature in the range of about 30° F. to 100° F.
(preferably 50° F.) below the corresponding equilibrium
temperature i.e., the temperature at which the efffuent gas
from the catalyst bed is at equilibrium.

Further, a maximum temperature restraint of 950° F.
on all beds may be imposed to increase the life of the
catalyst. Also, in multibed reactors, where it is desirable
to heat the gaseous feedstream to the first bed by means
of noncontact indirect heat exchange with the product
gas from the last bed, then the temperature differential
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between said streams should be at least 50° F. for effi-
cient heat exchange.

The rate of reaction of the water-gas shift reaction in
the presence of a solid shift catalyst may be adequately
represented by the following second order rate equation
which relates the rate of reaction to the displacement of
the gas composition from its thermodynamic equilibrium
value.

reo=k [(CO—2) (H:0—2)—(CO;+2) (Hp+2)/Kx]
_ —d(C0)
- Vcnt dt
@)

where:

(moles CO reacted)
(hr) (ft.2 catalyst)

rco=Trate reaction

moles CO reacted
(ft.% catalyst) hr.

{ )=—instantaneous concentration of component (wet gas
mole fraction);

Ky=equilibrium constant for water-gas shift reaction in
terms of mole fractions (dimensionless);

Veat=catalyst volume (ft.%);

t=time (hr.); and

x=moles of CO reacted at any instant per mole of wet
gas.

k=forward reation rate constant

Ky in Equation 3 is replaced by the ratic Kgq/K,. De-
rivation of this relationship (Equation 10) is described
below. Kgq is the equilibrium constant for the water-gas
shift reaction and may be defined as follows:

Kgo=fcosfus/fcofrzo 4)

where: f=fugacity of component relative to one atmos-
phere. Similarly by definition, the partial pressure equili-
brium constant (K;) as a function of pressure may be
represented by Equation 5.

Ky=PcoPuz/ PcoPrzo (5)

where: p=npartial pressure of component in atmospheres.

In the pressure and temperature range of interest the
gaseous reactants involved in the water-gas shift reaction
are not ideal, and the use of X, in place of Kgq will
result in significant errors in calculating equilibrium com-
positions. Hence, activity coefficients, as defined by Equa-
tion 6, are employed:

&=1i/p (6)

where:
gy==activity coefficient of i-th gaseous species;
pi=npartial pressure of i-th gaseous species; and
fi=fugacity of i-th gaseous species.

Since the activity coefficient equilibrium constant
(K;) may be defined by Equation 7,

_ 9co, gm,
"~ gco gH,0 (M
by substituting in Equations 4, 5, 6, and 7,
gco, 9n Pco,PH
Kygq= 272 22 =K. K
=a [gco gnzo] [pco DE,0 e (8)

converting to mole fractions, since

K,

N=P/P 9
where: P=total pressure in atmospheres then
Krq=K¢Ky (10)

From experimental data it may be shown that Kgq for
the water-gas shift reaction is related to temperature (T)
in degrees Rankine as for example by Equation 11.

logyKrq=3578.5/T—1.8805 (11)
By plotting log Ky versus the reciprocal of tempera-

W23

10

20

30

40

50

60

70

6

ture in degrees Rankine X 104, a family of straight isobars
are obtained. Further, an equation in which Ky is ex-
pressed as a function of temperature and pressure may
be derived, as for example Equation 12,

Ky=alQ"/T (12)

where:

Ky==equilibrium constant based on mole fractions;

a=0.012554-8.617 X 10—6P—2.167 X 10—9P2;

b=3606—0.34625P--78.125 X 10—5P2; when

P=pressure in the range of from 0 to 2000 p.si.g.; and

T=temperature in the range of from 1124° R. to 1333°
Rankine.

The reaction rate constant is commonly related to tem-
perature by means of the Arrhenius Equation 13:

k=Q EXP (—E/RT) (13)

where:

k=reaction rate constant at temperature, T;
Q=collision factor;

E=activation energy for the reaction;
R=Universal gas constant in consistent units; and
T=absolute temperature.

Both Q and E must be determined experimentally for
each catalyst of interest. Allowance for catalyst deactiva-
tion with time on stream and activity increase with in-
creasing pressure must be made by using a correction
factor. This correction factor must be also determined
experimentally by a life study of each catalyst,

The temperature in the adiabatic reactor may be re-
lated to the degree of CO conversion by means of Equa-
tion 14 wherein the heat liberated due to the conversion
of CO is equated to the sensible heat gain of the gaseous
mixture,

_ (Hr) (51?)
=TI (14)

where:

T=temperature of gases in adiabatic reactor at point
where conversion x has been completed;

Ti=initial temperature of gases in reactor;

H,==heat of reaction (B.t.u./mole of CO converted) and
assumed to be constant throughout the temperature
range of interest (16,400 at about 700° F.);

x=conversion (moles of CO converted per mole of wet
gas); and

Cp=average specific heat of gases entering bed expressed
in B.t.u. per degree F. per mole of wet gas.

