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ABSTRACT OF THE DISCLOSURE

In a steady-state continuous flow fixed-bed water-gas
catalyst shift conversion reactor comprising a plurality of
separate catalyst beds in series at a temperature in the
range of about 350° F. to 1050° F. and a pressure in the
range of about 1 to 250 atmospheres, a gaseous feed
stream comprising H,O and CO is converted into Hy and
CO,. A fraction of the effluent gas stream from the first
catalyst bed in the reactor is recycled and mixed with a
fresh feed stream of process gas e.g. synthesis gas to com-
prise said gaseous feed stream to the first catalyst bed.
The residval fraction of said effluent gas stream is cooled
and introduced into the second catalyst bed in the reac-
tor. CO conversion is improved, process feed steam re-
quirements are reduced, less catalyst is needed, unde-
sirable back and side reactions are minimized, and the sys-
tem is stabilized. Operating the system at high pressure
also reduces overall catalyst requirements.

BACKGROUND OF THE INVENTION

Field of the invention

This invention relates to a process for producing hy-
drogen. More specifically it relates to a high pressure con-
tinuous catalytic shift conversion process for producing
hydrogen from a mixture of steam and synthesis gas.

Description of the prior art

The contact water-gas process is commonly used for the
production of hydrogen. Hydrogen is used in applications
such as ammonia synthesis and in the manufacture of
fuels from coal, tar, and other hydrocarbons.

The water-gas shift conversion reaction is represented
stoichiometrically by Equation 1.

CO-+H;0=C0,+H, m

This reaction is exothermic, liberating 16,400 B.t.u.’s
per mole of CO converted. Optimum approximation to
the calculated equilibrium is possible only with a good
catalyst. A typical commercial water-gas shift conversion
catalyst comprises about 90% Fe,O; and about 10%
Cr203.

Increasing the concentration of steam in Equation 1
moves the equilibrium in the direction of greater conver-
sion into hydrogen and carbon dioxide. Thus the economic
feasibility of conventional shift conversion processes de-
pends on the availability of low cost plant steam at suf-
ficient pressure.

Efficient heat interchange and temperature control are
difficult to maintain in conventional shift converters. Tem-
perature variations and system instabilities may significant-
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ly shorten the useful life of the catalyst and affect the
percent CO conversion.

SUMMARY

By the process of our invention a gaseous feedstream.
comprising H,O and CO is reacted in the first catalyst bed
of a steady-state continuous flow fixed-bed reactor com-
prising a plurality of separate catalyst beds in series- at
a temperature in the range of about 350° F. to 1050° F.
and a pressure in the range of about 1 to 250 atmos-
pheres. The effluent gas stream from the first catalyst bed.
comprising Hy and CO; and unreacted H,O and CO is
divided into a recycle gas stream and a residue gas stream.
The residue gas stream is cooled and introduced as feed.
into the second catalyst bed. The recycle gas stream is
mixed with a separate stream of process gas (fresh feed
gas) e.g. synthesis gas comprising CO, Hy and H,O to
produce said gaseous feed stream for the first catalyst bed.
Further, the effluent gas stream from the second catalyst.
bed of a two bed reactor constitutes the product gas
stream; or in a 3-bed reactor this effluent gas stream may
be cooled and introduced into the third catalyst bed as
the feedstream for conversion. The effluent gas stream
from each successive bed in the reactor is produced with
an increasingly higher H,O/CO mole ratio and at a lower
exit temperature. Multibed reactors usually comprise only
2 or 3 separate beds of catalyst in series to effect the de-
sired conversion. Furthermore, the composition of the
catalyst in each bed may be varied if desired.

Use of recycle gas improves CO conversion, reduces the
feed steam requirements, effects a savings of catalyst, mini-
mizes undesirable back and side reactions, and stabilizes
the system. Operating the reactor at high pressure also
reduces overall catalyst requirements.

