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Qbjective; The objective of this progran is to discover and evaluate novel catalytic systems
for the conversion of methane or byproduct light hydrocarbon gases through intermediate
hight gases rich in C3's to liquid hydrocarbon fuels.

Technical Approach: Conversion of irethane 1o ethylen in an efficient economical process
would represent important technology for the future. Ethylene could be oligomerized to
liquid hydrocarbon fuels, or converted to commeodity and specialty chemicals. The
approach for the chemistry part of this program has been to test several specific classes of
potential catalysts for the conversion of methane selectively o C; products rich in cthylene.
The conversion of Cy's to fuels was to be evaluated with a hypothetical stream from a
methane to ethylene process, and by coupling the methane to ethylene reaction with the
oligomerization step, using little or no scparations.

Significant Accomplishments: Union Carbide is interested in developing novel,

competitive technology for the conversion of methane to Cy'srich in ethylene. Three
unique catalyst systems have been provided which appear to operate by the
heteruzeneous/homogeneous mechanism, where product distributions are largely dictated
by the gas phase chemistry and process conditions. Ore type of catalyst gives very high
ethylene to ethane ratios, and one catalyst appears to be significantly more stable than
repor.ed literature catalysts. The third catalyst type, a layered perovskite, exhibits a unique
structure and shows performance competitive with literature catalysts. Process studies on
the high ethylene to ethane catalysts have included pressure studies and the study of the
effect of steam as diluent. Three other catalyst systems were designed in an attempt to
change the heterogeneous/homogeneous methane coupling mechanism which is predicted
to have a yield barrier. ivletals known to activate methaiie unsclectively (i.c., bum
methane) at low temperatures were added to good mcthail";; coupling catalysts and provide
catalysts which exhibit enhanced surface reactions and givs yields of 20% to C2's at lower
temperatures. Catalysts which altered the gas phase chemistry were found to result in
increased selectivities to Cy's by reduction of the formation of carbon oxides. The results
of experiments integrating methane couling and olefin oligomerization reactions to
produce liquid hydrocarbons will be reviewed.



DIRECT CONVERSION OF METHANE TO C,'S AND LIQUID FUELS - Chemistry

OBJECTIVE:

Methane is expensive to transport, s2 it is often flared or reinjected!. Itis alsoa
byproduct from coal gasification. Conversion of methane 1o liquid hydrocarbor
transportation fuels in an energy cfficient, economical process would represent important
technclogy for extending natural hydrocarbon fuel reserves. One route frem methane o
liquid fuels involves the conversion of methane through light hvdrocarbon gases rich in
ethylene to liquid fuels. Other routes, including one through methanol, are considered less
technologically feasible?. The technological hurdle in the route through light hydrocarbon
gases rich in ethylene iy the direct conversion of methane to this ethylene-rich mixture The
light olefins may then, ideally, with little or no separation of products, be converted over
molecular sieve catalysts to gasolinc and distllates.

Technology exists for converting methane to liquid fuels,

CH, —> CO/H, —> CH;0H —> C,H, —> GASOLINE / DISTILLATES,

where CyHy indicates light hydrocarbon sases rich in ethylene. Union Carbide economic
studies indicate that 75% of the cost of conversion of methane to fuels via commercial
technology is in the conversion of methane through synthesis gas to methanol. The
conversion of methanol to light oi=fins and the oligemerization of these olefins to liquid
fuels with Mobil's Olefins to Gasoline and Distillate (MOGD) process? are a small portiun
of the investment and operating costs for this technology. Economic studies also indicate
that a process to convert metbane to fuels by direct vxidation of methane 1o light
hydrocarbon gases rich in ethylene could be economically superior to thz synthesis gas
route in the near future (5-10 ycars). The economics of the conversion of methane to
ethylene and/or liquid hydrocarbon fuels become more atractive for commercialization as
the difference in costs of meihane and higher hydrecarbons, currently used to produce
ethylene or liquid fucls, becomes greater. This project proposes to invent the technology
necessary to avoid the reforming step which is required in existing technology to conven
methane to liquid fuels because it is capital intensive.

