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{54) Preparation of hydrogen-con-
taining gases

{57} In preparing hydrogen-contain-
ing gases, including ammonia syn-
thesis gas, from hydrocarbons by
desulfurization, primary and second-
ary reforming, shift conversion in
two steps, remaoval of CO,; and
methanation, the first step of the
shift conversion is carried out with
a catalyst consisting of copper ox-
ide, zinc oxide and chromium oxide
at a steam 1o dry gas ratie below
0.5, preferably 0.3-0.5, at 10-60
atm. abs. and 190-400°C, prefera-
bly 200-360"C: and secand step
of the shift conversion with a cata-
lyst of copper oxide, zinc oxide and
aluminium oxide at an inlet temper-
ature of 160-195°C, preferably
175-195°C, at the same time be-
ing at least the highest of the tem-
peratures (T, + 10)°C and {T, +

10}°C where T, is is the dew point
and T, the equilibrium temparature
for the reaction ZnQ + CO, =
ZnCO,.
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SPECIFICATION

A process for the preparation of hydrogen-
containing gases.

Field of the Invention

The present invention ralates to a process
for the preparation of hydrogen-containing
gases and especially an ammonia synthesis
gas from hydrocarbons by desulfurization of
the starting material, primary and secondary
reforming, conversion of CO by the shift proc-
ess in two steps mentioned below, remaoval of
CO,, and methanation.

The invention aims at the accomplishment
of ona of these part-processes, viz. the conver-
sion of carbon monoxide by the so-called shift
process:

H,0 + CO =& H, + CO, {1)
Background of the Invention

A study of the course of the processes in an
ammonia or hydrogen plant based on these
processes shows that considerable zavings of
energy can be obtained if there is made an
alteration of the opgraticnal conditions in com-
parison with ihose earlier employed. During
recent years such alterations have already
been carried out in certein process steps, such
as the introduction of ammonia converters
having radiaf flow and reduced synthesis pres-
sure, by the introduction of & physical absorp-
tion pracess for the removal of CO, after the
conversion of CO, and by the reduction of the
steam to carban ratio at the inlet of the
primary reformer. Hereby an alteration of the
steam balance in the plant takes place, and it
can be shown that the utilization of the energy
supplied can be improved considerably by a
furthar reduction of the above-mentioned
steamn to carbon ratio. Howaver, carrying out
such reduction involves problems, especially
in connection with the shift process (1).

A low steam to carbon ratio at the inlet to
the primary reformer thus causes a lower
stcam to dry gas ratio and thereby a higher
CO partial pressure in the shift section.

In the prior art the shift process is com-
monly carried cut in two steps whereby the
first step is accomplished while using an iron-
and chromium-containing catalyst at a temper-
ature of 360-500°C, a steam to dry gas ratic
of 0.5--1.2 and s pressure of 10-35 atm.
abs., and the second stép is accomplished
while using a copper-containing catalyst at
200-250°C.

The catalyst usually employed in the first
step of the shift process in its active form
consists of Fe,0, promoted with Cr,0,. At a
high CQ partial pressure, however, Fg,0, may
be converted into iron carbides which may act
as Fischer-Tropsch catalysts, resulting in the
formation of undesired hydrocarbons.

The carbide formation may take place by

various reactions while forming various iron
carhides, but the main reaction will be

5Fe,0, + 32C0 =
70

3 FeeC, + 26 CO{2)

Because of lack of or uncertain thermody-
namical data for iron carbides the equation
(2), however, is unsuitable for equilibrium
calculations.

It has been found that a good approxima-
tion to the real facts is obtained by a calcula-
tion on the basis of the equation.

75

16Fe + 6C + 26
(3)

The equilibrium constant K, for this reaction
{3) is expressed as follows:

5Fe0, + 32C0 =
80 CQ,

85 26
Peo,
K, =
32
Peo
90

Data for the calculation of K, for reaction
(3} may be found in thermodynamical tables
{(e.g- J. Barin, 0. Knacke, O.Kubaschewski:
Thermodynamical properties of inorganic sub-

95 stances, 1973, and supplement, 1977,
Springer Verlag, Berlin}). The drawing shows
log K, calculated on the basis of these data
and plotted as a function of the temperature.

From the drawing it can be deduced

100 whether Fe in the iron-containing catalyst at
an actual set of iMerconnected values for
temperatures and partiaf pressures of CO and
CO, will be present in oxide form or carbide
form. Thus, if log K, at a given temperature is

105 lower than shown by the curve, then the

stable state is carbide. If log K, is higher, the
stable state is oxide.