It is therefore a principal object of the present inven-
tion to produce hydrogen from large volumes of synthesis
gas over a wide range of pressures. )

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 realize a high
level of CO conversion in a water-gas shift conversion
process while providing reduced overall catalyst require-
ments; lower steam content in the fresh feed to the reac-
tor; increased stability, selectivity, and activity of the
catalyst; and efficient heat interchange and temperature
control.

DESCRIPTION OF THE INVENTION

The present invention involves a novel continuous shift
conversion process for converting gaseous mixtures of
steam and synthesis gas into hydrogen and carbon dioxide.
The composition of the synthesis gas feed may comprise
from about 5 to 90 mole percent of CO. Feed gas may be
derived from any of many well known gasification proc-
esses, such as by the partial oxidation of a hydrocarbon
at pressures from 15 to 3500 p.s.i.g. The reaction takes
place in a steady-state continuous flow fixed bed reactor
comprising two or more beds of catalyst at a temperature
in the range of 350° F. to 1050° F, and a pressure in the
range of about 1 to 250 atmospheres.

A portion of the effluent gas stream discharged from
the first catalyst bed is recycled and combined with a
fresh stream of feed gas to the first catalyst bed. The
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residual gas stream in multibed reactors is cooled and in-
troduced into the next bed of catalyst for further conver-
sion. Cooling of the residual gas stream may be accom-
plished by indirect heat exchange in an extermal cooler
such as in a waste heat boiler or by direct condensate in-
jection between beds. Direct condensate injection results
in a smaller overall reactor than a reactor using heat ex-
changers due to the higher steam to dry gas ratio (driving
force) in the second bed for the same amount of cooling
between beds. .

By the scheme of recycling a portion of the effluen
gas, the sensible heat in the recycle gas stream may be
combined with the sensible heat in the stream of fresh
feed gas. As the recycle ratio is increased, the tempera-
ture of the combined gaseous feedstream is increased.
Thus, the catalyst bed may be operated at a higher aver-
age temperature which increases the reaction rate and
compensates for the lowered driving force due to the re-
duced steam to dry gas ratio. A recycle ratio of 0.5 to 3
is suitable,

Furthermore, thermal advantage may be taken of the
sensible heat found in the effluent gas stream leaving
the last bed of the converter to preheat the process feed-
stream (fresh feed gas) destined for the first catalyst bed
by noncontact indirect heat exchange. Thus, a portion
of the heat required to raise the feed gas to its reaction
temperature is thereby provided and a separate fresh feed
gas preheater may be eliminated.

As previously mentioned, an excess of steam is required
for satisfactory converter operation; for example, steam
is required to drive the shift conversion reaction forward
as shown in Equation 1 or to minimize the side reactions
shown in Equations 2 and 3.

2C0O+2Hy=C0,+4-CH, (2)
2C0=C0,+4-C (3)

At very low steam ratios the exothermic methanation
reaction (Equation 2) may cause dangerously high tem-
peratures; also, the hydrogen yield is reduced when
methane is formed. The Hy0/CO mole ratio of the feed
gas being introduced into a bed is much lower than the
H,0/CO mole ratio of the effluent gas stream leaving the
bed. For example, the H,O/CO mole ratio may vary
from about 0.5 to 4.0 at the bed inlet and from about 5
to 15 at the bed outlet. Thus by adding recycle stock
to the fresh feed gas the Hy0/CO mole ratio in the com-
bined gaseous feed stream to a bed is increased. By this
scheme, the cost of adding externally generated high pres-
sure plant steam may be avoided.

Temperature stability in a catalyst bed is improved by
adding recycle gas to the gaseous feed stream which is
due in part to the added heat capacity of the converted
material in the recycle gas stream. Further, when the
gaseous feed stream has a higher heat capacity, per unit
of CO, the catalyst bed may be operated at a higher aver-
age temperature for a given conversion without exceeding
the maximum temperature restraint.

