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(57) Abrege/Abstract:

A process for the preparation of hydrocarbon products comprising the steps of (a) providing a synthesis gas comprising hydrogen,
carbon monoxide and carbon dioxide; (b) reacting the synthesis gas to an oxygenate mixture comprising methanol and dimethyl
ether In presence of one or more catalysts which together catalyse a reaction of hydrogen and carbon monoxide to oxygenates at a
pressure of at least 4 MPa; (c¢) withdrawing from step (b) the oxygenate mixture comprising amounts of methanol, dimethyl ether,
carbon dioxide and water together with unreacted synthesis gas and introducing the entire amount of the oxygenate mixture
without further treatment into a catalytic oxygenate conversion step (d); (d) reacting the oxygenate mixture in presence of a catalyst
being active In the conversion of oxygenates to higher hydrocarbons; (e) withdrawing an effluent from step (d) and separating the
effluent into a taill gas, a liquid hydrocarbon phase containing the higher hydrocarbons produced in step.(d) and a liquid agueous
phase, wherein the pressure employed in steps (¢) to (e) Is substantially the same as employed in step (b).
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Fig. 1. Oxygenate (Methanol/DME) synthesis: H2+CO eguilib-
rium conversion curve. Temperature: 240°C; synthesis gas
composition (mole-%): H,/CO/C0O,/CHy = 47/45/4/4,

(57) Abstract: A process for the preparation of hydrocar-
bon products comprising the steps of (a) providing a syn-
thesis gas comprising hydrogen, carbon monoxide and car-
bon dioxide; (b) reacting the synthesis gas to an oxygenate
mixture comprising methanol and dimethyl ether imn pres-
ence of one or more catalysts which together catalyse a re-
action of hydrogen and carbon monoxide to oxygenates at a
pressure of at least 4 MPa; (¢) withdrawing from step (b)
the oxygenate mixture comprising amounts of methanol,
dimethyl ether, carbon dioxide and water together with un-
reacted synthesis gas and introducing the entire amount of
the oxygenate mixture without further treatment into a cat-
alytic oxygenate conversion step (d); (d) reacting the oxy-
genate mixture in presence of a catalyst being active in the
conversion of oxygenates to higher hydrocarbons; (e) with-
drawing an effluent from step (d) and separating the etftlu-
ent mnto a tail gas, a liquid hydrocarbon phase containing
the higher hydrocarbons produced in step.(d) and a liquid
aqueous phase, wherein the pressure employed in steps (¢)
to (e) 1s substantially the same as employed in step (b).
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Title:

PROCESS FOR THE PREPARATION OF HYDROCARBONS FROM
SYNTHESIS GAS

This invention relates to a process for the production of

hydrocarbons, especially gasoline.

In particular, the invention concerns a combination of
process steps for the production of gasoline compounds from
synthesis gas, wherein carbon dioxide being present 1n the
synthesis gas and being formed during the process 1s sepa-

rated from the final liquid gasoline compounds.

The synthetic gasoline process is known to take place 1n
two steps: the conversion of synthesis gas to oxygenates
and the conversion of oxygenates to gasoline product. These
process steps may either be integrated, producing an OXy-
genate intermediate, e.g., methanol or methanol dimethyl
ether mixtures, which along with unconverted synthesis gas
is passed in its entirety to the subsequent step for con-
version into gasoline or the process may be conducted 1in
two separate steps with intermediate separation of oxygen-
ates, e.g. methanol or raw methanol.

Useful oxygenates include methanol, dimethyl ether and
higher alcohols and ethers thereof, but also oxygenates
like ketones, aldehydes and other oxygenates may be ap-

plied.

In either case conversion of synthesis gas to oxygenates

involves heat development in that both the conversion of

CONFIRMATION COPY
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synthesis gas to oxygenate and the further conversion of
oxygenate to gasoline product are exothermic processes.

The production of gasoline by the integrated process scheme
is also discussed in US patent No. 4481305. Hydrocarbons
and especially as gasoline are prepared by catalytic con-
version in two subsequent reactors of a synthesis gas con-
taining hydrogen and carbon oxides and having a mole ratio
CO/H, above 1 and when the conversion commences a mole ra-
tio CO/CO, of 5 to 20. Synthesis gas 1is converted with high
efficiency in a first step into an oxygenate 1intermediate
comprising predominantly dimethyl ether (DME) said mixture
being converted in a second step into gasoline by the net

reaction scheme

3H, + 3CO -=-> CH5;0OCH; + CO, + Heat (1)
CH3OCH; -> 2/n(CHy), + H,O + Heat (2)

(CH,), represents the wide range of hydrocarbons produced
in the gasoline synthesis step. After separation of the hy-
drocarbon product, unconverted synthesis gas comprising hy-
drogen and carbon oxides is recycled to the oxygenate syn-

thesis step after CO, is at least partly removed, e.g. 1n a

CO, wash.

