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2,699,383
'SYNTHESIS ‘GAS MANUFACTURE

“Charles ‘W. Montgomery, Oakmont, and Edward B, Wein-

‘berger, Pittsburgh, Pa., assignors to- Gulf Research &
Development Company, Pittsburgh, Pa., a corporation
of Delaware

Applicaﬁon:Decemberfi, 1947, Serial No. 789,696
5 Claims.  (Cl. 48-—196)

This invention relates to synthesis gas ‘manufacture,
and more particularly it is concerned with the manufac-
ture of synthesis igas ‘mixtures .of hydrogen and carbon
monoxide useful in the synthesis «of ‘normally liquid hy-
drocarbons.

It is well known in the art that liquid hydrocarbons
can be synthesized from gaseous mixtures of hydrogen
-and-carben ‘monoxide, normally referred to ‘as synthesis
gas, by passing them over iron, -nickel ‘or -cobalt cata-

“Iysts ‘at ‘temperatures between 200° and 400° -C. and at
‘pressures-between 1 -and 50 atmospheres.

Tt is“generally
recognized that the catalysts used in the above synthesis
are ‘relatively sensitive and ‘are ‘poisoned by -impurities
in the synthesis gas. Thus it is conimon practice 'to re-
move sulfur-containing impurities from synthesis gas

‘prior to its passage ‘over ‘the synthesis catalyst, -and it ‘has

also ‘been ‘attempted to remove finely divided carbon

‘from ‘the synthesis gas. ~The latter has proven very diffi-

cult.

In the ‘generation of synthesis gas, it is known that
several reactions take place, -the overall effect -of which
is-to ‘produce ‘hydrogen and carbon -monoxide. Among
such 'reactions ‘are:

( 1()1 CHse22H2-C
an
(2) 2C0z2C02-+-C

As shown, ‘these reactions produce ‘solid carbon which
tends to Temain -suspended in the synthesis gas. ‘Great
difficulty has been encountered in ‘the art in preventing
the formation -of -carbon and 'in ‘securing -its removal
from the synthesis gas after it has been -formed. The

' difficulty in removing ‘the.carbon resides in the fact that
‘it is extremely “finely divided and therefore remains sus-

pended ‘in ‘the synthesis gas -even after having ‘passed
through ‘a -series of scrubbers and conventional filtering
equipment. Costly special ‘equipment is this required
ifithe carbon is'to be removed. If the finely divided car-
‘bon is not removed from ‘the synthesis gas, it deposits on

the.catalyst used :for the ‘synthesis of mormally liquid hy-

drocarbons and injures the activity .of the catalyst to such

‘an extent -as o ‘necessitate catalyst reactivation: or re-
placement. Furthermore, ‘the ‘finely divided carbon ‘in
the 'synthesis gas gradually deposits in the syrnthesis ‘gas

generator and .effluent lines ‘therefrom, eventually caus-
ing :a shut-down .of ‘the gas ‘generation ‘equipment. i
addition, ‘the finely divided carbon may -depesit ‘on ‘the

‘rotors -of turbo-compressors used for ‘compression -of ‘the

synthesis gas to the pressures required for the hydrocar-

‘bon synthesis, thus causing operating ‘and mgintenance
«difficulties ‘because .of ‘the resulting unbalance.
small amounts of finely .divided carbon, of ‘the .order Gf
0.1 to :0.01 ‘per cent; are objectionable since with the

Even

large throughputs of synthesis gas the deposits gradually
build up to cause the above-mentioned :difficulties,

Accordingly, it is an :object of ‘our inventicn to gen- 1
-erate synthesis gas while :preventing the formation -of

substantial amounts of finely divided .carbon.
It is :a further object of our invention 'to ‘magufacture
synthesis gas in such manner ‘as ‘to aviid :shiit-down f

the synthesis ‘gas generating wnit ‘because ‘6f deposition

of .carbon. ‘

‘These ‘and other objects :are accomplished by the pres-
ent-invention -where, in the manufacture of synthesjs ‘gas
mixtures containing hydrogen and carbon ‘monoxide from
carbonaceous ‘materials at elevated temperattires .and
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:sult in the -formation :of -carbon.

iof megligible -significance.

2

‘pressures, the formation .of substantial amounts of finely
-divided ‘carbon is:prevented by reducing ‘the pressure.on
‘the :synthesis /gas ‘mixture while ‘maintaining the tempera-
ture in excess :of that iresulting .in the formation .of
finely dividedcarbon,:and :then cooling ‘the synthesis gas
-mixture o -a temperature ‘below 1040° K. Alternatively
ior :additionally, the formation of substantial amounts .of
finely divided carbon ‘in the :synthesis gas may be pre-
vented :by :adding to ‘the synthetic gas mixture, while at
the ¢levated temperature :at which it is formed, at least
one gas reactive with carbon selecied from the group
-consisting -of oxygen, thydrogen, steam, carbon dioxide
-and  mixtures :thereof.

