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CATALYST FOR THE GAS PHASE PRODUCTION OF CARBOXYLIC ACIDS

FIELD OF THE INVENTION
[0001] This invention relates to the gas phase production of a carboxylic acid. In one
aspect the invention is the gas phase production of a carboxylic acid by the
hydroxycarbonylation of an alkene in the presence of water using a heterogeneous sulfide-based

metal catalyst.

BACKGROUND OF THE INVENTION
[0002] Carboxylic acids, such as propionic acid, are important intermediates for the
synthesis of a number of oxygenates that find applications in herbicides, food preservatives,
plastics, plasticizers, and cosmetics.
[0003] Various methods are known for the production of carboxylic acids. Taking as
an example propionic acid, one commercial method relies on the liquid phase
hydrocarboxylation of ethylene. Although there are a number of companies that have claimed
such a process, including Shell (EP 0 495 547) and Monsanto (US 3,816,490), BASF (US
5,866,716) is the sole manufacturer that exploits this direct liquid phase route. In this process
ethylene, CO and water are converted directly into propionic acid in the presence of a highly
toxic Ni(CO)4 catalyst at harsh reaction conditions (250-320°C, 100-300 bar).
[0004] A second liquid phase method to produce carboxylic acids uses olefin
hydroformylation, followed by oxidation of the aldehyde to produce the carboxylic acid. In this
commercially practiced, two reaction step, process to produce propionic acid, propanal is
produced in the first step via the hydroformylation of ethylene, and in a second step propanal is
oxidized to propionic acid (“Ullmann’s Encyclopedia of Industrial Chemistry” Vol. 30, pp.
295-311 (2012)).
[0005] Another route to produce carboxylic acids is the direct oxidation of
hydrocarbons (“Ullmann’s Encyclopedia of Industrial Chemistry” Vol. 30, pp. 295-311 (2012)).
Direct oxidation of hydrocarbons can also be used to produce propionic acid as a by-product
during acetic acid synthesis from naphtha (“Ullmann’s Encyclopedia of Industrial Chemistry”
Vol. 30, pp. 295-311 (2012)).
[0006] The liquid phase single-step hydrocarboxylation of ethylene has an advantage
in ethylene yield compared to the two-step hydroformylation/oxidation route; however, it has
found limited industrial use because of the cost and risk associated with operating a high

pressure reactor that uses a corrosive and toxic nickel carbonyl catalyst.
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[0007] The processes listed above refer to reactions in the liquid phase. The open
literature on gas phase hydrocarboxylation is limited. Early work described the formation of a
carboxylic acid via mixing steam with CO and an olefin. Examples of catalysts are charcoal
(US 2,089,903), ZnCl (US 1,924,767) and W oxides (US 2,008,348), and in all cases the
catalysts were used in combination with metal halides. Although these works indicate a
pressure range between 25 and 900 atm, the examples are performed at 600-700 atm.

[0008] US 3,501,518 discloses that the carbonylation reaction can by activated by Pd
sulfide. The reaction is performed in the liquid phase at a temperature range of 30-180 °C at a
pressure of 5-100 MPa (49-987 atm) and requires the addition of halides or co-catalysts such as
acids and an organic phosphine or nitrile.

[0009] In view of the deficiencies of the prior art methods, it would be desirable to
have an alternative catalyst system and process for the gas phase, single step

hydrocarboxylation of olefins to carboxylic acids.

SUMMARY OF THE INVENTION
[0010] The process of the invention is such a gas phase process comprising
producing a carboxylic acid by contacting at a temperature of from more than 250°C to 400°C
under halogen-free hydroxycarbonylation conditions an alkene, carbon monoxide gas, water
and a solid metal sulfide catalyst.
[0011] Surprisingly, the reaction proceeds with a metal sulfide catalyst with no need

of a halide, or other, co-catalyst, and can proceed at moderate pressures.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT

