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OXIDATIVE HALOGENATION AND OPTIONAL DEHYDROGENATION
OF C3+ HYDROCARBONS

This invention pertains to a process for the oxidative halogenation and optional
dehydrogenation of a reactant hydrocarbon having three or more carbon atoms (hereinafter
referred to as a “C3+ hydrocarbon™). For the purposes of this discussion, the term
“oxidative halogenation and optional dehydrogenation” shall refer to a process wherein a
reactant hydrocarbon having three or more carbon atoms, or a halogenated derivative
thereof, is contacted with a source of halogen and, optionally, a source of oxygen so as to
form a halogenated hydrocarbon product having three or more carbon atoms and having a
greater number of halogen substituents as compared with the reactant hydrocarbon, and
optionally, an olefinic hydrocarbon product having three or more carbon atoms.

Olefinic C3+ hydrocarbons and halogenated C3+ hydrocarbons, for example,
propene, chloropropanes, and chloropropenes, more preferably, propene, dichloropropane,
and allyl chloride, find utility in a broad spectrum of applications. Propene (or propylene) is
an important olefin feedstock for many useful products, such as polypropylene, isopropyl
alcohol, and cumene. Dichloropropane is useful in fumigants and solvent mixtures. Allyl
chloride is a precursor to allyl alcohol and epichlorohydrin.

While there are several known methods for preparing propene by the
dehydrogenation of propane, none are practiced on a commercial scale, because the methods
are too energy and capital intensive. Propene is produced mainly as a co-product in two
major petrochemical processes: steam cracking, from which the major products are ethyiene,
propene, butenes and butadiene, and catalytic cracking, from which the major products are
naphtha (gasoline), propene, and butenes. Both of these processes provide essentially all of
the propene that the market has needed up to this time. As propene demand increases more
rapidly than the market for ethylene and/or gasoline, it would be useful to have a route to
propene that is not tied to these other products.

The uncatalyzed oxidative halogenation of olefinic hydrocarbons having three or
more carbon atoms, such as propene, with chlorine to the corresponding unsaturated
halogenated hydrocarbons, such as chloropropenes, referred to as the “hot chlorination
route,” is described in the following representative art of K. Weissermel and H.-J. Arpe,

“Industrial Organic Chemistry”, 2™ edition, VCH Verlagsgesellschaft mbH, Weinheim, pp.
291-293. The process, while efficient, is disadvantageously conducted at high temperatures.

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

CA 02448500 2003-11-21

WO 02/0947350 PCT/US02/13011

The reactions of halogens with saturated C3+ hydrocarbons by both-ureatalyzed and
catalytic routes have also been reported in the art; see for example, Olah and Molnar
“Hydrocarbon Chemistry,” John Wiley & Sons, 1995, pp. 415-432, and Wittcott and
Reuben “Industrial Organic Chemicals,” John Wiley & Sons, 1996, pp. 338-341. Catalyzed
routes are also reported by Weissermel and Arpe, Ibid, p. 292. The catalyzed routes are not
practiced commercially, because the “hot chlorination” route is more etficient and cost
effective. In the catalyzed process, however, the reactant hydrocarbon is contacted under
reaction conditions with a source of halogen and, optionally, a source of oxygen in the
presence of an oxidative halogenation catalyst. Typically, the catalyst contains a copper
compound, an iron compound, or cetium oxide, optionally, with one or more alkali or
alkaline earth metal chlorides, and/or optionally, with one or more rare earth compounds,
supported on an inert carrier, typically alumina, silica, or an aluminosilicate.

Disadvantageously, the catalyzed processes of the prior art produce an unacceptable
quantity of highly halogenated products, including perhalogenated products, which are less
desirable than the monohalogenated and dihalogenated products. As a further disadvantage,
the prior art processes produce an unacceptable quantity of deep oxidation products (COxy),
specifically, carbon monoxide and carbon dioxide. The production of lower value highly
halogenated products and undesirable oxidized products irretrievably wastes the
hydrocarbon feed and creates product separation and by-product disposal problems. Asa
further disadvantage, many of the transition metal halides used as catalysts for this type of
process exhibit significant vapor pressure at reaction temperatures; that is, these catalysts
are volatile. The volatility generally produces a decline in catalyst activity and/or deposition
of corrosive materials in downstream parts of the process equipment.

As evidenced from the above, the catalyzed oxidative halogenation of hydrocarbons
having three or more carbon atoms is substantially non-selective for the corresponding
mono- and di-halogenated hydrocarbon products. Accordingly, an increase in selectivity to
mono- and di-halogenated hydrocarbons is needed. Likewise, a reduction in selectivities to
higher halogenated products, including perhalogenated products, and oxygenated products 1s
needed. Also, increases in catalyst activity and catalyst lifetime are needed. With these
improvements, the oxidative halogenation of C3+ hydrocarbons to halogenated C3+ |

hydrocarbons, preferably, mono- and di-halogenated C3+ hydrocarbons, such as

_9-
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dichloropropane and allyl chloride, and optionally, to unsaturated hydrocarben«products,
preferably olefins, should be more attractive.

This invention provides for a novel oxidative halogenation and optional
dehydrogenation process of preparing a halogenated C3+ hydrocarbon, and optionally, a
C3+ olefinic hydrocarbon. The novel process of this invention comprises contacting a
reactant hydrocarbon having three or more carbon atoms (a C3+ hydrocarbon), or a
halogenated derivative thereof, with a source of halogen and, optionally, a source of okygen
in the presence of a catalyst under process conditions sufficient to prepare a halogenated
hydrocarbon product having three or more carbon atoms (a halogenated C3+ hydrocarbon)
and having a greater number of halogen substituents as compared with the reactant
hydrocarbon. Optionally, a second product is produced comprising an olefinic hydrocarbon
having three or more carbon atoms. In this process, it is preferred to employ the source of
oxygen. The catalyst emplbyed in this process comprises a rare earth halide or rare earth
6xyh'alide compound substantially free of copper and iron, with the proviso that when
cerium is present in the catalyst, at least one other rare earth element is also present in the
catalyst.