Such a calculation has been carried out for
a gas the composition of which is typical in
relation to the operational conditions accord-
ing to tha procass in gquastion, and the results
are raported in Experiment 1 herainatter.

As appears from the Experiment, the cata-
lyst in tha typical case will be present in
carbide form. Moreover, it can be shown that
by employing tha desirad low steam /dry gas
ratio one cannot bring the catalyst into oxide
form because this would require so high tem-
peratures as to destroy the catalyst because of
120 lacking thermal stability.

As the said problems of carbide formation
are connected with the use of iron-containing
catalysts, it has been attempted to replace
tham by conventional Cu-containing low tem-

125 perature shift catalysts in the first step of the
shift process. However, these catalysts do not
possess sufficient temperature stability for use
in the present process, in which there is
employad temperatures up to 400°C for the

130 sake ot energy utilization.

110
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in the second step of the two step shift
process one also encounters problems whan
using conventional low-temperature shift cata-
lysts.

When carrying out the second step at the
usual temperatures of 200-250°C while us-
ing a feed gas having a low steam/dry gas
ratio, methanol will be formed in such an
amount that ene will not obtain the intended
advantages in the conversion as regards en-
ergy. This is due to the fact that Cu-containing
low-temperature shift catalysts also catalyze
the methanol synthesis.

At higher temperatures the equilibrium of

the methanol synthesis, the relevant reactions
of which are

CO + 2H, = CH,OH (4)
CO, + 3H, = CHOH + H,0 (5)
CoO + H,0 = €O, + H, (1)

will be decisiva for the amount of methanol
formed. At lower temperatures the amount of
methanol, on the other hand, depends upon
kinetic conditions since the reaction rate of
the mathanol synthesis decreases faster with
dacraasing temperature than the reaction rata
af the shift process.

It has therefore also been attempted to
carry out the second step of the shift process
at lower temperatures. However, hereby a
further problem arises because the lower ac-
tivity in consequence of the lower temperature
calls for the use of extremely high volumes of
catalyst in order to obtain the desired degree
af CO-conversion. An increased content of CO
in the exit gas is undesired because mare
hydrogen is lost thereby in the subssquent
methanation pracess.

Summary of the invention

It has now been found that it is possible to
avoid the said problems in the first as well as
the second step of the shift process by using
cerlain conditions of operation and catalysts
rendered optimum thereto.

Accordingly, the invention relates to an im-
proved process for the praparation of hydro-
gen-containing gases and especially an ammo-
nia synthesis gas from hydrocarbons as start-
ing material by desulfurizing the starting ma-
terial, suhjscting the desulfurized matarial to
primary and secondary reforming, convarting
the carbon monoxida contained in the re-
formed gas into hydrogen and carbon dioxide
by the abovementicned shift process (1) in
two steps, removing CO, from the shiftad gas
and methanating the gas. According to the
present invention the procass is characterized
in that (a) the first step of the shift process is
carried out in the presence of a catalyst con-
sisting of copper oxida, zinc oxide and chrom-
ium oxide while using a feed gas having a
steam to dry gas ratio below 0.5, preferably
of 0.3 to 0.5, at a pressura of 10 to 50 atm,

70

75

80 Zn0 + CO,=== ZnCO,

86

80

o5

100

105

110

1156

120

125

130

abs. and a temperature of 190 to 400°C,
preferably 200 ta 360°C, whereas (b} the
second step of the shift process is carried out
in the presence of a catalyst consisting of
copper oxide, zinc oxide and aluminum oxide, ,
at an inlet temperature of 1680 to 195°C,
preferably 176 to 196°C. said inlet tempera-
ture being at the same time at least the
highest of the two temperatures (T, + 10)°C
and (T, + 10)°C, where T, is the dew point
under the reaction conditions actually prevail-
ing and T, the eguilibrium temperature for the
reaction

(6)

under the reaction conditions prevailing.

The pressure during the second step of the
shift procass normally wilt be the same as that
during the first step or because of a natural
pressure drop of little below that, i.e. normally
about 70 to 50 atm. abs.