Definitions

[0012] All references to the Periodic Table of the Elements refer to the Periodic
Table of the Elements published at page 1-10 of the CRC Handbook of Chemistry and Physics,
71% Ed. (1990-1991). Also, any references to a Group or Groups shall be to the Group or
Groups reflected in this Periodic Table of the Flements using the I[UPAC system for numbering
groups. Unless stated to the contrary, implicit from the context, or customary in the art, all
parts and percentages are based on weight and all test methods are current as of the filing date
of this disclosure. For purposes of United States patent practice, the contents of any referenced
patent, patent application or publication are incorporated by reference in their entirety (or its
equivalent US version is so incorporated by reference) especially with respect to the disclosure

of synthetic techniques, product and processing designs, polymers, catalysts, definitions (to the
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extent not inconsistent with any definitions specifically provided in this disclosure), and general
knowledge in the art.

[0013] The numerical ranges in this disclosure are approximate, and thus may
include values outside of the range unless otherwise indicated. Numerical ranges include all
values from and including the lower and the upper values, in increments of one unit, provided
that there is a separation of at least two units between any lower value and any higher value. As
an example, if a compositional, physical or other property, such as, for example, molecular
weight, weight percentages, etc., is from 100 to 1,000, then the intent is that all individual
values, such as 100, 101, 102, etc., and sub ranges, such as 100 to 144, 155 to 170, 197 to 200,
etc., are expressly enumerated. For ranges containing values which are less than one or
containing fractional numbers greater than one (e.g., 1.1, 1.5, etc.), one unit is considered to be
0.0001, 0.001, 0.01 or 0.1, as appropriate. For ranges containing single digit numbers less than
ten (e.g., 1 to 5), one unit is typically considered to be 0.1. These are only examples of what is
specifically intended, and all possible combinations of numerical values between the lowest
value and the highest value enumerated, are to be considered to be expressly stated in this
disclosure. Numerical ranges are provided within this disclosure for, among other things, the

amounts of the various reactants in and the operating conditions of the inventive process.

[0014] "Composition" and like terms mean a mixture or blend of two or more
components.
[0015] “Hydroxycarbonylation conditions” and like terms mean the temperature,

pressure and other conditions necessary for an alkene, carbon monoxide and water, one or more
of which is at least partially in the form of a gas, to react with one another over and in contact
with a solid sulfide containing catalyst to form a carboxylic acid. In one embodiment, each of
the alkene, CO and water are at least partially in the form of a gas. In one embodiment each of
the alkene, CO and water are completely or nearly completely in the form of a gas.

[0016] “Halogen-free hydroxycarbonylation conditions” and like terms mean
hydroxycarbonylation conditions in which halogen in any form is absent or essentially absent
from the space in which the alkene, CO and water are contacted over a sulfide containing
catalyst to form an carboxylic acid. “Essentially absent” means, in the context of a halogen,
that any halogen present in the reaction space is present in an amount that does not materially
affect the conversion or selectivity of the reactants to the desired carboxylic acid. The source of
such halogen can be, for example, from one or more of the feeds to the reaction or the catalyst

(as, for example, a contaminant), or from the surface of a piece of equipment, etc. In one



WO 2016/060891 PCT/US2015/054235

embodiment “halogen-free” means less than 1000 parts per million (ppm), preferably less than

10 ppm, and more preferably less than 1 ppm, based on the combined weight of the reactants.