The novel oxidative halogenation and optional dehydrogenation process of this
invention advantageously converts a reactant hydrocarbon having three or more carbon
atoms, or a halogenated derivative thereof, in the presence of a source of halogen and,
preferably, a source of oxygen into a halogenated hydrocarbon product having three or more
carbon atoms and having an increased number of halogen substituents as compared with the
reactant hydrocarbon. Optionally, a second hydrocarbon product may be concurrently
produced comprising a C3+ olefinic hydrocarbon. In a preferred embodiment, the process
of this invention can be beneficially employed to oxidatively chlorinate propane in the
presence of hydrogen chloride and oxygen to allyl chloride and propylene. As compared
with prior art processes, the process of this invention advantageously produces halogenated
hydrocarbon product, preferably, mono- and di-halogenated hydrocafbon products and,
optionally, olefinic hydrocarbon product in high selectivities with essentially no
perhalogenated halocarbon by-products and low levels, if any, of undesirable oxygenates,
such as, carbon monoxide and carbon dioxide. The lower seléctivity to perhalogenated
halocarbons and undesirable oxygenated by-products correlates with a more efficient use ot

reactant hydrocarbon, a higher productivity of the desired lower halogenated hydrocarbon

~3-
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products and optional olefin, and fewer separation and waste disposal problems. As an
additional advantage, the less desired product formed, either oletin or halogenated product
as the case may be, may be recycled to the oxidative halogenation process to maximize the
production of the more desired product.

In addition to the above advantages, the catalyst employed in the process of this
invention does not require a conventional carrier or support, such as alumina or silica.
Instead, the catalyst employed in this invention beneficially comprises a rare earth halide or
rare earth oxyhalide compound that uniquely functions both as a catalyst support and as a
source of a further catalytically active rare earth component. Unlike many heterogeneous
catalysts of the prior art, the rare earth halide catalyst of this invention is beneficially soluble
in water. Accordingly, should process equipment, such as filters, valves, circulating tubes,
and small or intricate parts of reactors, become plugged with particles of the rare earth
halide catalyst, then a simple water wash can advantageously dissolve the plugged particles

and restore the equipment to working order. As a further advantage, the catalysts used 1n
the process of this invention are significantly less volatile, as compared with the prior art
catalysts. Accordingly, the rare earth halide and rare earth oxyhalide catalysts employed in
the process of this invention possess an acceptable reaction rate and a long lifetime, and
further, present essentially no downstream contamination or corrosion problems.

All of the aforementioned properties render the process of this invention uniquely
attractive for converting a reactant C3+ hydrocarbon, or a halogenated derivative thereot,
into a halogenated C3+ hydrocarbon having a greater number of halogen substituents than 1n
the reactant hydrocarbon, and optionally, into a co-product C3+ olefinic hydrocarbon. In
preferred embodiments of this invention, mono- and/or di-halogenated hydrocarbon
products are selectively produced along with the olefin. As a most preferred advantage, the
process of this invention can oxidatively dehydrogenate and halogenate propane selectivity
to propene and monohalogenated propene, preferably, allyl chloride or allyl bromide.

In the novel oxidative halogenation and optional dehydrogenation process of this
invention, a halogenated hydrocarbon product having three or more carbon atoms,
preferably a mono- and/or di-halogenated hydrocarbon product having three or more carbon
atoms, and an optional olefinic co-product are selectively produced with essentially no
formation of perhalogenated chlorocarbon product and with advantageously low levels of

undesirable oxygenated by-products, such as, CO, oxygenates (CO and CO;). The novel

~4 -
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process of this invention comprises contacting a hydrocarbon having three ermeore carbon
atoms (a C3+ hydrocarbon), or a halogenated derivative thereof, with a source of halogen
and, optionally, a source of oxygen in the presence of a catalyst under process conditions
sufficient to prepare a halogenated hydrocarbon product having three or more carbon atoms
(a halogenated C3+ hydrocarbon) and having a greater number of halogen substituents as
compared with the reactant hydrocarbon. Optionally, a co-product comprising an olefin
having three or more carbon atoms is formed in the procesé. In a preferred embodiment of
the invention, the source of oxygen is employed. The unique catalyst employed in the
oxidative halogenation and optional dehydrogenation process of this invention comprises a
rare earth halide or rare earth oxyhalide compound that is substantially free of copper and
iron, with the further proviso that when cerium is present in the catalyst, at least one other
rare earth element is also present in the catalyst.

The term “oxidative halogenation and optional dehydrogenation” shall in some

occurrences hereinafter be simply referred to “oxidative halogenation.” This shortened term
1s used for convenience oniy and shall not limit the process in any fashion. The process of
this invention shall include both halogenation reactions wherein halogenated products are
formed as well as dehydrogenation reactions wherein less saturated hydrocarbon products

(for example, olefins) are formed, as compared with the reactant hydrocarbons (for example,

alkanes).

In a preferred embodiment of this invention, the process produces as a co-product a
C3+ olefin, preferably, propylene. The co-product olefin can be advantageously recycled to
the oxidative halogenation process for further processing to halogenated hydrocarbons,
preferably, allyl chloride.

In another preferred embodiment of this invention, the halogenated hydrocarbon
product, such as allyl chloride, can be recycled to the oxidative halogenation process for
further processing to olefinic products, such as propylene.