The reduction in overall catalyst requirements that can
be achieved by recycling a portion of the gases leaving
the first bed of a multibed shift converter increases as
the number of beds decreases and as the operating pres-
sure decreases. The smaller reduction in catalyst volume
at higher pressure than at lower pressures is due to the
increase in catalyst activity at higher pressure, forcing a
reduction in the size of the first bed relative to the second
bed in order to remain within the maximum allowable
catalyst temperature.

Conventional shift conversion catalysts may be em-
ployed in the process of our invention. For example, over
a temperature range of about 600 to 1050° F. a suitable
catalyst comprises iron oxide promoted by 1 to 15 percent
by weight of an oxide of a metal such as chromium,
thorium, uranium, beryllium and antimony. This catalyst
is characterized by heat stability (up to 1184° F.), high
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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 tablets ranging from
Y in. to % in. diameter. For low temperature shift re-
actions (about 350 to 650° F.) the catalyst may com-
prise mixtures of copper and zinc salts or oxides in a
weight ratio of about 3 parts zinc to 1 part copper.

BRIEF DESCRIPTION OF THE DRAWING

Other objects and advantages of the present invention
will be apparent upon reference to the accompanying
drawing wherein, FIG. 1 is a flow diagram of a multibed
shift converter employing no recycle and is included for
comparison with the recycled steady-state continuous flow
shift converter shown in FIG. 2 which is one embodiment
of our invention. Although the shift converter described
here comprises a two bed reactor, it is understood that
the principles of the invention are applicable to shift
converters comprising two or more fixed beds.

The shift converter illustrated in FIG. 1 involves no
recycle and comprises a multibed converting tower 1
including catalyst bed 2 and catalyst bed 3 separated by
diaphragm 4. A gaseous feed stream in line § containing
CO and H,0 for conversion is fed through line 6 into
catalyst bed 2. Additional steam, if required, is introduced
into the gas mixture in line 6 through a branch line 7.
Hot partially converted effluent gases leave bed 2 by way
of line 8 and are introduced into cooler 9. Cooler 9 may
be a waste heat boiler or a similar noncontact indirect
heat exchanger. Boiler feed water enters cooler 9 through
line 10 and leaves by line 11, Cooled gases from cooler 9
are fed through line 12 into catalyst bed 3. The gaseous
product stream departs from converter 1 by way of
line 13.

A shift converter with recycle around the first bed is
depicted in FIG. 2. This embodiment of our invention
comprises multibed converting tower 20, including a first
catalyst bed 21 in series with a second catalyst bed 22 and
separated by diaphragm 23. A stream of process gas
(fresh feed) in line 24 containing CO for conversion and
some steam is mixed by means of injector 25 with a re~
cycle stream of gas from line 26 and introduced into the
first catalyst bed 21 by way of line 27. A hot partially
converted effluent gas stream is removed from first bed
21, by way of line 28 and is divided then into a recycle
gas stream 29 and a residual gas stream 30. Recycle gas
stream 28 is recycled to the inlet to converter 20 by way
of line 29, valve 31, and line 26. The residual gas stream
in line 30 is introduced into chamber 32 located above the
second catalyst bed 22. Cooling water enters chamber 32
through line 33 and sprayheads 34. The residual gas
stream from line 30 is cooled by direct contact with the
water spray. Some H,0 vaporizes into the feed gas stream,
which increases the H,0/dry gas ratio and the driving
force of the shift conversion reaction in the second catalyst
bed 22. However to avoid catalyst destruction, care must
be taken to prevent liquid H;O from contacting the hot
catalyst, The gaseous product stream departs from con-
verter 20 by way of line 35.