The objectiva of this program is to prepare and evaluate novel catalyst systems 1o
convert methane to a mixture of hydrocarbons rich in ethylene. This step is the
technological hurdle in a two-step process te convert methane or natural gas to liquid
hydrocarbon fue!ls, including gasoline and distillates. Union Carbide predicts that in the
future, this process will be more practical and economical than a single step process or
other altematives. The chemistry portion of this work is presented here, and the process
economics are provided in a separate presentation.
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TECHHICAL APPROACH:

Union Carbide’s approach to accomplish the objectives of Task 1, the discovery of
catalytic systems for converting methzv.c to liquid fuels, has bsen to test several specific
classes of potential catalysts for the conversion of methane selecdvely to C, products rich
in ethylene. This approach concentrates on the technological hurdle in the conversion of
methane to liquid fuels, the conversion of methane to 1.ght hydrocarbon gases, primarily
ethane and ethylene. The integration of the coaversion of methane to Cy's with the
conversion of Cy's to fuels, with little or no scparation between steps, was briefly
explored.

The plans at the beginning of this project were to explore simple catalyst sys*ems
which might be moi¢ active and/or stable than existing catalyst systems. Reported catalyst
systems were predominantly variations on Li/MgO, the Mn-based ARCO catalyst, or
lanthanide oxide systems. Catalysis which might provide high ethylene to ethane ratios
were of particular interest. Studies began with exploration of a very simple NaCl on
@-alumina catalyst discovered, but not reported, by Union Carbide's G. E. Keller and M.
M. Bhasin in the late 1960's. They explored this catalyst only in a pulsed, rather than a
continuous mode. Specific ideas vuere 1o be explored by the examination of several types
of catalyst systems. Plans were then to design catalyst systems to alter the currently
accepted heterogeneous/homogeneous mechanism for methane oxidation through several -

 specific approaches. The cooxidation mode was preferred for all studies, aithough both
‘cooxidation and sequeniial modes were explored. y

Methane can be converted to C,'s by a two-step process in which methane is reacted
with a metal oxide to produce C,'s, then the reduced metal oxide is reoxidized with air.
Methane can also be converied to C,'s in a cofeed mode, where methane and oxygen, with
or without a diluent, arc fed simultaneously’8 to a reactor containing catalyst. Active sites
on the catalyst are continuously regenerated by the oxygen preseat in this mode. In both
cases, the major inefficiencies are the formation of CO and CO,. Smaller amounts of Cy's,
Cy's, and higner hydrocarbons are formed, and in some cases traces of acetylene and
hydrogen are ouserved. In the cofeed mode, hydrocarbons higher than C, are rare.
Reactions are usually conducted at temperatures in the 700-950 °C rang= and oveated at
low pressures \5-50 psig), in fixed bed or fluidized bed reactors. Quartz and alumina®!"
materials have been used for reactors. Stainless sieel anc alonized stainless ster:l12 are
suitable at lowzr pressures and temperatures. Oxygen con“entration is imited to about 10
mole percent in any st am to avoid operation within the explosi /e limits.

Direct conversion of methane to C,'s is an increasingly active area of rusearch
intemationally!3, industriatly 4, academicaliy'$, and in government laboratrries 6.
Although several diffsrent mechanisms have been proposed for the catalytic oxidative
coupling of methzne, Lunsford and coworkers!7-20 have elegantly and cor vincingly
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demonstrated, ar.d otiers?t 2 have aoreed that the mechanism for conversion of methane
to ethane ang ethylene over the mictal oxides studied (and probably over other selective
methane coupling catalysts) involves abstraction of hydrogen frorm methane by the catalyst
to produce methyl radicals ard surfuce hydroxyls, followed by release of the methyl
radicals into the gas phase where they couple to fonm ethane. Ethane is then converted 1o
ethylene through known gas phase free radical chemistry. This is shown in Figure 1.

Figure 1. Methane to Ethylene Current Technology
Catalys-O" + CHs — CH3 « + Catalyst-OH
CHs3 « (adsorbed) -, CHj « (gas phase)
2CHzs —u GCoHy

Csz e e CzH 4

This mechanism shows that mach of the preduct distribution is dictated Ly gas phase chemistry,
largely independent of catalyst, but dependent or: the temperature and operating conditions. With
this mechanism, on= right at best approach C, yields above 50% if one reported mode! (J.
Kimble and J. Koits) of tht mechanism are correct. Others (J. Labinger and J. NléCany) have
proposed a yield barrier closer to 30%. Praétically, literature results above a 30% yield to C,'s are
very rare.

SIGNIFICANT ACCOMELISHMENTS.