We have found ‘that, “in ‘the manufacture .of synthesis
'gas -from :a -carbonaceous material, .at any given pres-
'sure ‘on the gaseous- system, there is a sgiven tempera-
‘ture above :which the gases must be maintained in order
40 ravoid ‘the -formation ‘of finely ‘divided carbon. Fur-
thermore, «even though :the synthesis gas is formed with-
sout ‘forming finely :divided :carbon, if, in adjusting “the
‘temperature :and pressure of ‘the synthesis gas for use in
ithe:subsequent ‘hydrocarbon synthesis, the temperature is
Jlowered :indiscriminately ‘without regard ‘to the pressure,
.carbon :formation will result. In accordance with our
rinvention, ‘therefore, in icooling freshly generated syn-
‘thesis 'gas “for ‘use :in ‘the subsequent hydrocarbon syn-
‘thesis, /it is :essential 'that :the cooling take place at such
ppressure that mo-carbon formation is encountered. Since

:higher pressures -favor :the formation of carbon, both re-

.duction of the temperature and ‘of the pressure on freshly
-generated ‘synthesis ‘gas is accomplished in such manner
as to avoid :the formation of finely divided carbon. It
is ;preferred to ‘reduce the pressure after or as the gas
leaves ;the ;generation izone by throttling the synthesis gas
through a ‘valve, -turbine or :similar pressure lowering
:device., Since the ‘throttling process results in an ab.
sorption ‘of heat, a reduction of temperature of the sya-
thesis gas is accomplished at the 'same time although the
temperature s ‘not :reduced to such an extent as to re-
Ordinarily, therefore,
‘the pressure on-the gaseous system is reduced while main.
-taining the temperature in ‘excess of that resulting in
‘the -formation -of finely ‘divided carbon. It is preferred
‘that prior -to ‘reducing ‘the pressure and temperature, the
initial :pressure ‘be :greater than -one atmosphere and ‘the
initial temperature greater than .1040° X. When the
temperature-of the gases reaches 1040° K., it is no longer
Necessary ‘to -exercise particular care in the cooling of
the igases, because at such temperature the reactions re-
sulting -in ‘the formation of carbon are so slow as to be
Accordingly, when this tem-
perature is reached the gases may be further cooled by
quenching ‘with liquid water or by any other suitable
means.

We have also found that the addition of gases reactive
with carbon selected from the group consisting of oxy-
‘gen, hydrogen, steam, carbon dioxide and mixtures there-
of o sthe freshly generated synthesis gas while at tem-
peratures ‘above 1040° K. results in avoiding the for-
mation -of :substantial amounts of finely divided carbon.
This embodiment -of -our .invention may take place at
any suitable pressure, say from atmospheric to-about 50
atmospheres. However, since our invention also con-
templates ‘the simultaneous use of both the pressure-re-
-ducing step and the addition of -gases reactive with car-
bon, it iis desirable to employ pressures greater than one
atmosphere when the pressure-reducing step is used simul-
taneously with ithe -addition -of gases reactive with carbon.
Theeffiect of adding gases reactive with carbon is equiva-
lent to shifting the temperature at which carbon formation
takes place from a higher temperature to.a lower temper-
ature. Accordingly, the amounts of such gases added are
such as to cause the temperature of carbon formation at
any given pressure to approach 1040° K.

Our invention is applicable to the manufacture of syn-
thesis gas by any known method from any carbonaceous
-material. Suvitable carbonaceous materials include coal,
coke, mineral oils, natoral gas, light hydrocarbon gases
and the like. Thus, the .synthesis gas may be mantfac-
‘tured by ‘the reaction ‘of codl with steamn and oXygen,



http://ww. Pat ent Gopher.com

3

or the reaction of natural gas with steam and carbon
dioxide, or the partial oxidation of methane with oxy-
gen as known in the art.

Our invention may be more readily understood by
reference to the attached drawings where there are shown
the effects of pressure and temperature on the forma-
tion of finely divided carbon in a system where synthe-
sis gas is manufactured by the partial oxidation of meth-
ane at elevated temperatures and pressures.

Figure 1 is a graph showing the pressures and tem-
peratures at which carbon formation takes place for a mol
ratio of oxygen to methane of 0.55.