Detailed Deseription of the Invention

According to the invention the catalyst em-
ployed in the first step of the shift process
may have the composition

15-70, preferably 20-40 % by atoms Cu in
the form of copper oxide,

20--60, preferably 30-20 % by atoms Zn in
the form of zinc oxide,

16-50, preferably 20850 % by atoms Cr in
the form of chromium oxide,

wharein the percentages by atoms are calcu-
lated solely on the metal contents and the
axygen content is not taken into account.

As ta the ranges of the various components
of the catalyst to use in the first step of the
shift process according to the invention, it
should be emphasizad that catalysts having a
composition within the broader ranges stated
{15-70% at. Cu, 20-60% at. Zn, 15-50%
at, Cr) are very well suitable for use according
to the invention; whereas the preferred range
of 20-40% at. Cu, 30-40% at. Zn and
20-50% at. Cr represents catalysts having
particularly advantageous properties with re-
spect to thermostability and catalytic activity.

According to the invention the catalyst em-
ployed in the second step may have the
composition
25-60 % by atoms Cu in the form of copper
oxide
25-45 % by atoms Zn in the form of zinc
oxide
15--30 9% by atoms Al in the form of alumi-
num oxide,
wherein the percentages by atoms are calcu-
lated in the sama manner.

The catalyst employed according to the in-
vention in the second step of the shift process
is marked by a high activity and high selectiv-
ity for the shift reaction.
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The lower limit stated for the inlet tempera- The gas composition afier the high-tempera-
ture in the second step of the shift process ture shift reactor, where the pressure is 30
according to the invention accordingly is not atm. abs. in tha absence of other reactions
determined out of consideration for the activ- will be
5 ity but on the contrary limited by the said two 70
parameters, viz. the steam pressure, p, 0, and H,: 46.44 % by vol
the carbon dioxide pressure, pe,, The reason N,: 17.23 % by vol
for this is that one should avoid condensation co: 3.40 % by vol
of water in the inner parts of the catalyst CO,: 11.86 % by vol
10 bodies because it would prevent the admis- 78 Ar: 0.20 % by val,
sion of the reacting gases to the active cata- CH,: 0.22 % by val.
lyst surface; and also avoid the formation of H,0: 20.65 % by vol.
Cu or Zn carbonates because formation of
carbonates besides deactivation may involve However, the prerequisite that other reac-
156 bursting of the catalyst particies. 80 tions do not take place is erronecus. From
To ensure a reasonable safety margin it is Peo, = 3.558 atm. abs, and P, = 1.020
prescribed according to the invention to use atm. abs. a calculation of the equilibrium
inlet temperaturas at least 10°C abaove the constant K, for the reaction (3} gives the
., dew point T, or equilibrium temperature T,. result;
20  In the foliowing the process of the invention 85
will be illustrated by some Experiments and 28
Examples. pCO;i
) Experiment 1 shows the first step of the K, = = 1.15.10"
shift process carried out in conventional man- P32
25 ner. a0 co
Experiment 2 shows both steps of the shijt
pracess, the first step carried out in the same and from this
manner as the process of the invention and
the second step in conventional manner. log K, = 14.08.
30 Examples 1 to 4 show both of the steps of a5
tha shift process carried out by the process of By comparison with the drawing it is seen
the invention. that the catalyst is present in carbide form.
Laboratory experiments accerdingly have
Experiment 1 shown that hydrocarbon formation takes
35  Reforming of a natural gas containing 100 place. Under the abova assumptions the labo-
0.33% 0, 3.91% N,, 83.50% CH,, 9.31% ratory experiments thus show the formation of
C.H; 2.83% C,Hg and 0.12% C,H,, was
carried out after the addition of aqueous 0.5-0,7% by vol. of CH,
steam 1o a steam te carbon ratio of 2.5. After 0.1-0.15% by vol. of C,H, and C,H,
40 the primary reformer a certain amount of airis 105 0.05% by vol. of C3Hg and C3Hg
added. At the outlet from the secondary refor-
mer, where the pressure is 31 atm. abs., the and minor amounts of higher hydrecarbons,
gas composition is: alcohols and other oxygen-containing organic
compounds, It appears from this that conven-
45 H,: 38.95 % by val. 110 tional high-temperature shift catalysts are use-
M, 17.23 % by vol. less at the gas compositions employed accord-
CQO: 10.89 % by vol. ing to the invention.
CQO,: 4.38 % by vol.
Ar: 0.20 % by vol. Experiment 2
- B0 CH,: 0.22 % by vol. 115 One proceeds as in Experiment 1 with the
H,O: 28.13 % by vol. exception that there is used an inlet tempera-
ture of 209°C in the first step of the first
The gas thereafter is conveyed to the shift process and a catalyst in accordance with the
section where CO conversien is carried out by invention containing 20 % by atoms Cu, 30
5B the shift process (1). The first step in the shift 120 % by atoms Zn and 50 % by atoms Cr, all as
process is carried out at an inlet temperature oxides, the atomic percentages calculeted
of 360°C while using a conventional iron solely on the metal contenis. The adiabstic
oxide-chromium oxide catalyst having a temperature increase during the passage of
chromium content of about 8 % by atoms, first step gives an outlet temperature of
80 calculated solsly on the matal contents. 125 321°C. At a pressure of 30 atm. abs, there is
The adiabatic temperature increasa during hereby obtained an exit gas having the follow-
the passage of the first step provides an outlet ing composition:
temperature of 444°C corresponding to
717°K. At this temperature the shift process
65 (1) will have gone to equilibrium.