In a more preferred embodiment of this invention, the process comprises contacting
propane with a source of halogen and, optionally, a source of oxygen in the presence ot a
catalyst under process conditions sufficient to prepare allyl halide and propylene, the
catalyst comprising a rare earth halide or rare earth oxyhalide that is substantially free of
copper and iron, with the further proviso that when cerium is present in the catalyst, at least

one other rare earth element is also present in the catalyst. In a most preferred embodiment,

-5-
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the source of halogen is hydrogen chloride; the halogenated C3+ hydrocarban groduced is
allyl chloride; and the co-product olefin produced is propylene.

With respect to the catalyst, in a preferred embodiment, the rare earth halide or rare
earth oxyhalide catalyst is “porous,” which, for the purposes of this invention, means that
the catalyst has a surface area of least 5 m*/g, as determined by the BET (Brunauer-Emmet-
Teller) method of measuring surface area, described by S. Brunauer, P. H. Emmett, and E.
Teller, Journal of the American Chemical Society, 60, 309 (1938). In another more
preferred embodiment of this invention, the rare earth halide is lanthanum chloride, and the
rare earth oxyhalide is lanthanum oxychloride.

The reactant hydrocarbon used in the oxidative halogenation process of this
invention comprises a hydrocarbon having three or more carbon atoms or a halogenated
hydrocarbon having three or more carbon atoms, either being capable of acquiring more

halogen substituents in accordance with the process described herein. The halogen

substituent of the halogenated reactant hydrocarbon is preferably selected from chlorine, —— -

bromine, iodine, and mixtures thereof, more preferably, chlorine and bromine. One, two, or
three halogen substituents may be present on the halogenated hydrocarbon; but for the
purposes of this invention the reactant halogenated hydrocarbon is not a perhalogenated
compound, as in hexachloropropane. Different halogen substituents may be suitably present
in the halogenated hydrocarbon reactant, as illustrated by bromochloropropane and the like.
Suitable examples of reactant hydrocarbons and reactant halogenated hydrocarbons include,
without limitation, alkanes and alkenes, and halogenated derivatives thereof, including
propane, butane, pentane, chloropropane, chlorobutane, dichloropropane, dichlorobutane,
bromopropane, bromobutane, dibromopropane, dibromobutane, bromochloropropane, and
the like, including higher homologues thereof. Likewise, cyclic aliphatic hydrocarbons,
such as cyclohexane, and aromatic hydrocarbons, such as benzene, ethylbenzene, and
cumene, including alkyl and halo substituted cyclic aliphatics and aromatics, may be
employed. Preferably, the reactant hydrocarbon or reactant halogenated hydrocarbon 1s a
C1.0 hydrocarbon, more preferably, a Cs.jo hydrocarbon. The most preferred reactant
hydrocarbon is selected from propane and propene. The reactant hydrocarbon may be
provided to the oxidative halogenation process as a pure feed stream, or diluted with an inert
diluent as described hereinafter, or as a mixture of reactant hydrocarbons, optionally, further

in combination with an inert diluent.

SUBSTITUTE SHEET (RULE 26)
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The source of halogen, which is employed in the process of this invention, may be
any inorganic or organic halogen-containing compound that is capable of transterring its
halogen atom(s) to the reactant hydrocarbon. Suitable non-limiting examples of the source
of halogen include chlorine, bromine, iodine, hydrogen chloride, hydrogen bromide,
hydrogen iodide, and halogenated hydrocarbons having one or more labile halogen
substituents (that is, transferable halogen substituents). Examples of the latter include
perhalocarbons, such as carbon tetrachloride and carbon tetrabromide, as well as highly
halogenated hydrocarbons having, for example, three or more halogen atoms. Non-limiting
examples of highly halogenated hydrocarbons having three or more halogen substituents, at
least one substituent of which is labile, include chloroform and tribromomethane. |
Preferably, the source of halogen is a source of chlorine or a source of bromine, more
preferably, hydrogen chloride or hydrogen bromide, most preferably, hydrogen chlonde.

The source of halogen niay be provided to the process in any amount that is effective
in producing the desired halogenated hydrocarbon product. Typically, the amount of
halogen source will vary depending upon the specific process stoichiometry, the reactor
design, and safety considerations. It is possible, for example, to use a stoichiometric amount
of halogen source with respect to the reactant hydrocarbon or with respect to oxygen, 1if
oxygen is present. Alternatively, the source of halogen may be used in an amount that 1s
greater or less than the stoichiometric amount, if desired. In one embodiment illustrative of
the invention, propane can be oxidatively chlorinated with chlorine to form chloropropane

and hydrogen chloride, the stoichiometric reaction of which is shown in Equation (I)

hereinafter:

CH;CH,CHj; + Cl; ---> CH3CHCICH3 + HCl
(I)

The aforementioned process, which does not employ oxygen, would usually be conducted at
a stoichiometric molar ratio of chlorine to propane or at a higher than stoichiometric molar
ratio of chlorine to propane (molar ratio >1 Cl, : 1 CH;CH,CHj), and preferably, would be
conducted in an excess of chlorine to ensure complete conversion of propane. In this
embodiment of the invention, the molar ratio of source of halogen to reactant hydrocarbon 1s
generally greater than 1/1, preferably, greater than 2/1, and more preferably, greater than

4/1. Generally, in this embodiment of the invention the molar ratio of source of halogen to

-7-
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reactant hydrocarbon is less than 20/1, preferably, less than 15/1, and more preferably, less
than 10/1.