Production of the carboxylic acid

Reactants
[0017] In one embodiment, the invention is a process for the production of a
carboxylic acid from an alkene, carbon monoxide and water. The alkene can be either mono-,
or polyolefinic, i.e., containing more than one double bond. The mono-olefinic alkene is of the
formula C,H,, in which n is an integer greater than 1, typically 2-12 and more typically 2-8.
Most typically and preferably n is 2, i.e., the alkene is ethylene. Mixtures of alkenes may be
employed. For example, commercial alpha olefins containing four or more carbon atoms may
contain minor amounts of corresponding internal olefins and/or their corresponding saturated
hydrocarbon and that such commercial alkenes need not necessarily be purified from same prior
to use.
[0018] The carbon monoxide can be used neat or in combination with one or more
other gases that are inert with the reaction reagents, products and by-products under reaction
conditions. These other gases include, but are not limited to, nitrogen, carbon dioxide and the
noble gases.
[0019] The terms “alkene” and “olefin” are used interchangeably herein. Illustrative
alpha and internal olefins include, for example, ethylene, propylene, 1-butene, 1-pentene, 1-
hexene, 1-octene, 1-nonene, 1-decene, 1-undecene, 1-dodecene, 1-tridecene, 1-tetradecene, 1-
pentadecene, 1-hexadecene, 1-heptadecene, 1-octadecene, 1-nonadecene, 1-eicosene, 2-butene,
2-methyl propene (isobutylene), 2-methylbutene, 2-pentene, 2-hexene, 3-hexene, 2-heptene, 2-
octene, cyclohexene, butadiene, styrene, 1.,4-hexadiene, 1,7-octadiene, as well as alkyl
alkenoates, alkenyl alkanoates, alkenyl alkyl ethers, alkenols, alkenals, and the like. Like the
carbon monoxide, the alkene may comprise other compounds, such as impurities and
contaminants. In the case of the alkene, some of these compounds may be present as a result of
the process in which the alkene was formed. For example, a methane-containing source, such
as shale gas or natural gas, can be converted to an alkene via techniques well-known to those
skilled in the art. Depending on the alkene production process, by-products such as CO, Hy,
CO; and/or others can be present in the alkene. Thus, in one embodiment the invention is a gas
phase process comprising producing a carboxylic acid by contacting at a temperature of from
more than 250°C to 400°C under halogen-free hydroxycarbonylation conditions an alkene,

carbon monoxide gas, water and a solid metal sulfide catalyst, with the proviso that the alkene,
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preferably ethylene, is derived from a methane-containing source, such as shale gas or natural
gas.
[0020] Water (liquid or gaseous) can be pure or diluted. In one embodiment of the
invention, the water can be provided at least partially by any precursor that provides water,
including alcohols, acids and other oxygenates.

Catalyst
[0021] The catalyst is a sulfide containing catalyst, particularly a metal sulfide
catalyst, and can be in bulk or in supported form. The catalyst can comprise one or more
metals. Typically the catalyst comprises at least one Group VIII metal, e.g., iron, cobalt, nickel,
rhodium, etc., and it can contain one or more other metals as well, e.g., a Group IA metal such
as potassium or another transition metal such as titanium, vanadium, chromium, manganese,
copper, zinc, tungsten and the like. In one embodiment of the invention, the catalyst comprises
at least one Group VIII metal other than Pd. In one embodiment of the invention, the catalyst
comprises at least one of iron, cobalt, nickel, rhodium and, ruthenium. In one embodiment of
the invention, the catalyst comprises at least one of iron, cobalt, nickel, and, ruthenium. The
catalyst is a sulfide, which means that at least one metal of the catalyst is bonded covalently or
ionicly to at least one sulfur atom. Examples of catalysts for use in this invention include, but
are not limited to, iron sulfide, cobalt sulfide, ruthenium sulfide, potassium rhodium sulfide and
nickel sulfide.
[0022] The preparation of metal sulfides is well known in the art, and they can be
prepared by various processes, such as precipitation/coprecipitation. For example cobalt sulfide
can be prepared by precipitation of an aqueous solution of (NH4),S and an aqueous cobalt salt
solution, such as a cobalt nitrate solution. The precipitate is filtered, dried and treated in a
furnace at, for example 500°C, under a nitrogen gas blanket. Purchased cobalt sulfides are also
effective catalysts such as, for example, CAS 1317-42-6 available from suppliers such as Sigma
Aldrich and Materion.
[0023] The catalyst can be supported. Examples of supports include alumina, alpha
alumina, gamma alumina, silica, silica-alumina, zeolite, magnesia, magnesium hydroxide,
titania, calcium carbonate, activated carbon, and the like. The preparation of supported
catalysts is well known in the art.