The general object of the invention is to provide an im-
proved integrated process scheme for the preparation of
valuable hydrocarbons, boiling in the gasoline rang from
carbon monoxide rich synthesis gas, an intermediate oxygen-
ate synthesis and a gasoline synthesis, without recycle of
unconverted synthesis gas to the oxygenate synthesis and

without removal of carbon dioxide from the intermediate
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oxygenate synthesis product upstream the oxygenate and

gasoline synthesis.

The invention is based on the finding that when operating
the oxygenate synthesis at high pressure the conversion of
the synthesis gas to oxygenate 1is almost complete and on
the further observation that larger amounts of carbon diox-
ide have no detrimental effect on the reaction of oxygen-

ates to higher hydrocarbons.

The invention provides in its broadest embodiment a process
for the preparation of hydrocarbon products comprising the
steps of

(a) providing a synthesis gas comprising hydrogen, carbon
monoxide and carbon dioxide;

(b) reacting the synthesis gas to an oxygenate mixture com-
prising methanol and dimethyl ether 1n presence of one oOr
more catalysts which together catalyse a reaction of hydro-
gen and carbon monoxide to oxygenates at a pressure of at
least 4 MPa;

(c) withdrawing from step (b) the oxygenate mixture com-
prising amounts of methanol, dimethyl ether, carbon dioxide
and water together with unreacted synthesis gas and intro-
ducing the entire amount of the oxygenate mixture without
further treatment into a catalytic oxygenate conversion
step (d):;

(d) reacting the oxygenate mixture 1in presence of a cata-
lyst being active in the conversion of oxygenates to higher
hydrocarbons;

(e) separating the effluent of step (d) into a tail gas, a

liguid hydrocarbon phase and a liquid aqueous phase,
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wherein the pressure employed in steps (c) to (e) 1s sub-

stantially the same as employed in step (b).

Synthesis gas being useful for the i1nvention 1s preferably
adjusted to a H,/CO ratio of about 1, and 1s reacted in
presence of an oxygenate catalyst including the known
methanol catalysts e.g. catalysts with copper, zinc and
aluminium oxide combined with a dehydrogenation catalyst
comprising a solid acid such as a zeolite, alumina or sil-

lca-alumina.

At such CO-rich conditions the water gas shift reaction in-
duces a strong enhancement of conversion due to favourable
thermodynamics because water formed in the oxygenate pro-
duction step is shifted virtually completely by reaction
with CO to form hydrogen and carbon dioxide. The net reac-
tion then becomes essentially that of hydrogen + carbon
monoxide to DME + CO,. High conversion levels may be ob-
tained under such conditions, even when appreciable amounts
of CO2 is present in the synthesis gas. Figure 1 shows syn-

thesis gas equilibrium conversion levels, defined as
( (H,+CO)exit / (H,+CO)inlet ) x 100%

over an oxvyvgenate synthesis catalyst active i1n MeOH and DME
and water gas shift syntheses. It 1s observed from Fig. 1
that a theoretical conversion of more than 90% may be
achieved at 7 Mpa. At 13 MPa more than 90% conversion may
be realised. At 7 MPa more than 80% conversion may be real-
ised and even at 4 MPa synthesis pressure 75% conversion

may be obtained.
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Consequently, when operating the oxygenate synthesis step
at a pressure of above 4 MPa in accordance with the inven-
tion, recycle of unconverted synthesis gas 1s advanta-

geously avolded.

The preferred pressure range for use in the oxygenate syn-

thesis is between 4 and 13 MPa.

The entire effluent withdrawn from the oxygenate synthesis
step, comprising mainly dimethyl ether and carbon dioxide
together with minor amounts of methanol, hydrogen and car-
bon monoxide is then introduced i1into the subsequent gaso-

line synthesis.

The gasoline synthesis 1s performed at substantially the

20

23

30

same pressure as employed 1n the previous oxygenate synthe-
sis in the presence of a catalyst being active 1n the reac-
tion of oxygenates to higher hydrocarbons, preferably Cs.

hydrocarbons. A preferred catalyst for this reaction 1s the

known zeolite H-ZSM-5.

The reaction of dimethyl ether to higher hydrocarbons 1s
known to be strongly exothermic and needs either i1indirect
cooling (e.g. boiling water or fluidised bed reactor) or
dilution of the reacting gas (e.g. fixed-bed adiabatic re-
actor) with an inert gas or the reaction product 1n order

to control the reaction temperature.

In an embodiment of the process according to the invention
the effluent from the oxygenate synthesis 1s diluted with

an inert gas comprising mainly carbon dioxide being recy-
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cled to the gasoline syntheslis from a downstream product

separation step.