In another embodiment illustrative of the invention, propane can be oxidatively
chlorinated and dehydrogenated with hydrogen chloride in the presence of oxygen to
5 produce allyl chloride, propylene, and water, the stoichiometric reaction of which is shown

hereinafter in Equation (II):

2 CH3CH,CH;3; + HC1 + 1.5 O, -> CH,=CHCHj; + CH,=CHCH,Cl + 3 H,0
(1)

10  This embodiment of the process, which employs oxygen, is usually conducted “fuel-rich,”
due to safety considerations. The term “fuel-rich” means that oxygen is the limiting reagent
and a molar excess of reactant hydrocarbon is used relative to oxygen. Typically, for
example, the molar ratio of hydrocarbon to oxygen is chosen for operation outside the fuel-

~ rich flammability limit of the mixture, although this is not absolutely required. In addition,

15  a stoichiometric molar ratio of hydrogen halide to oxygen (for example, 1 HCI : 1.5 O,) is
typically employed to ensure complete reaction of both the source of halogen and oxygen.

A source of oxygen is not required for the process of this invention; however, use of
a source of oxygen is preferred, particularly when the source of halogen contains hydrogen
atoms. The source of oxygen can be any oxygen-containing gas, such as, commercially pure

20  molecular oxygen, air, oxygen-enriched air, or a mixture of oxygen with a diluent gas that
does not interfere with the oxidative halogenation process, such as, nitrogen, argon, helium,
carbon monoxide, carbon dioxide, methane, and mixtures thereof. As noted above, when
oxygen is employed, the feed to the oxidative halogenation reactor is generally fuel-rich.
Typically, the molar ratio of reactant hydrocarbon to oxygen is greater than 2/1, preferably,

25  greater than 4/1, and more preferably, greater than 5/1. Typically, the molar ratio of reactant
hydrocarbon to oxygen is less than 20/1, preferably, less than 15/1, and more preferably, less
than 10/1. '

Based on the description hereinabove, one skilled in the art will know how to
determine the molar quantities of reactant C3+ hydrocarbon, source of halogen, and source

30 of oxygen suitable for reactant combinations different from those illustrated herein.

Optionally, if desired, the feed, comprising reactant hydrocarbon, source of halogen,

and optional source of oxygen, can be diluted with a diluent or carrier gas, which may be

-8-
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any essentially non-reactive gas that does not substantially intertere with the_axydative
halogenation process. The diluent may assist in removing products and heat from the
reactor and in reducing the number of undesirable side-reactions. Non-limiting examples of
suitable diluents include nitrogen, argon, helium, carbon monoxide, carbon dioxide,
methane, and mixtures thereof, The quantity of diluent employed is typically greater than
10 mole percent, and preferably, greater than 20 mole percent, based on the total moles of
feed to the reactor, that is, total moles of reactant hydrocarbon, source of halogen, source of
oxygen, and diluent. The quantity of diluent employed is typically less than 90 mole
percent, and preferably, less than 70 mole percent, based on the total moles of feed to the
reactor.

The catalyst employed in the oxidative halogenation process of this invention
comprises, in one aspect, a rare earth halide compound. The rare earths are a group of 17
elements consisting of scandium (atomic number 21), yttrium (atomic number 39) and the
lanthanides (atomic numbers 57-71) [James B. Hedrick, U.S."Geological Survey - Minerals
Information - 1997, "Rare-Earth Metals"]. Preferably, herein, the term is taken to mean an
element selected from lanthanum, cerium, neodymium, praseodymium, dysprosium,
samarium, yttrium, gadolinium, erbium, ytterbium, holmium, terbium, europium, thulium,
lutetium, and mixtures theréof. Preferred rare earth elements for use in the aforementioned
oxidative halogenation process are those that are typically considered as being single
valency metals. The catalytic performance of rare earth halides using multi-valency metals
appears to be less desirable than rare earth halides using single valency metals. The rare
earth element for this invention is preferably selected from lanthanum, praeseodymium,
neodymium, and mixtures thereof. Most preferably, the rare earth element used in the
catalyst is lanthanum or a mixture of lanthanum with other rare earth elements.

Preferably, the rare earth halide is represented by the formula MX3 wherein M 1s at
least one rare earth element selected from the group consisting of lanthanum, cerium,
neodymium, praseodymium, dysprosium, samarium, yttrium, gadolinium, erbium,
ytterbium, holmium, terbium, europium, thulium, lutetium, and mixtures thereof; and
wherein each X is independently selected from chloride, bromide, and iodide. More
preferably, X is chloride, and the more preferred rare earth halide is represented by the
formula MCls, wherein M is defined hereinbefore. Most preferably, X is chloride and M 1s

lanthanum or a mixture of lanthanum with other rare earth elements.

-9 -
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In a preferred embodiment, the rare earth halide is porous, meaning thettypically the
rare earth halide has a BET surface area of greater than 5 m’/g. Preferably, the BET surface
area 1s greater than about 10 m°/g, more preferably, greater than about 15 m®/g, even more
preferably, greater than about 20 m”/g, and most preferably, greater than about 30 m’/g. For
these above measurements, a nitrogen adsorption isotherm was measured at 77K and the

surface area was calculated from the isotherm data utilizing the BET method, as referenced

earlier herein.

In another aspect, the catalyst employed in this invention comprises a rare earth
oxyhalide, the rare earths being the seveﬁteen elements identified hereinabove. Preferably,
the rare earth oxyhalide is represented by the formula MOX, wherein M is at least one rare
earth element selected from the group consisting of Qlanthanum, cerium, neodymium,

praseodymium, dysprosium, samarium, yttrium, gadolinium, erbium, ytterbium, holmium,

terbium, europium, thulium, lutetium, and mixtures thereof; and wherein each X 1s

independently selected from the group consisting of chloride, bromide, and 10dide. More
preferably, the rare earth halide is a rare earth oxychloride, represented by the formula
MOC], wherein M is defined hereinbefore. Most preferably, X is chloride, and M is
lanthanum o.r a mixture of lanthanum with other rare earth elements.