Figures 2 and 3 are graphs similar to Figure 1, ex-
cept that the oxygen to methane mol ratios are 0.60 and
0.65, respectively.

In each of the figures, the absolute temperature in de-
grees Kelvin (° K.) is plotted as abscissae and the pres-
sure in atmospheres is plotted as ordinates on a square
root scale. On each figure a number of curves are drawn
for constant values of the hydrogen to carbon monoxide
mol ratio r in equilibrium in a product gas. These curves
represent the temperature and pressure conditions which
are needed to produce a product gas with the hydrogen to
carbon monoxide mol ratios r which are indicated, from
a feed gas containing oxygen and methane in the feed
ratio n for which the figure is drawn. Thepoint where there
is a change from no carbon to carbon formation is deter-
mined on each curve. This point usually occurs at a break
in the curve. A dotted line curve is then drawn through
these points on each of the figures to indicate the boun-
dary between the no carbon and the carbon formation
zone. In each figure, there is therefore shown a zone
in which carbon formation takes place and another
zone in which carbon formation does not take place.
The carbon formation zone has been shaded in the
drawings and in every instance lies to the left of the
dotted line curve which indicates the boundary between
the zones. In manufacturing synthesis gas by the par-
tial oxidation of methane with oxygen at elevated tem-
peratures and pressures, the operation is conducted in
such manner as to lie in the zone of no carbon forma-
tion to the right of the zone boundary; or, if the opera-
tion has been conducted in the zone in which carbon for-
mation takes place, the temperature or pressure or both
must be adjusted to place the system in the zone in which
no carbon formation takes place. As will be noted from
the curves, the danger of carbon formation becomes
greater as the mol ratio of hydrogen to carbon monoxide
approaches 2:1 and also as the pressure is increased.
However, in the manufacture of synthesis gas, it is ordi-
narily possible to operate in the zone of no carbon for-
mation. Difficulties with carbon formation usually arise
when it is attempted to cool the gases to the temperature
required in the subsequent hydrocarbon synthesis. As

will be evident from the figures, if it is attempted to cool ¢

the synthesis gas at an elevated pressure without first
reducing the pressure, the zone of carbon formation is
quickly encountered. Accordingly, we avoid the forma-
tion of carbon by reducing the pressure on the gaseous
system, thereby providing a greater latitude for cooling
the gases without encountering carbon formation than can
be obtained if the pressure on the gaseous system is
not reduced. For example, in Figure 1, a throttling of the
pressure from 20 atmospheres to 1 atmosphere causes the
carbon boundary to appear at a temperature about 120° K.
lower than it would be at the higher pressure. The tem-
perature of the gases may be reduced simultaneously with
or subsequent to the reduction of pressure on the gaseous
system, but in any event never to such a degree that the
carbon boundary is crossed prior to reaching a tempera-
ture Jower than 1040° K. The above may be expressed
mathematically, that is, the pressure on the synthesis gas
mixture is reduced while maintaining the temperature
in excess of that represented by the relation:

T=71 log (p—0.5)--800 (0.6-n)--1020
where

T=the absolute temperature in ° K.,

p=the pressure in atmospheres, and

n==the mol ratio of oxygen to methane used in the manu-
fagtsure of the synthesis gas and varies from 0.55 to
0.65. ' :

In the embodiment of our invention where a gas re-
active with carbon is added to prevent the formation of
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4 , .
substantial amounts of finely divided carben, the reactive
gas is preferably introduced into the synthesis gas mix-
ture at the point where the synthesis gas leaves the syn-
thesis gas reactor while at an elevated temperature and
pressure. - Thus; in the manufacture of synthesis gas by
the partial oxidation of methane with oxygen, there may
be added at the point where the exit gases leave the syn-
thesis gas generator a stream of carbon dioxide and a
stream of steam. While the ratio of steam to carbon
dioxide may vary widely and one or the other may be
eliminated, it -is desirable to add the steam and carbon
dioxide in a mol ratio of 2:1. In effect, this results in an
increase in the mol ratio of oxygen to methane in the feed
gas, although no molecular oxygen as such is added.
When steam and carbon dioxide in a mol ratio of 2:1 are
added to the exit gases from the synthesis gas generator
in order to prevent the formation of finely divided car-
bon, the amount of said steam and carbon dioxide may be
expressed by the relation:

;30 —0.330 log (p+1.7)—1.41
0.113 log (p+1.7)—1.53

where

f=the sum of the mols of steam and carbon dioxide
per mol of methane,

n=the mol ratio of oxygen to methane used in the man-
ufa:icture of synthesis gas and varies from 0.55 to 0.65,
an

p=the pressure in atmospheres and varies from 1 to 50
atmospheres.