GB2087855A 4

10

16

20

25

30

Hy: 48.60 % by vol
N, 17.23 % by vol
Ca. 1.24 % by vol
CaQ,: 14.03 % by vol
Ar; 0.20 % by vol
CH,: 0.22 % by vol.
H,0: 18.4 % by vol.

As there are no carbide problems in this
process, one proceeds to the second step of
the shift process.

This step is carriad out while using the gas
cbtained above at an inlet temperature of
200°C and while using a conventional low-
temperature shift catalyst consisting of 30 %
by atoms Cu. 50 % by atoms Zn and 20 %
by atoms Al in the form of oxides, the per-
centagas stated being calculated solely on the
metal contents. The adiabatic temperature in-
crease during the passage of second step is
about 12°C. At a pressure of 30 atm. abs.
there is hereby obtained an exit gas having
the following composition:

Hj: 49.17 % by vol.
M, 17.30 % by vof.
- GO 0.24 % by vol.
CO,: 14.88 % by vol
Ar: 0.20 % by vol
CH,: 0.22 % by vol
H,0: 17.77 % by vo!
CH;0H: 0.22 % by vol
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Under these conditions there is thus fermed
methanol in undssired amounts. In an ammo-
nia plant where 1000 tons of ammonia are
produced per day, thers will at the same time
be producad about 13 tens of methanol per
day, which represents an unacceptable snergy
loss.

Example 1

In the first step of the shift process there is
used as in Experiment 2 an inlet temperaturs
of 209°C and a catalyst in accordance with
the invention, consisting of copper oxide, zinc
oxide and chromium oxide having the sama
contents of the metals as in Experiment 2, j.e.
20% by atoms Cu, 30% by atoms Zn and
50% by atoms Cr, alt calculated solely on the
metal contents. The adiabatic temperature in-
crease during the first step as in Experiment 2
is to an outlet temperature of 321°C and at
the pressure of 30 atm. abs. there is abtained
an exit gas having the same composition as
stated in Experiment 2, i.e. 48.80% by vol.
of Hy, 17.23% of N,, 1.24% of CO, 14.03%
of CQ,, 0.20% of Ar, 0.22% of CH, and
18.48% of H.,0.

This gas is conducted to the sacond step of
the shift process where the inlet temperature
is 175"°C and the catalyst is in accardance
with the invention, having the compasition 60
% hy atoms Cu. 25 % by atoms Zn and 16
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% by atoms Al, all calculated solely on the
metal contents. The adiabatic temperatura in-
crease by the passage of the second shift step
is ahout 13°C and at a pressure of 30 atm.
abs. there is obtained an exit gas having the
following composition:

H,: 48.61 % by vol,
N,: 17.25 % by vol.
co: 0.15 % by vol.
co, 15.08 % by vol.
Ar: 0.20 % by vol.
CH,: 0.22 % by vol,
H,0: 17.485 % by vol.
CH,0H:  0.04 % by vol.

At these conditions, which are in accor-
dance with the invention, the formation of
methanol thus is extremely kmited and per
1000 tons of ammonia a day only corre-
sponds t¢ about 2 tons of methanol a day,
which is acceptable. Moreover, the CO con-
tent in the axit gas is almost halved compared -
to the content according to Experiment 2.

Example 2

The two steps of the shift process are
carried out in the manner explained in Exam-
ple 1, with the only exception that the catalyst
used in the first step of the shift process has
the compaosition 15% by atoms of Cu, 35%
by atoms of Zn and 50% by atoms of Cr, all
in the form of oxides, the percentages being
calculated solely on the metal contents. The -
exit gas obtained has practically the same
compasition as that in Example 1.