In a preferred embodiment, the rare earth oxyhalide is also porous, which generally
implies a BET surface area of greater than about 12 mzlg. Preferably, the rare earth
oxyhalide has a BET surface area of greater than about 15 m*/g, more preferably, greater
than about 20 m*/g, and most preferably, greater than about 30 m’/g. Generally, the BET
surface area of the rare earth oxyhalide is less than about 200 m*/g. In addition, it is noted

that the MOCI phases possess characteristic powder X-Ray Diffraction (XRD) patterns that
are distinct from the MCl; phases.

In general, the presence in the catalyst of metals that are capable of oxidation-
reduction (redox) is undesirable. Redox metals typically include transition metals that have
more than one stable oxidation state, such as iron, copper, and manganese. The rare earth
halide or oxyhalide cétalyst of this invention is specifically required to be substantially free
of copper and iron. The term “substantially free” means that the atom ratio of rare earth
element to redox metal, preferably iron or copper, is greater than about 1/1, preferably
greater than about 10/1, more preferably greater than about 15/ 1 , and most preferably greater

than about 50/1. In addition, cerium, a lanthanide rare earth element, is known to be an

~10-

SUBSTITUTE SHEET (RULE 26)



10

15

20

25

30

CA 02448500 2003-11-21
WO 02/094750 PCT/US02/13011

oxidation-reduction catalyst having the ability to access both the 3" and 4" oxidation states.
For this reason, if the rare earth metal is cerium, the catalyst of this invention further
comprises at least one more rare earth metal other than cerium. Preferably, if one of the rare
earth metals is cerium, the cerium is provided in a molar ratio that is less than the total
amount of other rare earth metals present in the catalyst. More preferably, however,
substantially no cerium is present in the catalyst. By “substantially no certum” it 1S meant
that any cerium present is in an amount less than about 10 atom percent, preferably, less
than about 5 atom percent, and even more preferably, less than about 1 atom percent of the
total rare earth components.

In an alternative embodiment of this invention, the rare earth halide or rare earth
oxyhalide catalyst, described hereinbefore, may be bound to, extruded with, or deposited
onto a conventional catalyst support, such as alumina, silica, silica-alumina, porous

aluminosilicate (zeolite), silica-magnesia, bauxite, magnesia, silicon carbide, titanium oxide,

"~ zirconium oxide, zirconium silicate, or any combination thereof. In this embodiment, the

conventional support is used in a quantity greater than about 1 weight percent, but less than
about 90 weight percent, preferably, less than about 70 weight percent, more preferably, less
than about 50 weight percent, based on the total weight of the catalyst and catalyst support.

It may also be advantageous to include other elements within the catalyst. For
example, preferable elemental additives include alkali and alkaline earths, boron,
phosphorous, sulfur, germanium, titanium, zirconium, hafnium, and combinations thereof.
These elements can be present to alter the catalytic performance of the composition or to
improve the mechanical properties (for example attrition-resistance) of the material. In a
preferred embodiment, the elemental additive is calcium. In another preferred embodiment,
the elemental additive is not aluminum or silicon. The total concentration of elemental
additives in the catalyst is typically greater than about 0.01 weight percent and typically less
than about 20 weight percent, based on the total weight of the catalyst.

The rare earth halide and rare earth oxyhalide compounds may be obtained
commercially or prepared by methods published in the art. A method currently felt to be
preferable for forming the porous rare earth oxyhalide (MOX) comprises the following
steps: (a) preparing a solution of a halide salt of the rare earth element or elements in a
solvent comprising either water, an alcohol, or mixtures thereof; (b) adding a base to cause

the formation of a precipitate; and (c) collecting and calcining the precipitate in order to

-11-
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form the MOX. Preferably, the halide salt is a rare earth chloride salt, for example, any
commercially available rare earth chloride. Typically, the base is a nitrogen-containing base
selected from ammonium hydroxide, alkyl amines, aryl amines, arylalkyl amines, alkyl
ammonium hydroxides, aryl ammonium hydroxides, arylalkyl ammonium hydroxides, and
mixtures thereof. The nitrogen-containing base may also be provided as a mixture of a
nitrogen-containing base with other bases that do not contain nitrogen. Preferably, the
nitrogen-containing base is ammonium hydroxide or tetra(alkyl)ammonium hydroxide, more
preferably, tetra(Cj.yo alkyl)ammonium hydroxide. Porous rare earth oxyhalides may also
bé produced by appropriate use of alkali or alkaline earth hydroxides, particularly, with the
buffering of a nitrogen-containing base, although caution should be exercised to avoid
producing substantially the rare earth hydroxide or oxide. The solvent in Step (a) 1s
preferably water. Generally, the precipitation is conducted at a temperature greater than
about 0°C. Generally, the precipitation is conducted at a temperature less than about 200°C,
preferably, less than about 100°C. The precipitation is conducted generally at about ambient
atmospheric pressure, although higher pressures may be used, as necessary, to maintain
liquid phase at the precipitation temperature employed. The calcination is typically
conducted at a temperature greater than about 200°C, preferably, greater than about 300°C,
and less than about 800°C, preferably, less than about 600°C. Production of mixed

‘carboxylic acid and rare earth halide salts also can yield rare earth oxyhalides upon

appropriate decomposition.