Process Conditions and Equipment
[0024] The process of this invention is conducted in the gas phase over a solid
catalyst. As such, in one embodiment of the invention, the alkene, CO and water are introduced

as gases and contacted with one another over and in contact with a solid catalyst bed. The
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reactants can be introduced in a single or multiple feed streams. The molar ratio of CO to
alkene is typically at least 1:1, typically at least 3:1, more typically from 3:1 to 50:1 and even
more typically from 3:1 to 15:1. The molar ratio of alkene to water is typically at least 0.1:1,
more typically at least 0.5:1, more typically from 0.1:1 to 10:1 and even more typically from
0.2:1 to 2:1.

[0025] Although the process can be operated in either a continuous or batch mode,
the process is preferably operated in a continuous mode.

[0026] The process temperature can be from over 250°C to 450°C, from 260°C to
400°C, or from 280°C to 350°C. The total pressure of the process can be from 0.1 to 30 MPa,
or from 1.5 to 6 MPa. The gas hourly space velocity of the process is typically from 100 to
1,000,000 liters of gas feed per liter of catalyst per hour (I/L.*h), more typically from 500 to
5,000 L/L*hr.

[0027] In one embodiment, the reaction is conducted in a fixed-bed reactor. In one
embodiment the reactor is a tube reactor. In a typical protocol, the temperature and pressure are
slowly increased to the reaction conditions. The catalyst can be exposed to a feed comprising
an inert gas (such as nitrogen or helium), carbon monoxide, alkenes, water, optionally a small
amount of a sulfur-containing gas, such as H»S, and any combination of the above. Examples
of other sulfur-containing gases include but are not limited to mercaptans, thiophenes, dimethyl
sulfide and dimethyl disulfide. The feed gas may also include impurities or contaminants such
as, for example, hydrogen. 'The effluent gas from the reactor can be analyzed via gas
chromatography (GC) to determine the product composition and the amount of CO converted.
[0028] In one embodiment, the reactor is a trickle bed reactor in which the catalyst is
a solid and at least one of the reactants is at least partially in the gas phase. Typically, the
alkene and carbon monoxide are completely gaseous but the water, and in some embodiments
the alkene, depending upon its boiling point and the hydroxycarbonylation conditions, may be
partially or totally liquid. Tor purposes of this invention, a process, such as that conducted in a
trickle-bed reactor, is considered a gas phase process as long as at least one of the alkene, CO
and water is at least partially, preferably mostly, and more preferably completely or nearly
completely, in the gas phase. Typically in such a process, the alkene and CO are completely or

nearly completely in the gaseous phase under hydroxycarbonylation conditions.

EXAMPLES
Catalyst Synthesis:
[0029] Synthesis using metal nitrate precursor. Cobalt sulfide is prepared by

precipitation of an aqueous solution of Co(NO3),-H,O (9.6g Co(NOs), (purchased from Aldrich)
-6-
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in 19.2 ml H,O) with an aqueous solution of (NHy),S (20%) (purchased from Aldrich) in 40ml
of H,O in an oil bath at 60 °C. After precipitation, the samples are left at 60°C for about 15
minutes and are then cooled to room temperature. The precipitate is filtered using a vacuum
pump and “Whatman 3” qualitative filter paper, is dried and is thermally treated at 500°C under
a 200 ml/min N, flow for 1 hr in a furnace.

[0030] Synthesis using metal chloride precursor: Metal (Ni, Ru and Fe) sulfide
catalysts are prepared according to the following precipitation method with (NH4),S and the
corresponding metal chloride hydrates. 3.3 M solutions of metal chloride salts and an aqueous
(NHy4),S solution (20wt%) are added dropwise within 10 minutes to 40 ml H,O in a beaker,
which then is placed in a 60°C oil bath. After precipitation, samples are left at 60°C for about
15 minutes and then cooled to room temperature. The precipitate is filtered using a Biichner
funnel, vacuum pump and “Whatman 3” qualitative filter paper, and the powder is washed with
600 ml of H,O. Samples are dried at 50°C for 20h. Finally, samples are thermally treated at the
same conditions as the cobalt sulfide.