Alternate methods that improve the thermal efficiency
of the system may be employed to cool the residual gas
stream in line 30 before it is introduced as the feedstream
to the second catalyst bed 22. For example a waste heat
boiler or a noncontact indirect heat exchanger similar to
cooler 9 in FIG. 1 may be used. Further, the stream of
process gas (fresh feeed gas) before entering line 24 at
the inlet to converter 20 may be preheated in a heat ex-
changer by noncontact indirect heat exchange with any
one or combination of the following stream of hot gases:
(1) recycle gas stream 29 on its way to injector 25; (2)
residual gas stream 30, which is then introduced directly
into the second catalyst bed 22 thereby eliminating the
necessity for cooling by water spray 33 and 34; (3) prod-
uct gas stream 35 or the effluent gas stream leaving the
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last catalyst bed; or (4) all of the effluent gas stream leav-
ing the first catalyst bed 21 by way of line 28, after which
the cooled effluent gas stream is divided into a recycle
gas stream for recycle to injector 25 and a residual gas
stream for direct introduction into the second catalyst bed
22,
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. The examples presented
here can illustrate only a few of the advantages of the
process of our invention.

There are many degrees of freedom in process system
conditions into which a multibed recycled shift converter
may be fitted. Specific conditions will determine which
of the possible advantages accure from recycle and to
what extent.

Example I.—Operation of the steady-state plug flow
fixed bed converter employing first bed recycle as shown
in FIG. 2 is compared in Example I with the uncycled
converter shown in FIG, 1, particularly with respect to
initial H,0/CO minimum mole ratio (at inlet to first bed)
and catalyst volume,

The following constraints are applicable to each system
shown in FIGS. land 2:

Compositions:
Fresh feed gas composition, volume percent dry gas:
C0O—48.71, Hy—45.77; CO,—3.81; HyS and inerts—
171
Composition of catalyst: 90% Fe,O3 and 10% CryO;.
Composition of effluent gases leaving the first bed is
the same.
Conversions:
First bed conversion—0.69
Overall conversion—0.90
Pressure—1300 p.s.i.g.

Pertinent data for these systems are summarized in
Table I.

TABLEI
Figure
1 2
Recycle ratio; Moles of wet recycled gas per
mole of wet process gas (fresh feed gas)........ 0 1.0
Relative flow rate:
First Do oo oo 1 2
Second be. o n oo camim e 1 1
Inlet temperature, ® F.:
First bed. .o oo cmeeaecccamcceccnaenn 650 767
Second bed. .. vo oo 633 633
Qutlet temperature, ° I
First bed...... - 930 930
Second bed_-.. e 705 705
Volume of catalyst; Cu. Ft./1,000 s.c.f.h. dry
gas feed:
D3 L O 2.69 2.24
Second bed....... - 14,70 14,70
Overall volume 17.39 16.94
Overall catalyst savings compared with no
recycle, pereent .. ooocceamioaoan Base 2.5
H:0/CO mimite mole ratio inlet to first bed._ ... 2.00 2.53

The data in Table T show that recycling will increase
the minimum H,0/CO mole ratio at the inlet to the first
bed about 26%. For example, the HO/CO mole ratio of
2.0 for the uncycled system depicted in FIG. 1 was in-
creased to 2.53 for the system in FIG. 2. Thus the steam
requirements to provide the feed to the converter with a
minimum H;0/CO ratio of for instance 2.53 may be satis-
fied without the added cost of steam from an external
source. Satisfactory converter operation is thereby assured
and undesirable side reactions (Equations 2 and 3) may
be suppressed.

First bed recycle e.g. FIG. 2 is also attractive from the
point of view of reducing the volume of catalyst or in-
creasing the space velocity while maintaining a given con-
version. Recycle gas may be used to raise the average bed
temperature and thereby increase the reaction rate. This
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point will be further developed in Example II where the
effect of varying the recycle ratio is discussed.

Example IL—It is demonstrated further in Example
II that in a steady state plug flow multibed recycled shift
conversion system as depicted in FIG. 2, a significant
reduction in the amount of catalyst required, in com-
parison with the uncycled converter depicted in FIG. 1,
may be accomplished with no loss of conversion or
throughput. Furthermore, the percent reduction is great-
est for the first catalyst bed. Also, the percent reduction
of catalyst reaches a maximum at a recycle ratio of about
1 and decreases as the pressure of the system increases.