The carbon dioxide contained in the recycle gas originates
5 from unconverted synthesis gas and 1s formed as by-product

during synthesis of dimethyl ether and gasoline.

As further an advantage of the invention, the content of

carbon dioxide having a high heat capacity (Cp,=48J/K/mole)

10 acts as a heat sink being favourable in the exothermic
gasoline reaction, resulting in a reduced amount of recycle

compared to known oxygenate to gasollne processes.

The reaction effluent from the gasoline reactor contains
15 hydrocarbons in the range from Cl to Cll, water and carbon
dioxide and residual amounts of unconverted H,, CO and 1in-

erts.

By cooling and condensation a first liquid phase with wa-
20 ter, a second liquid hydrocarbon phase of mixed gasoline
and LPG is obtained, referred to as raw gasoline and 1s
separated from a gaseous phase containing the carbon diox-
ide originating from the synthesis gas and being formed 1in
the upstream processes as described above. The raw gasoline
25 may be further processed by conventional means to obtailin a
lower-boiling gasoline fraction and a fraction of light pe-

troleum gas (LPG).

As already mentioned herein above, a part of the carbon di-
30 oxide containing gaseous phase may be recycled to the gaso-

line synthesis for temperature control.
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The amount of recycle gas is adjusted to provide an oxygen-
ate (MeOH + DME) concentration inlet of the gasoline reac-

tor between 2 and 10% by volume.

The process according to the invention does advantageously
not require any separate upstream or intermedilate carbon

dioxide removal.

Still an advantage of the invention is that the amount of
CO, being present in the synthesis gas feed stream and the
amount of CO, being produced in the synthesis step may be
recovered downstream the gasoline synthesis at essentially
the synthesis pressure prevailing in the oxygenate synthe-
sis step. This stream, apart from being rich in CO,, con-
tains inerts such as N, and Ar and also combustible com-
pounds 1n appreciable amounts: unconverted H; and CO as
well as un-condensed, primarily light, hydrocarbons and,

therefore, represents a significant calorific value.

Therefore, the part of the CO,-rich gaseous phase which 1s
not recycled to the gasoline synthesis may advantageously
be combusted thus providing source for producing electrical
power. Oxidant for the combustion may be air, preferably
oxygen—-enriched air or, more preferably oxygen 1tself: The
use of pure or almost pure oxygen as oxidant will produce a
resulting stream of essentially pure CO; containing minor
amounts of incombustible inerts such as nitrogen and argon.
The pressure of this resulting stream of essentially pure
CO, will be essentially that of the oxygenate synthesis

pressure.
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Sequestration of carbon dioxide by injection at high pres-
sure into underground geological formations serve to
mitigate the accumulation of greenhouse gases 1n the
atmosphere. Sequestration 1s practiced in many places, e.q.
in Beulah, North Dakota, hosting the world's first coal
using plant to capture and store carbon dioxide by
sequestration. Another example is the Sleipner gas field 1n
the North Sea, where carbon dioxide 1s stripped from
natural gas with amine solvents and disposed of i1n a deep

saline aquifer.

The recovery of CO, at elevated pressure according to the
invention represents a significant advantage, because 1it
enables a more economic way for sequestration of CO; than
processes using conventional methods such as absorption by
ligquid CO, absorption processes like, e.g. Rectisol,
Selexol, or amine solutions, e.g. MDEA. Beslides belng ex-
pensive in terms of capital cost and operation these recov-
ery processes typically reject CO; at cloée to atmospheric
pressure, requiring several compression stages 1n order to
reach sufficient pressure of 130 bar or similar required

for sequestration.

Thus, the present invention makes the purified CO; avail-
able at elevated pressure without requiring any of the
aforementioned technologies for upstream CO; removal simply
by post-combustion of the off-gas from the gasoline synthe-

sis.

The above disclosed features and aspects of the present 1in-
vention will be explained in more detail in the following

examples 1 and 2 by reference to the drawing and 1n Figure
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2, which shows a flow scheme of a specific embodiment of

the invention.

Example 1

A tubular reactor having an internal diameter of 19 mm was
charged with a physical mixture of 49 g of a commercial
methanol synthesis catalyst, available from Haldor Topsge
A/S under the trade name MK-131 and 21 g of commercial DME
synthesis catalyst available from Haldor Topsege A/S under
the trade name DMK-10. The catalyst was reduced for 2 hours
at 190°C and 1.0 MPa in a flow (10 N1l/h) of 2% H2 in N2.
The reactor was then fed with synthesis gas, having the
composition 1 of Table 1 (Ar, listed in Table 1 as N2/Ar,
was used as an internal standard) at a rate of 100 N1l/h and
the pressure was subsequently increased to 8.8 MPa. When
stable operating conditions were achieved the reactor ef-
fluent was analyzed online by gas chromatography, showing

the composition 2 1n Table 1.