[0031] Example 1: The gas phase hydroxycarbonylation of ethylene with CO and
water is conducted in a fixed-bed, high pressure microreactor. The nickel sulfide catalyst
prepared hereinabove (250 microliters) is tested at 5 MPa under a flow of carbon monoxide,
water and ethylene (nitrogen is added as an internal standard) at 290°C. The composition of the
feed and the conditions tested are reported in Table 1, except that the gas hourly space velocity
is shown in Table 2. The results are shown in Table 2. Selectivities are based on mole%
carbon.

[0032] Example 2: The reaction conditions are the same as in Example 1 except that
iron sulfide prepared hereinabove is employed as the catalyst. The results are shown in Table 2.
[0033] Example 3: The reaction conditions are the same as in Example 1 except that
ruthenium sulfide prepared hereinabove is employed as the catalyst. The results are shown in
Table 2.

[0034] Example 4: The reaction conditions are the same as in Example 1 except that
cobalt sulfide is employed as the catalyst (250-500 microliters) under 2 different gas hourly
space velocities (GHSV). The results are shown in Table 2, and designated Ex. 4A and 4B.

[0035] Example 5: The reaction conditions are the same as in Example 1 except that
CoS, purchased from Materion, specifically CoS, available at

hitp//www.materion.conyBusinesses/ AdvancedMaterialsGroup/ About/InoreanicChemicalsCat

alog.aspx, is employed as the catalyst (500 microliters). The results are shown in Table 2.
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Table 1. Reaction Conditions

CO HzO C2H4 Nz P Temp
(Vol%) (Vol%) (Vol%) (Vol%) (barg) O
70 10 10 10 50 290

barg = bars, gauge

Table 2. Catalyst performance for propionic acid (PA) synthesis.

GHSV
Example | Catalyst | Conv%_Carbon | (1/h) | Sel%_PA | Sel%_HC | Sel%_CO, | Sel%_MeP | Sel%_AcH
1 NiSx 2.0 3023 87.9 1.6 4.1 5.1 0.6
2 FeSx 0.7 3118 38.5 30.3 27.5 3.7 0.0
3 RuSx 0.3 3440 | 84.0 2.0 10.0 0.0 4.0
4aA CoSx 15.9 2876 88.1 4.1 6.4 0.0 0.1
4B CoSx 18.0 1410 | 85.2 5.7 7.7 0.0 0.2
5 CoS2 12.5 1545 91.5 1.9 5.7 0.0 0.2

Sel% = selectivity based on mole% carbon.
Sel% HC= sum selectivities of C; to C¢ alkanes and alkenes.

MeP: methyl propionate, ACH: acetaldehyde, PA: propionic acid



CLAIMS
1. A gas phase process comprising producing a carboxylic acid by contacting at a temperature
of from 250°C to 400°C under halogen-free hydroxycarbonylation conditions an alkene, carbon
monoxide gas, water and a solid metal sulfide catalyst.

2. The process of Claim 1 in which the catalyst comprises a Group VIII metal, other than Pd.

3. The process of Claim 2 in which the catalyst comprises at least one of iron, cobalt, nickel,

rhodium and, ruthenium.

4. The process of Claim 3 in which the catalyst comprises at least one of cobalt, nickel, and,

ruthenium.

5. The process of any of the preceding claims in which the alkene comprises at least one
alkene selected from the group of (a) a monoolefinic alkene of the formula C,H», in which n is
from 2 to 12 and (b) a polyolefinic alkene, i.e., an alkene containing more than one double
bond.

6. The process of any of the preceding claims wherein the process is continuous.

7. The process of any of the preceding claims in which the alkene is ethylene in the gas phase.

8. The process of any of the preceding claims in which the hydroxycarbonylation conditions

include a pressure from 0.1 MPa to 10 MPa.

9. The process of any of the preceding claims conducted in a trickle-bed reactor.

10. The process of any of claims wherein the catalyst is supported.

11. The process of any of claims wherein the catalyst is cobalt sulfide.