Design of our fixed bed continuous flow reactor may
be effected by assuming that the reactor will function as
an ideal plug flow reactor according to Equation 15.

A _(*dsz
SV Jo rco

(15)

where:

SV=wet gas space velocity (s.c.f.h. wet gas per cubic
foot of catalyst);

x=conversion (moles CO converted per mole wet gas);
and

reco=the rate of reaction as defined by Equation 3.

Given any set of initial concentrations and tempera-~
ture, Equation 15 may be integrated numerically using
Equations 3, 10, 11, 13, and 14 to yield the required
amount of catalyst for any desired conversion and
throughput, provided values of Kgq, K;, Q, and E are
known for each catalyst, and values of component spe-
cific heats are known for all substances present in the
reacting gas.

The minimum catalyst volume required to achieve a
given conversion may be determined by taking the par-
tial derivative of rqo in Equation 3 with respect to tem-
perature and by expressing the result in terms of equilib-
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rium temperature, temperature at which the reaction rate
is a maximum, energy of activation, and heat of re-
action. It may be shown for most cases using an iron
oxide shift catalyst that the maximum space velocity (or
minimum catalyst volume) will not vary by more than
3 percent when the gases at the exit of each bed are at a
temperature between 30° F. and 100° F. less than their
corresponding equilibrium temperature, ie., if the exit
gases were fixed in composition and the temperature
raised to the equilibrium temperature, the gases would
then be in chemical equilibrium. This appears to be par-
ticularly true at high initial steam to dry gas ratios. How-
ever, a 50-degree approach to equilibrium is a preferred
basis for process design. Given an initial composition
and inlet temperature, only a single value of conversion
and outlet temperature will satisfy both the 50 degree
approach to equilibrium criterion and the energy balance
Equation 14. These values are found by iteration for all
beds except the last in a multibed reactor., The outlet
temperature from the last bed is uniquely defined by the
outlet gas composition and the specified approach to
equilibrium.

For example, in the design of a two-bed shift reactor
with interbed heat exchange and with the inlet gas com-
position and total conversion specified, first the exit gas
composition from the second bed is calculated. Then
from the exit gas composition, the associated equilibrium
temperature is calculated. The exit gas temperature from
the second bed is then set at 50° F. less than the equilib-
rium temperature. The exit gas temperature and CO con-
version across the first bed are calculated by iteration as
indicated previously. The CO conversion across the sec-
ond bed is the difference between the overall CO conver-
sion and the conversion in the first bed, With the con-
version across the second bed and the exit gas tempera-
ture calculated, the inlet temperature to the second bed
may be backed out using the energy balance equation
(Equation 14).

The observed reaction rate over the shift catalyst is
affected by interdependent factors such as particle size,
time on stream, temperature, and pressure, For example,
an evaluation of a commercial iron oxide shift catalyst
may show that the unreacted CO expressed as percent
of dry shifted gas (CO leakage) is about 2.2 after one
day on stream and about 3.2 after two years on stream.
While freshly prepared catalyst may have a surface area
of 100 sq. m./g., after 50-100 hours of operation at 750°
F., the surface area may have decreased to approximately
30-50 sq. m./g. Further, after 12 months on stream the
surface of this catalyst may have decreased to about 15
sq. m./g. The catalyst apparently sinters upon aging,
thereby resulting in a loss of surface area and related ac-
tivity. It may be shown that the increase in the reaction
rate with pressure is related to the increased availability
of the internal surface area of the catalyst.