Example 3

The two steps of the shift process are
carried out in the mannar explained in Exam-
ple 1, with the only exception that the catalyst
used in the first step of the shift process has
the composition 25% by atoms of Cu, 60%
by atoms of Zn and 15% by atoms of Cr, all
in the form of oxides, the percentages being
calculated solely on the metal contents. The
exit gas obtained has practically the same
compaosition as that in Example 1.

Example 4

The two steps of the shift process are
carried aut in the manner explained in Exam-
ple 1, with the only exception that the catalyst
used in the first step of the shift procass has
the composition 62% by atoms of Cu, 20%
by atoms of Zn and 18% by atoms of Cr, all
in the form of oxides, the percentages being
caleutated solely on the metal contents. The
exit gas obtained has practically the same
composition as that in Example 1.

The inlet temperature in the second step of
the Examples is within the temperaturs range
prescribed according to the invention. As ans
can celculate a CO, partial pressure of 4.209

130 atm. abs. for the gas employed, correspond-
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ing to an equilibrium temperature in reaction
(B) of 164°C, and a steam partial pressure of
5.544 atm. abs., corresponding to a dew
point of 155°C, the lowest usable inlet tem-
perature according to the invention is 174°C.
Morsover, ths temperaiure is below 195°C
which is statad hersinbefore as the highest
temperature in the second step of the shift
process.

Beyond the advantages apperaring from
what has been said herein, it should be added
that by the process of the invention one
removes a source of sulfur poisoning of the
catalyst in the second step because the use of
sulfur-containing iron catalysts is avoided.

CLAIMS

1. An improved process for the prepara-
tion of hydrogen-containing gases, especially
an ammaonia synthesis gas, from hydrocarbons
by desulfurization of the starting material,
primary and secondary reforming, conversion
of carbon monoxide by carrying out the shift
process
H,0 + CO = H; +C0, (M
in two steps, removal of CO, and methana-
tion, in which (a} the first step of the shift
process is carried out in the presence of a
catalyst consisting of copper oxide, zinc oxide
and chromium oxide while using a feed gas
having a steam to dry gas ratio below 0.5, at
a pressure of 10 to 50 atm. abs. and a
temperature of 190 to 400°C, and (b} the
second step of the shift process in the pres-
ence of a catalyst consisting of copper oxide,
zinc oxide and aluminum oxide, at an inlet
temperature of 160 to 195°C which at the
same time fulfils the condition of being at
least the highest of the two temperatures (T,
+ 10)°C and (T, + 10}'C, where T, is the
dew point and T, the equilibrium temperature
for the reaction
Znd + CO, & ZnCO, (B),
both under the reaction conditions actually
prevailing.

2. A process as claimed in ciaim, in which
the gas mixture used in the first step of the
shift precess has a steam to dry gas ratio of
0.3 to 0.5.

3. A procass as claimed in claim 1 or
claim 2, in which the first step of the shift
process is carried out at a tempsrature of
200--380°C.

4. A process as ciaimed in anyone of
claims 1 to 3, in which the second step of the
shift process is carried out at an inlet tempera-
ture of 1756 to 196"C.

5. A process as claimed in anyone of
claims 1-4, in which the catalyst used in the
first step of the shift pracess has the composi-
tion 15-70 % by atoms of Cu as copper

oxide, 20-60 % by atoms of Zn as zinc oxide
and 15-50 % by atoms of Cr as chromium
oxide, the percentages by atoms being calcu-
fated solaly on the metal contants of the

70 catalyst.

6. A process according to claim 5, in
which the catalyst used in the first step of the
shift process has the composition 20-40 %
by atoms of Cu as copper oxide, 30-40 % by

75 atoms of Zn as zinc oxide and 20-50Q % by
atoms of Cr as chromium oxide, the percent-
ages by atoms being calculated solely on the
metal contents of the catalyst.

7. A process according to anyone of

BO claims 1-6, in which the catalyst used in the
second step of the shift process has the
composition 25-60 % by atoms of Cu as
A7855Rcopper oxide, 25-45 % by atoms of
Zn as zinc oxide and 15-30 % by atoms of Al

85 as aluminum oxide, the percentages by atoms
being calculated solely on the metal contents
of the catalyst.
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