As the system pressure is increased, while the H,0/CO
mole ratio at the inlet to the firt bed is held constant,
the overall and first bed space velocities increase; also
there is an increase in the average bed temperature and
the heat capacity of the feed gas at inlet to the first bed.
As previously discussed the percent reduction in overall
and first bed catalyst volume is decreased as the system
pressure is increased due to increased catalyst activity,
even at a pressure of 1300 p.s.i.g., which forces a reduc-
tion in the size of the first bed relative to the second bed
in order to remain within the maximum allowable catalyst
temperature.

For comparative purposes, data illustrating the opera-
tion of an uncycled two bed shift converter containing
a typical iron oxide catalyst is shown in Table II. Two
initial feedstream Hy,O/CO mole ratios (2.0 and 2.5)
are employed at a converter pressure of 600 p.s.i.g. and
also at a pressure of 1300 p.s.i.g. The composition of the
gaseous feed on a dry basis in volume percent is CO—
48.71; Hy—45.77; CCs—3.81; HoS and inerts 1.71; and
is a process gas from a conventional partial oxidation
generator employing a heavy fuel oil feed.

TABLE IL—NO RECYCLE

Run Number
10 20 30 40

ed 1t
Inlet H20/CO, mole ratio..._.__.._ 2.5 2.0 2.0 2.5
Inlet gas temperature, ° F - 650 600 850 700
Qutlet gas temperature, ° F_________ 930 930 930 930
Space velocity, s.c.f.h. dry gas feed
per cubie foot of catalyst-._.._.___. 2,410 1,488 3,723 6,020
B d(gonversion, percent______.._.._____ 69.2 7.4 69.0 65.6
ed 2:

Inlet gas temperature, ® F____....__ 687 638 633 680
Qutlet gas temperature, ° Fo________ 759 711 705 754
Spacs velocity, dry gas. ... . 768 455 679 1,133
Conversion, percent. . __._.. . 20.8 18.6 21.0 24,4

Overall:

Space velocity, dry gas. - 532 318 575 953
Pressure, p.s.ige._._. o 600 G600 1,300 1,300
Conversion, pereent. .. _..__._______ 90.0 96,0  900.0 90.0

To illustrate the advantages of recycling a portion of
the product gas leaving the first bed back to the inlet
to the first bed, each run shown in Table II is repeated
in Table III at four different recycle ratios (moles of wet
product gas recycled per mole of wet process gas (fresh
feed gas).

The recycle streams were determined to yield the
identical exit gas composition from each first bed as
that of the first bed of the corresponding reactor without
recycle. The conversion in the first bed is generally not
limited by equilibrium, but rather it is limited by the
large temperature rise due to the exothermic nature of
the reaction in relation to the catalyst manufacturer’s
recommended maxium temperature constraint. Because
of this latter constraint, true optimum conversion in the
first bed cannot normally be achieved. Therefore, one is
forced to a compromise and to operate with an inlet
temperature low enough to get a reasonable temperature
rise and high enough to get a reasonable intial reaction
rate. With recycle, one can operate at a much higher
average bed temperature without exceeding the manu-
facturer’s recommended maximum temperature and
hence achieve more conversion in less time.

The results of these runs are summarized in Table IIT.
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44

43

31 32 33 34 40 41

30

11 12 13 14 20 21 22 23

10

Rt NUmDET - v e cm e cceccmccc e mm e e

Bed 1:

Reeycle ratio, moles of wet recycled gas per mole of wet process

2.0

3. 666
0. 829

15
0. 861

1.0

0.5
2,920 3.232 3.474

1,005 0.913

0.0
2. 500
1.218

2.0
2. 852
0.613

15
2.706

1.0

2, 526
0.600 0.643

0.5

0.0
2.000 2.298

0.974 0,775

2.0
0. 602

1.5
2.664 2,748  2.907
0. 633

L0

0.5

2.311
0.974 0.769 0,682

0.0
2. 000

2.0
3.785
0,811

1.5

3. 566
0.845

1.0

0.5

2.950 3.290
0.994 0.898

0.0

2, 500
1.218

mole ratio, inlet_ . ...
H.0/Dry gas, mole ratio, inleb. _ - .