Example 2

Referring now to Fig. 2 and Table 1 below, a synthesls gas
with the composition according to reference number 1 in Ta-
ble 1 is fed to a boiling water oxygenate reactor at a
pressure of 8.8 MPa to produce a reaction mixture 2 rich 1in
DME and CO, at an exit temperature of 26060°C. The effluent
from the oxygenate reactor 1s mixed wilith a recycle stream
5’7, forming the stream 3, and is passed to the gasoline re-
actor at 350°C. Exiting the gasoline reactor at approx.
400C, stream 4 is cooled to 5°C, causing the effluent to
separate into a gaseous phase 5, rich in CO;, a liquid
phase 6 of raw gasoline and a liquid phase 7 of water. Part

of the gaseous phase 5, 5’, is recycled to the gasoline re-
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actor in order to dilute the oxygenate feed concentration
at the gasoline reactor inlet, thus serving as a means of
reducing the exothermicity of the gasolline reactor. The re-
maining part of the gaseous phase 5, 5’’, 1s combusted with
oxygen 8 in the combustor to produce heat and electric
power resulting in a waste stream 9 of >99% CO, at a pres-

sure of 8.3 MPa.

Table 1
Stream 1 2 3 4 5 | 6 | 9 10
number | |
in
F'ig.Z |

Ho 45.7 | 17.5 | 25.6 | 25.4 | 26.5 -
H,0 2 | 1.4 | 0.1 2.7 | 37.4
CO 43.1 | 9.4
CO, 7.5 | 41.9 2.1 | 62.3 | 99.6 |
N,/Ar | 0.14 | 0.28 | O. 0.2 | 0.4
MeOH | 2.5 |
—oME | 24.1

Cl-C2 | 1.5 3.0

1025 509 5068 | 5120

The Example demonstrates that a synthesis gas contalning a

significant amount of CO, may be converted into fuel-grade
hydrocarbons, such as gasoline and LPG, with high effi-
ciency without prior removal of CO,;. At the same time this

example demonstrates that essentially all of the CO; origi-
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nally present in the synthesis gas as well as the CO;
formed in the oxygenate synthesis may be recovered at high
pressure, simlilar to the synthesis pressure except for
parasitic losses due to pressure drop etc. Beilng recovered
at elevated pressure the CO; is useful for sequestration as
opposed to known processes for CO; capture in which the CO;
1s released at much lower pressure, usually close to atmos-

pheric pressure, requiring several steps of compression in-

order to be sequestered.
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CLAIMS:

1. A process for the preparation of hydrocarbon products comprising

the steps of: '
(a) providing a synthesis gas comprising hydrogen, carbon
monoxide and carbon dioxide;
(b) reacting the synthesis gas to an oxygenate mixture
comprising methanol and dimethyl ether i1n presence of one or more
catalysts which together catalyze a reaction of hydrogen and
carbon monoxide to oxygenates at a pressure of at least 4 MPa;
(C) withdrawing from step (b) the oxygenate mixture comprising
amounts of methanol, dimethyl etheyxy, carbon diocxide and water
together with unreacted synthesis gas and introducing the entire
amount of the oxygenate mixture without further treatment into a
catalytic oxygenate conversion step (4);
(d) reacting the oxygenate mixture 1in presence of a catalyst
being active in the conversion of oxygenates to higher
hydrocarbons;: and
(e) withdrawing an effluent from step (d) and separating the
effluent into a tail gas, a liguid hydrocarbon phase containing
the higher hydrocarbons produced in step {(d) and a liguid agqueous
phase, wherein the pressure employed in steps (¢) to (e) 1s

substantially the same as employed in step (b), and

wherein the oxygenate mixture is diluted with an inert gas
comprising substantially carbon dioxide contained in the
synthesis gas and formed during reaction of the synthesis gas to
dimethyl ether, the carbon dioxide being recycled to step {(d)

from a downstream product separation step.

2. The process according to claim 1, wherein part of the tail gas

remaining from step (e) is combusted to a combustion gas containing

CO;.
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3. The process according to claim 2, wherein the part of the tail
gas remalning from step (e) is combusted with oxygen to produce power

and to provide a stream of CO, at elevated pressure.

4 The process according to claim 2, wherein the C0O, 1s eventually
sequestered.
5. The process according to claim 1, wherein a part of the tail gas

obtained in step (e) 1s recycled to step (d).

5. The process of any one of claims 1 to 5, wherein the pressure in

step (b) 1s between 4 and 13 MPa.

7. The process of any one of claims 1 to 6, wherein the liquid

hydrocarbon phase comprises raw gasoline.
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Fig. 1. Oxygenate (Methanol/DME) synthesis: H2+CO equilib-

rium conversion curve. Temperature: 240°C; synthesis gas

composition (mole-%): H,/CO/CO,/CHq = 47/45/4/4.
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