During the past two years, UCC has developed continuous, unattended operation
capabilities and now has seven reactors operable and engaged in the study of methane
coupling?927. One of these reactors is capable of operating ‘ the puised, sequential
reacuon mode. Union Carbide researchers have evaluated many classes of methane
oxidation catalysts. Selectivity/conversion combinations per pass over several different
types of catalysts, operated in both the cooxidation and scquchﬂal modes, provide results
which are comparable to better literature results28-32. C, yieids of 20-26% have been
demonstrated. Figure 2 shows literature and Union Carbid= re.sults for methane coupling.
The two lines are 30% and 40% yields to C,'s. The star represenis 85% selectivity and

5% nethane conversion, which might currently o econornically competitive with existing
technology for ethane/propane cracking in Texas.
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Figure 2. Literature and Union Carbide Results for Methane Coupling
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Almost all of the reported literature catalysts rapidly deactivate. A few metal oxide
catalysts which are less volatile (c.g., Sm;03} undergo phase changes resulting in
deactivation. Most frequently, catalysts lose critical components due to volatilization at the
high temperatures used for methane oxidarion. Caalysts containing alkali metals lose the
metal salts, e.g., the lithium is lost from ine Li/MgO catalyst. As an example, a LiMgO
catalyst which contained less than 3% Li, and which had been roasted at >800 °C for 4
hours prior to exposure to methane and oxygen, exhibited a 12% loss in the rate to Cy's
aver 50 hours, presumably due to loss of Li. Often, initial results from literature catalysts
indicate transient high selectivities to and/or Yields of Cy's.

Literature rzports contain no data which indicates that the catalysts studied give stable,
long-term performance. Rapid deactivation is shown in most cases. Reczntly, one catalyst
was reportec to run for over 100 hours with about 2 14% G yield*3, but this yield is
considered low, since there are many literature yields 1. the 18% yield range. Unior.
Carbide stud;ed the causes for catalyst dsactivation with several catalysts and designed new
catalyst systems which did not deactivate for as long as <00 hours of operation (uatil tests
were discontinued). C, yields of 18-20% could be obtaird for the duration of the long
catalyst tests, with product distributions containing ethylene 10 ethane ratios of 2.5-10.
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The sodium chloride/ct-alumina catalysts discovered by Keller ar.’ Bbasin were run
in the cooxidatics mode, rather than a pulsed mode. They were competitive with literature
cata'ysts in methane conversion and C, selectivity, but showed product distributions
containing ethylene to ethane ratios of over 2 5, rather than th= cthylene to ethane ratios of
about 1 which were typical for literature catalysts. These catalysts were observed to
deactivate rapidly under cooxidation conditions. It was first thought that this might be due
to the loss of chloride, so a volatile chioride, ethyl chloride (ECl) was fed to partially
deactivated catalysts, and selectivity and activity to C, prodacts from the oxidatinn of
methane rose, as did the ethylene to ethane ratio, aithough heither rose to initial levels.
Even with ethyl chloride in the feed gas, catalyst deactivation cccurs, and analysis of new
and used catalysts reveals loss of most of the sodium. Methane coupling over sodium
chloride based cataiysts indicates that redox metals are not needed for this reaction, and it
reasonable to assume that an oxide of sodium may abstract hydrogen from methane in the
rate cictermining step of this reaction34.

Other catalysts with alkali chlorides on alumina were alse found to deactivate due 10
loss of alkali. Aikaline earth salts are less volatile, and oxides derived from alkaline earth
canpounds were considered good candidawes for methane coupling catalysts. Catalysts
with clkaline earth chlorides on alumina were tested and fourd to retain the alkaline earth
metals, but the ethylene 10 etliane ratios, which we:e¢ initially very high, dropped, and
cataiysts deactivated without the addition of volatile chioride. With added chloride, -
selectivity and activity could be ret2ined with alkaline carth chlorides, and although the
ethyleac to ethane ratio initally dropped, it could be maintained at levels 1bove Z.