The effect that catalyst deactivation (due to time-on-
stream) has on depressing the reaction rate may be offset
by increasing the pressure or the temperature in the reac-
tion zone. A practical procedure is to increase the inlet
and outlet temperatures in each bed as a logarithmic func-
tion of time on stream for the life of the catalyst. For
example, a three bed shift converter using commercial
iron oxide-chromium oxide shift catalyst may be operated
to obtain maximum CO conversion over a period of about
1000 days on stream by increasing as a logarithmic func-
tion of the days-on-stream the temperature of the CO con-
taining gaseous feedstream at the inlet to the first bed in
the range of about 550° F. to 750° F. and the exit tem-
perature from the first bed in the range of about 900° F.
to 1000° F. while maintaining the dry gas space velocity
in the range of from about 2000 to 5000; increasing as a
logarithmic function of the days-on-stream the tempera-
ture of the gaseous feed stream at the inlet to the second
bed in the range of about 600° F. to 800° F. and the exit
temperature from the second bed in the range of about
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650° F. to 900° F. while maintaining the dry gas space
velocity in the range of from about 1000 to 2500; and
increasing as a logarithmic function of the days-on-stream
the temperature of the gaseous feedstream at the inlet to
the third bed in the range of about 600° F. to 750° F.
and the exit temperature from the third bed in the range
of .about 600° F. to 800° F. while maintaining the dry
gas space velocity in the range of from about 500 to 1250.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The following examples are offered as a better under-

- standing of the present invention but the invention is not

to be construed as limited thereto.
EXAMPLE I

Some of the advantages of the process of our invention
will be further illustrated by Example 1, as summarized
by the information shown in Table I.

About 3034 ib. moles/hour of a CO containing gaseous
feedstream comprising synthesis gas and having the com-
position (dry basis) shown in Table I, and about 3,488
Ib. moles/hour of steam are introduced into the reaction
zone of a water-gas shift converter at a pressure of about
533 p.s.i.g. The reaction zone comprises three fixed beds
of catalyst (iron-chromium oxides) in series. The tem-
perature of the gaseous feedstream introduced into the
first catalyst bed is maintained at about 606° F. to effect
a CO conversion of 76.7 mole percent and to increase the
hydrogen content from 45.77 to 60.50 mole percent (dry
basis). As the water-gas shift reaction is exothermic, the
effluent gas from each bed is cooled before being intro-
duced into the next bed. Temperature control is effected
by spraying a total of 944 moles/hour of additional H,O

5 into the feed gas stream between the beds.

As the concentration of CO in the feedstream to the
first bed is greater than in the other two beds, the first
catalyst bed is made smaller than the other beds to control
the amount of heat liberated. Thus, the maximum tem-
perature constraint (about 950° F.) set to prevent deterio-
ration of the catalyst, and the space velocities as well as
the inlet and exit gas temperatures for the three catalyst
beds are shown in Table 1. These variables may be deter-
mined in accordance with previously described principles.

The effluent gas stream from the first catalyst bed is
cooled from a temperature of about 933° F. to a tempera-
ture of about 660° F. and introduced into the second cat-
alyst bed. There, an additional 14.8 mole percent of the
CO from the original feedstream is converted into H,
and CO,. Stated another way, on the first day of opera-
tion 63.6 mole percent of the CO in the gas stream enter-
ing catalyst bed 2 is converted. Since the gas stream in-
troduced into the third catalyst bed comprises only about:
2.86 mole percent (dry basis) of CO as compared to
8.26 mole percent in the feedstream to catalyst bed 2, it is
necessary to operate catalyst bed 3 at a lower tempera-
ture than bed 2 to obtain maximum conversion, and to
make bed 3 larger than bed 2 to increase the holding time.
The feed gas to the first bed is heated to reaction tempera-
ture by indirect heat exchange with the product gases
leaving the third bed of the shift converter.

The effluent gas stream from the second catalyst bed is
cooled from a temperature of about 713° F. to a tempera-
ture of about 648° F. and then introduced into the third
catalyst bed. There, an additional 3.35 mole percent of
the CO from the original feedstream is reacted with H,0,
making the overall conversion of CO across the three
bed shift converter equal to about 94.85 mole percent on
the first day of operation.

As the catalyst ages on stream, it deactivates and the
CO leakage (percent of CO in dry initial feedstream to
shift converter that remains unconverted) increases. To
minimize this disadvantage, the average temperature of the
reactants in each catalyst bed is gradually increased
over the two year period that the system is on stream.
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(2) reacting in each catalyst bed said H,O and CO to
produce H, and CO,, and withdrawing from each
bed an effluent gas stream having an exit tempera-
ture in the range of about 600 to 1000° F
(3) cooling said effluent stream from each catalyst bed
prior to infroducing said stream as feed into the
next bed of catalyst; and
(4) gradually increasing the pressure in each bed of
water-gas shift conversion catalyst as a function
of time-on-stream to offset catalyst deactivation and
to produce an effluent gas stream whose composi-
tion is substantially constant over the life of the
catalyst.
2. The process of claim 1 wherein the water-gas shift
catalyst in each bed comprises about 85 to 95 wt. per-
cent of Fe,03 and about 5 to 15 wt. percent of CryOs.
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