gas (fresh feed) - o e

H.0/CO,

852
930

6,822 &y

10. 086

837
930
6,920

814
930

776
030
6,867 6,976

9.769 10,191 10.138 10.112 10.096

700
930
6,020

930

835
4,207

817
930
4,351

930

789
4,469

742
930
4,437
9. 838

630
930
3,723
9,906

822

930
2,050
8 802

800

930
2,120
8.879

767

030
9,159
8. 859

930
2,076

712
8.826

600
930
1,488

838
930
3,230

819
930
3,262

930

792
3,265

745
930

930
2,410 3,111

650
8. 917

Gas temperatire in, © o . mdiacmeacaaan
Gas temperature out, © F o e ceaaean

9.804 9.783

9.03¢ 9.047 8.761

9. 014

8,982

feed, B.t.u./mole/® B oo eos

Reduction in catalyst, volume, percent. - oo ocoooeooao.

Overall:

s.c.f.h. dry gas feed per cubic foot of catalyst_ -

Space velocity,
Teat capacity of gas

26.2 261 25,4 0.0 283 3Lt 208 27.4 0.0 161 167 144 1L5 0.0 123 1.7 130 ‘1.8
575 953

22.4

0.0

972
2.0

1,300
178

2.2

974
1,300
1.602

975
2.3
1,575

2.0
1,300 1,300

1,422

972

0
1,300

585
L7
1,300
1.389 ...

58 590 588
2.4 25 22
1,300 1,300
1.230 1.318

0 .
1,300 1,300

372
6.5
600
1,420 ...

1119

375
7.2
600
1.340
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Space velocity, s.c.f.h. dry gas feed per cubie foot of catalyst.- -

Reduection in catalyst, volume, percent. . oo oo

Pressure, PuSd-g maeoaoooeaao oo
Equivalent uncyecled shift converter 1; H,O/dry gas, mole ratio,

AR0et o oo e

! H,O/dry gas, mole ratio, to provide same H20/C O mole ratio in uncycled converter.
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It is apparent from the data for run numbers 10 to 24
made at 600 p.s.i.g. that the optimum recycle ratio is
about 1.0; for, at this recycle ratio a maximum reduc-
tion in the size of the first bed is realized, i.e., 26.2%
in run 12 and 31.1% in run 22. The corresponding in-
crease in the initial H,O/CO mole ratios at the inlet to
the first bed is about 31.6% for run 12 (2.50 to 3.29),
and about 28.0% for run 22 (2.00 to 2.56). Similarly,
the same trend prevails for run numbers 30 to 44 made
at 1300 p.s.i.g., wherein the maximum reduction in cat-
alyst requirements for the first bed occurs at a recycle
ratio of about 1.0. The smaller reduction in catalyst re-
quirements for the runs made at 1300 p.s.i.g. compared
with the runs made at 600 p.s.i.g. may be attributed to
the increase in catalyst activity at the higher pressure,
which effects a reduction in the size of the first bed rel-
ative to the second bed in order to remain within the maxi-
mum temperature that the catalyst will sustain without
deteriorating.

Compared with the entering feed gas, the product gas
leaves a catalyst bed at a higher temperature and at a
higher steam to CO ratio. As the recycle ratio is increased,
the heat capacity and the temperature of the mixed feed
gas stream at the inlet to the first bed is increased allow-
ing the first bed to be operated at a higher average tem-
perature. The reaction rate in the first catalyst bed is there-
by increased for the bed may be operated at a higher
average temperature for a given conversion without ex-
ceeding the maximum temperature constraint.

The magnitude of the overall reduction in reactor size
which can be achieved by the process of our invention de-
pends on the ratio of the first bed to the other beds in a
multibed reactor. Normally the first bed is the smallest
bed and the amount of the catalyst required in the first
bed decreases relative to the total amount of required cat-
alyst as the number of beds increase. For operation at
600 p.s.i.g., the overall reduction in catalyst volume real-
ized is about 7.4%, and this value decreases as the pres-
sure increases. Thus with recycling, a greater overall cat-
alyst reduction is achieved by decreasing the number of
beds in the reactor and by decreasing the operating pres-
sure.