The best catalysts for high ethylene to ethane ratios, which exhibit 'C; selectivities and
C, yields competiiive with literature catalysts, were found to be catalysts which contain Ba
or Sr, with chloride on the catalyst and/or in it.e feed gas, and a non-busic metal oxide
combustion promoter. Combustion promot=rs are metal oxides whicn alone, with methane
and oxygen under reaction conditions, burn methane, for example. oxides of Ti, Zr, Ga, or
Al. Examples of these catalysts are BaCly/Tio/ethy! chloride and BaCOy/a-alumina/ethy!
chloride. The best supports are acidic. Without added chloride, ihese catalysts deaciivats
rapidly. More acidic supports require more chloride. Some basic supports result in
combtustion without added promoters. Even when these basic supports are promoted with
Ba or Sr, the ratios of ¢thylene to ethanc produced are not higti

Ba or Sr catalysts with titanium dioxide combustion promoters require higher levels
of ethyi chioride for high methane conversions and C, selectivities. This is illustrated in
Figure 3, where a G, selectivity of 63%, methane conversion of 31%, and a C, yield of
19% are obtained with 500 ppm ethyl chlorice in the gas feed using 5 g of 2 BaCOy/Ti0,
catalyst ac 750 °C, 11 psig, and a space velocity of 2743 hr'l. With 6 ppm ethyl chloride,
C, selectivities and yields are very low.

225




Figure 3. Metal Oxide Combustion Fromoters
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In contrast to this exairple, Figure 4 shows tt at afier an initial catalyst activation
period, the catalyst exhibits a G, yield of 17%, a G, selectivity of 44%, und a methane
conversion of 40%, with 10 ppm of ethyl chioride initially in the gas feed, using 5 gof a
BaCO,/a-AlyO, cataiyst, at 750 °C, 1i psig, and a space velocity of 2233 hr!. This
catalyst requires lower levels of cthy! chioride. The higher level of ethyl chloride, which
promotes higher selectivines and activities for tne cawalysi containing tienium oxide, ciuses
catalys! deactivation with this catalys:.
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Figure 4. Optimum Chloride L2vels Depend orn the Catalyst
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Starting with the carbonate catalyst, which initially contains no chloride, Figure 4
shows lower selectivity to Cy's, lower methane conversion, and lower C; yields initially.
The 10 ppm ECI fed from the beginning of the reaction increases the rate of methane
activation and conversion to C; products. The chloride therefore appears to affect the
catalyst. These data are consistent with chloride catalyzing the :onversion of inactive
catalyst sites to active sites. For instance, chloride can react with stable barium or
swrontium salts to produce less stable intermediates, which can then be converted o active
sites for hydrogen abstraction by reaction with oxygen. In this same figure, the selectivity
rises slowly over a period of time while the rate to Cy's remains constant. During this
time, the rate to CO; is continuing to drop. This observation can be explained by chioride
biocking CO; formation on the surface of the catalyst. The reduction of the rate to C0
occurs over a long period of time. indicating a slow catalyst change.

The type of support appears to be important to the initial and the final e1.iviene to
“thane ratios. High ethylenc to ethane ratios were not obtained with basic suppons such as
MgQ or CaO under any conditions, as skown in Table 1 Addition of eihyl chioriie o
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catalysts prepared using these basic supports does not appear (o increase catalyst
performance, rather performance drops in some cases with addition. of volatile chloride.
Activity, selectivity, and stability of catalysts on supports which are not significantly basic,
e.2., Norton 5451 «-alumina, are higher in the preseace of the right amount of added
chloricie than without added chloride after the catalyst has run for a period of time.
Catalysts on more acidic supports, such as TiO, require higher levels of volatile chloride
for stable performance and have higher cthylene o ethane ratios. Chioride catal ysts on the
acidic supports provide higher initial ethylene to ethane ratios, but deactivate more rapidly
when less than optimurmn amounts of volatile chloride are added in the feerd gas.

Table 1. High Ethylene to Ethane Catalysts

Acidity Acidity ECl GHSV
Support um/g umy/m? ppm bl CHUCH,
MgO .15 0.004 1-500 9796 1.6
Norton 5451 0.31 1.03 200 2087 2.2
o-Alumina
1’102 1.08 1.31 500 2743 10.2

Catalysts prepared using more acidic supports result in higher etitylene o ethane
ratios. Chlorine radicals in the gas phase are responsibie for higher ethylene to ethane
ratios33. In control runs, addition of ethyl chlor.de to an uncatalyzed (homogeneous)
reaction of methare and oxygen results in only 2 siight increase in methane conversion or
shift in product distribution. This result indicates that chlorine radicals are produced on the
acidic catalyst surface and released into the gus phase.

In summary:

* Higher ethylcine 1o ethane ratios result from cnlorine radicals in the gas
phase.