A method currently felt to be preferable for forming the porous rare earth halide
(MX3) catalyst comprises the following steps: (a) preparing a solution of a halide salt of the
rare earth element or elements in a solvent comprising either water, an alcohol, or mixtures
thereof: (b) adding a base to cause the formation of a precipitate; (c) collecting and calcining
the precipitate; and (d) contacting the calcined precipitate with a halogen source.
Preferably, the rare earth halide is a rare earth chloride salt, such as any commercially
available rare earth chloride. The solvent and base may be any of those mentioned
hereinbefore in connection with the formation.of MOX. Preferably, the solvent 1s water,
and the base is a nitrogen-containing base. The precipitation is generally conducted at a
temperature greater than about 0°C and less than about 200°C, preferably less than about
100°C, at about ambient atmospheri¢ pressure or a higher pressure so as to maintain liquid

phase. The calcination is typically conducted at a temperature greater than about 200°C,
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preferably, greater than about 300°C, but less than about 800°C, and preferably.less than
about 600°C. Preferably, the halogen source is a hydrogen halide, such as hydrogen
chloride, hydrogen bromide, or hydrogen iodide. More preferably, the halogen source 1s
hydrogen chloride. The contacting with the halogen source is typically conducted at a
temperature greater than about 100°C and less than about 500°C. Typical pressures for the
contacting with the source of halogen range from about ambient atmospheric pressure to
pressures less than about 150 psia (1,034 kPa).

As noted hereinabove, the rare earth oxyhalide (MOX) compound can be converted
into the rare earth halide (MX3) compound by treating the oxyhalide with a source of
halogen. Since the oxidative halogenation process of this invention requires a source of
halogen, it is possible to contact the rare earth oxyhalide with a source of halogen, such as
chlorine, in the oxidative halogenation reactor to form the MX; catalyst in situ .

The oxidative halogenation, and optional dehydrogenation, process of this invention
can be conducted in a reactor of any conventional design suitable for gas‘ or liquid phase
processes, including batch, fixed bed, fluidized bed, transport bed, continuous and
intermittent flow reactors, and catalytic distillation reactors. The process conditions (for
example, molar ratio of feed components, temperature, pressure, weight hourly space
velocity), can be varied widely, provided that the desired halogenated C3+ hydrocarbon
product, preferably mono- or di-halogenated C3+ hydrocarbon product, and optionally, the
desired olefinic product, are obtained. Typically, the process temperature is greater than
about 100°C, preferably, greater than about 150°C, and more preferably, greater than about
200°C. Typically, the process temperature is less than about 600°C, preferably, less than
about 500°C, and more preferably, less than about 450°C. Ordinaﬁly, the process can be
conducted at atmospheric pressure; but operation at higher or lower pressures is possible, as
desired. Preferably, the pressure is équal to or greater than about 14 psia (97 kPa), but less
than about 150 psia (1,034 kPa). Typically, the total weight hourly space velocity (WHSV)
of the feed (reactant hydrocarbon, source of halogen, optional source of oxygen, and
optional diluent) is greater than about 0.1 gram total feed per g catalyst per hour (h™"), and
preferably, greater than about 1 h''. Typically, the total weight hourly space velocu:y of the
feed is less than about 1,000 h™', and preferably, less than about 100 h™. !

If the oxidative halogenation and optional dehydrogenation process is conducted as

described hereinabove, then a halogenated hydrocarbon product 1s formed that has three or
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more carbon atoms and a greater number of halogen substituents as compared-with the
reactant hydrocarbon. Halogenated hydrocarbon products beneficially produced by the
process of this invention include halogenated alkanes and halogenated alkenes, including,
without limitation, chloropropane, allyl chloride, dichloropropane, bromopropane,
dibromopropane, allyl bromide, trichloropropane, tribromopropane, and
bromochloropropane. Preferably, the halogenated C3+ hydrocarbon product has Cs-2
carbon atoms, more preferably, Cs.jo carbon atoms. In another preferred embodiment, the
halogenated C3+ hydrocarbon product is a mono- or di-halogenated C3+ product. Most
preferably, the halogenated hydrocarbon product is dichloropropane or allyl chloride. In
another preferred aspect of this invention, the halogenated alkene product that is formed 1s
selectively halogenated at a terminal carbon position.

In addition to the halogenated C3+ hydrocarbon product, the process of this
invention may optionally produce one or more olefins having three or more carbon atoms,
Dienes, as well as monoolefins, may be produced. Preferably, the C3+ olefinic product has
C;.50 carbon atoms, more preferably, Cs.jo carbon atoms. More preferably, the C3+ olefinic
product 1s propylene.

Typically, in the process of this invention, the number of carbon atoms in the
reactant hydrocarbon is essentially conserved in the halogenated hydrocarbon product and
the olefinic product. As the carbon chain in the reactant hydrocarbon is lengthened,
however, then the possibility increases that some cracking may occur leading to halogenated
hydrocarbon products and olefins of shorter chain length, as compared with the reactant
hydrocarbon.

In another aspect of this invention, any olefin in the effluent stream, such as propene,
may be separated from the halogenated hydrocarbon products and recycled to the oxidative
halogenation process for further processing to form halogenated C3+ hydrocarbons, such as,
allyl chloride. Likewise, any halogenated product, such as allyl chloride, in the effluent
stream may be separated from the olefin products and recycled to the oxidative halogenation
process for further processing to form olefinic product, such as propene. The product to be
recycled shall depend upon the desired end-product that is to be maximized.