As disclosed hereinabove, both the addition of steam
and carbon dioxide to the exit gases from the synthesis gas
generator, and depressuring and cooling of such exit
gases may take place simultaneously. The effect on the
carbon boundary is then doubled, that is, the carbon
boundary shown in the drawings is moved to the left to
such an extent that carbon formation ‘takes place at a
substantially lower temperature. Since this temperature is
at 1040° K. or below, in practice very little carbon for-
mation, if any, will take place.

While we have described our invention with specific
reference to the manufacture of synthesis gas by the partial
oxidation of methane with oxygen, it is to be understood
that- it is not limited thereto, since it is applicable to the
manufacture of synthesis gas mixtures of hydrogen and
carbon monoxide from any carbonaceous material.

What we claim is:

1. In the manufacture of synthesis gas mixtures con-
taining hydrogen and carbon monoxide from carbon-
aceous materials in a generation zone at pressures of
about 10 to about 50 atmospheres and at elevated tem-
peratures in excess of those resulting in the formation
of finely divided carbon at the instant pressure, the
method of reducing the pressure on the synthesis gas
mixture while preventing the formation of substan-
tial amounts of finely divided carbon, which comprises
removing the synthesis gas mixture from said generation
zone, reducing the pressure on said synthesis gas mixture
and cooling the said synthesis gas mixture to a tempera-
ture of about 1040° K. while continuously maintaining
the temperature in excess of that resulting in the forma-
tion of finely divided carbon at the instant pressure and
then cooling the synthesis gas mixture to a temperature
below 1040° K.

2. The method of claim 1, wherein additionally there
is added to the synthesis gas mixture before cooling at
least one. gas reactive with carbon selected from the
group consisting of oxygen, hydrogen, steam, carbon di-
oxide and mixtures thereof. _

3. In the manufacture of synthesis gas mixtures con-
taining hydrogen and carbon monoxide by the partial
oxidation of methane with oXygen in a generation zone
and at elevated pressures of about 10 to about 50 at-
mospheres and at elevated temperatures in excess of
those resulting in the formation of finely divided carbon
at the instant pressure, the method of reducing the pres-
sure on the synthesis gas mixture and cooling the synthesis
gas mixture while preventing the formation of substantial
amounts of finely divided carbon which comprises remov-
ing the gas mixture from said generation zone, reducing
the pressure on said synthesis gas mixture and cooling
said synthesis gas mixture to a temperature of about
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1040° K. while continuously maintaining the temperature
in excess of that represented by the relation:

T=71 log (p—0.5)4-800 (0.6—n)-1-1020
where

T'== the absolute temperature in ° K.,
p=the pressure in atmospheres, and
n=the mol ratio of oxygen to methane used in the manu-
gacture of the synthesis gas and varies from 0.55 to
.65,

and then cooling the synthesis gas mixture to a tempera-
ture below 1040° K.

4. The method of claim 3, wherein additionally there
is added to the synthesis gas mixture before cooling at
least one gas reactive with carbon selected from the
group consisting of oxygen, hydrogen, steam, carbon di-
oxide and mixtures thereof.

5. In the manufacture of synthesis gas mixtures con-
taining hydrogen and carbon monoxide by the partial
oxidation of methane with oxygen in a generation zone
at elevated pressures of about 10 to about 50 atmos-
pheres and at elevated temperatures in excess of those
resulting in the formation of finely divided carbon at
the instant pressure, the method of reducing the pres-
sure on the synthesis gas mixture and cooling the syn-
thesis gas mixture while preventing the formation of sub-
stantial amounts of finely divided carbon which comprises
removing the gas mixture from said generation zone, re-
ducing the pressure on said synthesis gas mixture and cool-
ing said synthesis gas mixture to a temperature of about
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1040° K. while continuously maintaining the temperature
in excess of that represented by the relation:

T=71 log (p—0.5)-+300 (0.6—n)-1020
where

T=the absolute temperature in ° K,
p==the pressure in atmospheres and is greater than one
atmosphere, and

n=the mol ratio of oxygen to methane and varies from
0.55 to 0.65;

simultaneously adding to the synthesis gas mixture steam
and carbon dioxide in a mol ratio of 2 :1, the amount
of said steam and carbor dioxide being expressed by
the relation:

f_3n—0.339 log (p+1.7)—1.41
0.113 log (p+1.7) —1.53

where

f=the sum of the mols of the steam and carbon dioxide,

and p and n .are as defined above, and then cooling the

synthesis gas mixture to a temperature below 1040° K.
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