As previously described, the undesirable methanation
reaction is controlled by maintaining a proper initial
steam to CO mole ratio. The advantages of recycle be-
come particularly important, therefore, when sufficient
steam is not readily available to raise the initial steam to
CO ratio to an acceptable level to prevent the formation
of methane with an attendant loss of hydrogen. In cases
where enough steam is available without recycle to raise
the inlet H,0/CO mole ratio to the first catalyst bed to
the equivalent value as obtained by recycling a part of
the exit gases from the first bed, a new shift converter
may be designed with an optimum catalyst volume. The
greatly increased inlet HpO/dry gas mole ratio to bed 1
for such an equivalent uncycled reactor is shown in Table
III. For example in run 22 the first bed steam require-
ments for an equivalent uncycled reactor are about 82%
greater than a recycled reactor per FIG. 2. The cost of
the added steam in such uncycled systems represents an
economic penalty which is avoided by the process of our
invention. )

The process of the invention has been described gen-
erally and by examples with reference to gaseous feed-
stocks, effluent gas streams, catalysts, and various other
materials of particular composition for purposes of clarity
and illustration only. From the foregoing it will be ap-
parent to those skilled in the art that the various modi-
fications of the process and the materials disclosed here-
in can be made without departure from the spirit of the
invention.

We claim:

1. A process for producing a hydrogen rich gas by wa-
ter gas shift conversion in a reaction zone comprising a
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single vessel containing a plurality of shift catalyst beds
in series which process comprises

(1) introducing a gaseous feedstream comprising CO,
H,0, H, and CO; into the first bed of shift catalyst
in said reaction zone;

(2) reacting said gaseous feedstream in (1) at a tem-
perature in the range of about 350° F. to 1050° F.
and at a pressure in the range of about 1 to 250
atmospheres to produce a partially converted efflu-
ent gas stream comprising H,, COz, H,O and CO
whose mole ratio of H;O to CO and temperature are
substantially higher than those of said gaseous feed-
stream;

(3) dividing the effluent gas stream from (2) into first
and second streams of effluent gas, and recycling said
first stream of effluent gas to the inlet to said first
bed of shift catalyst in (1) where on a wet basis from
about 0.5 to 3 moles of said stream of recycle gas
are mixed with each mole of a fresh gas stream com-
prising H,O and CO thereby combining the sensi-
ble heats of said streams and producing said gaseous
feedstream of (1) so that as the recycle ratio, as
defined by the ratio of the moles of said stream of
recycle gas to the moles of said fresh gas stream,
is increased the temperature of the combined gase-
ous feedstream is increased to thereby achieve an
increased reaction rate and a reduction in volume of
catalyst in said first bed;

(4) cooling said second stream of effluent gas from (3)
to a temperature below the inlet temperature of the
gaseous feedstream to the first catalyst bed in (1);

(5) introducing said cooled gas stream from (4) into
the second bed of shift catalyst in said reaction zone,
the volume of catalyst in said second bed being
greater than the volume of catalyst in said first bed;

(6) reacting said cooled gas stream in (5) at a tem-
perature in the range of about 350° F. to 800° F.
but below the reaction temperature in said first cat-
alyst bed; and

(7) withdrawing said hydrogen rich product gas
from (6).

2. The process of claim 1 wherein the cooling in (4)
is alccomplished by indirect heat exchange in a waste heat
boiler.

3. The process of claim 1 wherein the cooling in (4) is
accomplished by spraying said residual gas stream with
H,0 in an interbed spray zone before introducing said re-
sidual gas stream into the second catalyst bed for further
conversion.

4. The process of claim 1 wherein the cooling in (4)
is accomplished by passing said second stream of effluent
gas in noncontact indirect heat exchange with the fresh
gas stream of (3) before said fresh gas stream is mixed
with said stream of recycle gas.