For the purposes of the description herein, “conversion” shall be defined as the mole

percentage of reagent that is converted in the oxidative halogenation process of this
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invention into product(s). Reference may be made to “conversion of reactant 3+
hydrocarbon,” or “conversion of source of halogen,” or “oxygen conversion.” Conversions
will vary depending upon the specific reactant, specific catalyst, and specific process
conditions under consideration. Typically, for the process of this invention, the conversion
of reactant hydrocarbon is greater than about 5 mole percent, preferably, greater than about
15 mole percent, and more preferably, greater than about 30 mole percent. Typically, for the
process of this invention, the conversion of the source of halogen is greater than about 10
mole percent, preferably, greater than about 25 mole percent, and more preferably, greater
than about 35 mole percent. Typically, the oxygen conversion is greater than about 10 mole
percent, preferably, greater than about 20 mole percent, and more preferably, greater than
about 40 mole percent.

For the purposes of this invention, “selectivity” shall be defined as the mole
percentage of converted reactant hydrocarbon that is converted into a specific product, such
as a halogenated hydrocarbon product, olefinic product, or oxygenated by-product, such as
CO or CO,. In the oxidative halogenation process of this invention, the selectivity to
halogenated hydrocarbon product, preferably, dichloropropane or allyl chloride, is typically
greater than about 15 mole percent, preferably, greater than about 25 mole percent, and
more preferably, greater than about 30 mole percent. Likewise, the selectivity to olefin 1s
typically greater than about 15 mole percent, preferably, greater than about 25 mole percent,
and more preferably, greater than about 35 mole percent. Advantageously, the oxidative
halogenation process of this invention produces essentially no perhalogenated products,
such as, hexachloropropane, which have lower commercial value. As a further advantage,
in preferred embodiments of this invention, low levels of oxygenated by-products, such as
CO, oxygenates (CO and CO,) are produced. Typically, the total selectivity to carbon
monoxide and carbon dioxide is less than about 25 mole percent, preferably, less than about
20 mole percent, and more preferably, less than about 15 mole percent.

The following example is provided as an illustration of the process of this invention;
but the example should not be construed as limiting the invention in any manner. In light of
the disclosure herein, those of skill in the art will recognize alternative embodiments ot the

invention that fall within the scope of the claims.
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Example 1

A catalyst composition comprising a porous lanthanum oxychloride was prepared as
follows. Lanthanum chloride (LaCly7 Hy0, 15 g) was dissolved in deionized water (100
ml) in a round-bottom flask. Ammonium hydroxide (6 M, 20 ml) was added to the -
lanthanum chloride solution with stirring. The mixture was centrifuged, and the excess
liquid was decanted to yield a gel. In a separate container, calcium lactate (0.247 g, 0.0008
moles) was dissolved to form a saturated solution in deionized water. The calcium lactate
solution was added with stirring to the lanthanum-containing gel. The gel was dried at 120°
C overnight. A dried solid was recovered, which was calcined under air in an open
container at 550°C for 4 hours to yield a porous lanthanum oxychloride catalyst (6.84 g). X-
ray diffraction of the solid indicated the presence of a quasi-crystalline form of lanthanum
oxychloride. The surface area of the catalyst was 47 m’/g, as measured by the BET method.

The catalyst prepared hereinabove was crushed to 20 x 40 US mesh (0.85 x 0.43
mm) and evaluated in the oxidative chlorination and dehydro‘génati‘oh of propane as follows.
A tubular, nickel alloy reactor, having a ratio of length to diameter of 28.6/1 {6 inches
(15.24 cm) x 0.210 inches (0.533 cm)} was loaded with catalyst (2.02 g). The reactor was
fed a mixture of propane, hydrogen chloride, and oxygen in the ratios shown in Table 1.

The operating temperature was 400°C, and the operating pressure was atmospheric. The

exit gases were analyzed by gas phase chromatography. Results are set forth in Table 1.

-16-

SUBSTITUTE SHEET (RULE 26)



CA 02448500 2003-11-21

PCT/US02/13011

WO 02/0947350

‘sofejuaoiad ajowr se USAIS

s | s
nn
[9S [25

diO-1
I°S

-auadoidoIo[yo-1 = J1D-1 Dpuoyd [A[e = [D ANV T

SOTJIATOI[OS pUR SUOISISAUOD ‘amssaid ousydsoune ‘)00 :SUOLIPUOD SSAV01d [

LiT:T0T
9H

Z0:1DH:euedo1g

DAY | duasdoid ‘0 103 suedoid 4 oney
[°S [PS | Au0) |  AUOD Auo) [ ASHM S[ON

Quado1d pue apuUoY) AV
0} 15ATe1R) Winueyiue I2AQ duedo1d JO UONBULIO[YIAX( ‘[ J[qeL

S

-17-

SUBSTITUTE SHEET (RULE 26)



CA 02448500 2003-11-21
WO 02/094750 PCT/US02/13011

From Table 1 it is seen that the lanthanum oxychloride catalyst is capable of catalyzing
the oxidative chlorination and dehydrogenation of propane predominantly to allyl
chloride and propene. The catalyst produces lesser amounts of deep oxidation products,
such as carbon monoxide and carbon dioxide.

The experimental results presented in Table 1 illustrate the invention under the
above-disclosed process and analytical conditions. One skilled in the art will recognize
that other results may be obtained depending upon the specific process and analytical

conditions employed.
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CLAIMS:

- 1. . Aprocess of oxidative halogenation and optional |
dehydrogenation comprising contacting a reactant hydrocarbon having three or more
carbon atoms, or a halogenated denvatwe thereof, with a source of halogen and,

5 optionally, a source of oxygen in the presence of a catalyst under process conditions |
sufficient to prepare a halogenated hydrocarbon haying three or more carbon atoms and
having a greater number of halogen substituents as compared with the reactant:
hydrocarbon, and optionally, an oleﬁn having three or more carbon atoms, the catalyst
comprising a rare earth halide or rare earth oxyhalide, with the proviso that when

10 cerium is present in the catalyst, then at least one other rare earth element is also
ﬁpreéent in the catalyst, and with the further proviso that the catalyst is substantially free
of redox transition metal such that the atom ratio of rare earth element to redox

transition metal is greater than about 10/1.