5. The process of claim 1 wherein prior to (3) said
fresh gas stream is preheated by noncontact indirect heat
exchange with the stream of product gas departing from
the last catalyst bed.

6. The process of claim 1 wherein the recycle stream
of gas in (3) is passed in noncontact countercurrent heat
exchange with said fresh gas stream before said gas
streams are mixed.

7. The process of claim 1 wherein the mixing of the
gas streams in (3) is accomplished by means of an in-
jector.

8. The process of claim 1 wherein from about .5 to 3
moles of recycle gas on the wet basis are mixed in (3)
with each mole of wet fresh gas to produce said gaseous
feed stream having a Hy;0/CO mole ratio of about 0.5-4
to 1 at the inlet and about 515 to 1 at the outlet of the
first catalyst bed.

9. The process of claim 1 wherein the catalyst in said
reaction-zone comprises about 90% by weight of Fe,O3
and 10% by weight of Cr;0;.
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10. The process of claim 1 wherein the catalyst in the
first bed is a high temperature shift conversion catalyst
and the catalyst in all subsequent beds is a low tempera-
ture shift conversion catalyst,

11. The process of claim 10 wherein the high tempera-
ture shift conversion catalyst comprises about 90% by
weight of Fe;O3 and 10% by weight of Cr;0; and the low
temperature catalyst comprises about 1 part by weight of
copper oxide to about 3 parts by weight of zinc oxide.

12. The process of claim 1 wherein from about 0.5 to
1.5 moles of said recycle gas on the wet basis are mixed
in (3) with each mole of wet fresh gas to produce said
gaseous feedstream.

13. The process of claim 1 wherein the pressure is sub-
stantially the same in each catalyst bed and is in the
range of about 30 to 250 atmospheres.

14. A process for producing a hydrogen rich gas by
water gas shift conversion in a reaction zone comprising
a single vessel containing a plurality of shift catalyst beds
in series which process comprises

(1) introducing a gaseous feed stream comprising CO,
H,0, H, and CO, into the first bed of shift catalyst
in said reaction zone;

(2) reacting said gaseous feedstream in (1) at a tem-
perature in the range of about 350° F. to 1050° F.
and at a pressure in the range of about 1 to 250 at-
mospheres to produce a partially converted effluent
gas stream comprising H,, CO,, HyO and CO whose
mole ratio of HyO to CO and temperature are sub-
stantially higher than those of said gaseous feed-
stream;

(3) heating a fresh gas stream comprising H,O and
CO by non-contact heat exchange with all of the par-
tially converted effluent gas stream from (2) thereby
cooling the partially converted effluent gas from (2);

(4) dividing the cooled partially converted effluent gas
stream from (3) into first and second streams of efflu-
ent gas, and recycling said first stream of effiuent
gas to the inlet to said first bed of shift catalyst in
(1) where on a wet basis from about 0.5 to 3 moles
of said first stream of effluent gas are mixed with
each mole of the heated fresh gas stream from (3)
thereby combining the sensible heats of said streams
and producing said gaseous feedstream of (1) so that .
as the recycle ratio, as defined by the ratio of the
moles of said stream of recycle gas to the moles of
said fresh gas stream, is increased the temperature
of the combined gaseous feedstream is increased to
thereby achieve an increased reaction rate and a re-
duction in volume of catalyst in said first bed;

(5) cooling said second stream of effluent gas from (4)
to a temperature below the inlet temperature of the
gaseous feedstream to the first catalyst bed in (1) and
introducing said cooled second stream of effluent gas
into the second bed of shift catalyst in said reaction
zone, the volume of catalyst in said second bed being
greater than the volume of catalyst in said first bed;

(6) reacting said cooled gas stream in (5) at substan-
tially the same pressure as in said first catalyst bed
and at a temperature in the range of about 350° F.
to 800° F. but below the reaction temperature in said
first catalyst bed; and

(7) withdrawing said hydrogen rich product gas from
(6).
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