2. The process of Claim 1 wherein the reactant hydrocarbon is
15 selected from Cs.99 hydrocarbons. |

3. The process of Claim 1 or 2 wherein the reactant hydrocarbon is
propane or propene.
4, The process of any one of Claims 1 to 3 wherein the source of

halogen is selected from the group consisting of elemental halogens, hydrogen hahdes

20  and halogenated hydrocarbons having one or more labile halogen substituents.

5. The process of any one of Claims 1to 4 wherein the source of -

halogen is elemental chlorine, elemental bromine, or hydrogen chloride.

6. The process of any one of Claims 1 to 5 wherein the process is

conducted at a molar ratio of source of halogen to reactant hydrocarbon of | greater than
25  1/1 to less than 20/1.

7. The process of any one of Claims 1 to 6 wherein the process further

COmMPprises oxygen.

8. The process of Claim 7 wherein the source of halogen is.

provided essentially in a stoichiometric amount with respect to the source of oXygen.
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0. The process of Claim 7 or 8 whefein the source of oxygen is

selected from the group consisting of molecular exygen, air, or oxygen-enriched air.

10.  The process of any one of Claims 7 to 9 wherein the process is

conducted at a molar ratio of reactant hydrocarbon to source of oxygen of greater than

" 2/1 and less than 20/1.

monoxide, carbon dioxide, methane, and mixtures thereof,

12.  The process of Clalm 11 wherein the diluent is used in an

amount that is greater than 10 mole percent and less than 90 mole percent based on the

total moles of reactant hydrocarbon and diluent.

13.. The process of any one of Claims 1 to 12 wherein the rare earth

“halide has a BET surface area greater than 5 m*/g.

14.  The process of any one of Claims 1 to 13 wherein the rare earth
halide is represented by the formula M35, wherein M is at least one rare earth element
selected from the group consisting of lanthanum, cerium, neodymium, praseodymlum
dysprosium, samarium, yttrium, gadolinium, erbium, ytterbium, holmium, terbium,
europium, thulium, lutetium, and mixtures 'thereof; and wherein X is chloride, bromide,

or 10dide.

15.  The process of Claim 14 wherein X is chlonde and M is

lam'hanum ora rmxture of lanthanum with other rare earth elements.

16.  The process of any one of Claims 1 to 15 wherein the rare earth

oxyhalide support has a BET surface area greater than 12 m%/g.

17. The process of any one of Claims 1 to 16 wherein the rare earth
oxyhalide support is represented by the formula MOX, wherein M is at least one > rare
earth selected from the group consisting of lanthanum, cerium, neo dymium,
praseodymium, dysprosium, samarium, yttrium, gadolinium, erbium, ytterbium, b
holmium, terbium, europium, thulium, lutetium, and mixtures thereof: and wherein X is

chloride, bromide, or iodide.
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18.  The process of Claim 17 wherein X is chloride, and M is

lanthanum or a mixture of lanthanum with other rare earth elements.

19, The process of any one of Claims 1 to 18 wherein the catalyst is

bonded to or extruded with a support.

20.  The process of any one of Claims to 1 to 19 wherein the process

15 conducted at a temperature greater than 100°C and less than 600°C.

2l.  The process of any one of Claims 1 to 20 wherein the process is

conducted at a pressure equal to or greater than 14 psia (97 kPa) and less than 150 psia
(1,034 kPa).

22.  The process of any one of Claims 1 to 21 wherein the process is
conducted at a wei ght hourly space velocity of total feed, comprising the reactant

hydrocarbon, the source of halogen, the optional source of oxygen, and an optional
diluent, of greater than 0.1 h™ and less than 1,000 b

23. The process of any one of Claims 1 to 22 wherem an olefin is

produced as a co-product.

24. The process of any one of Claims 1 to 23 wherein the halogenated

hydrocarbon product is recycled to the process for conversion into olefinic product.

25. The process of any one of Claims 1 to 23 wherein an olefin is

produced as a co-product and is recycled to the process for conversion into halogenated

hydrocarbon product. .

26. A process of preparing allyl chloride and propylene comprising

contacting propane with a source of chlorine and a source of oxygen in the presence of

- a catalyst at a temperature greater than 150°C and less than 500°C sueh that allyl

about 10/1.
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27. The process of Claim 26 wherein the 6atalyst 15 a rare earth chloride

or rare earth oxychloride.
28. 'The process of Claim 26 or 27 wherein the rare earth 1s lanthanum.

29. The process of any one of Claims 26 to 28 wherein the co-product

5  propylene is recycled to the process to maximize the production of allyl chloride.

30. The process of any one of Claims 26 to 28 wherein allyl chloride

product is recycled to the reactor to maximize the production of propylene.

31. A process of oxidative halogenation and optional dehydro genation
comprising contacting a reactant alkane having three or more carbon atoms, or a
10  halogenated derivative thereof, w1th a source of halogen and, optionally, a source of
oxygen in the presence of a catalyst under process conditions sufficient to prepare a
halogenated hydrocarbon having three or more carbon atoms and having a greater
‘number of halogen substituents as compared with the reactant hydrocarbon, and
| optionally, an OIeﬁn having three or more carbon atoms, the catalyst COmMpI1SIng arare
15 earth halide or rare earth oxyhalide substantlally free of iron and copper, wrth the

proviso that when cerium is present in the catalyst, then at least one other rare.earth

element is also present.

32. The process of Claim 31, wherein the reactant olefin is propane, the

 halo genated hydrocarbon is allyl chloride, and the olefin is propylene.

20
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