* Higher activitics (compared with no chloride) are consistent with the
conversion by chloride of stable salts of Ba ot Sr to active oxygen species,

* Higher selectiviiies can be explained by chloride biocking CQ4 formation on
the surface of the catalyst. _

C, selectivity and methane conversion can be maintaineq for leng periods of time
over Ba and Sr catalysts. High selectivities and methane conversions have been
demonstrated for over 4(X) hours. Ths optimum a:1ount of a volatile chloride promoter
must be used w obtain a stable rate to Cy's. This amount depends on the process
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conditions and the particular catalyst used. As described above, the amount depends on the
type of metal oxide combustion promoter used. Catalyst stability is better, and higher C,
selectivities ard C, yields are obtained over long periods when catalysts are made wirth
bzrium and strontium carbonates rather than the chlorides.

Process studies have been done to explere non-nitrogen diluents, and to study the
effects of higher pressures on tiie reaction. The methane coupling reaction proceeds well
with helium or argon as diluent. When rurining a methane oxidation over a barium: catalyst
with up to 15% steam substituted for either methane or inert gas diluent, little effect on
catalyst activity or .electivity is observed. Atstcam levels greater than 25% of the feed gas,
decreases in methane conversion and selectivity to Cs's are observed. At higher steam
levels, initial increases in the ethylene to ethane ratio and activity are followed by catalyst
deactivation. An increase in the pressure of the reaction from 11 to 16 psig results in a 4%
increase in methane conversion and a 4% decrease in C; selectivity, with no change in'C
yicld using a barium catalyst under one set of reaction conditions. A C, yield of 21% witk
a C, selecrivity of 57% was ootained at a pressures of about 20 psig. The increase in
pressure has other effects. The rate of homogenenus reaction is increased and the catalytic
and/or quenching effects of the reactor wall are mere pronounced at otherwise constant
conditions. Therefore, the high rate of the homogeneous reaction and the increased
importance of wall effects under higher pressures using the cooxidation mode make it
unlikely that studies of the catalyzed methane coupling reaction will provide meaningful
results without significant engineering, reactor aesign, and materials science contribusions.

Alkali doped lanthanide oxides have been reported to be very active catalysts for the
oxidative coupling of methane. These materials are operated at high temperatures (usually
800 °C) and prepared using slurry or incipient we*ness techniques. The high temperatures
cause the loss of alkali components during reaction while the preparation methods result in
catalysts in which the dispersica and location of the alkali components are not readily
controlled. In order 1o alleviate some of these problems, layered perovskites containing
layers of :ikali ions dispersed and sandwiched between lanthanide perovskite layers were
tested as methane coupling catalysts.

Layered perovskites of the form A,Ln,Ti,O,, (A=K,Rb; Ln=La,Nd,Sm,(id,Dy)
were first synthesized by J. Gopalakrishnan and V. Bhat*0, These materials were prepared
with the objective of forming Ruddlesden-Popper type layered oxides (with the general
formula Ay(A, |B,Os,, ], where [A| B 0, ] perovskite type slabs of n octahedra in
thickness are interleaved by A cations) capable of exhibiting ion exchange and intercalation
behavior. These materials are composed of three octahedra-thick perovskite slabs
[Ln,yTi;O,0] separated by alkali metal ions (shown below).
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Figure 5. Structure of A;Ln,Tiz0,
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In this soucture the alkali and lanthanide pecies are in close contact with the lanthanide
species in a perovskite cnvironment. Potassiumn ions of K,Ln,yTiyO are easily exchanged
with Na* or Li* by treating with molten alkali-metal nitrates,

Layered perovskites are prepared by grinding together appropriate mixtures (correct
molar ratios »+f metals) of alkali carbonate, lanthanide wxide, and titanium dioxide and
heating in air at 1000 °C for 8-12 hows. Mixturs are then regrouild and heated in air at
1900 °C for zrother 8-12 hours. Excess alkali carbonate (--20 moi%) is initially added 1o
compensate for loss due to volatilization. More alkali is agded after the first heating,

The layered perovskite NayLa,Ti0. is prepared by ion exchange of K,La,Ti30,,
in molten NaNO;. Other layered perovskites prepared, including KL, Tiy 044,
K,Nd,Ti;0,,. K,8m,Ti;0,,, K;Dy,Tiz04 K,Gd,Tiy0,. Rb,La,Ti;0,4, and
K,Ce,Ti;0; . have powder x-ray diffraction patterns ¢onsistent with the structure of
K3La,Ti;0)q. Diffraction patierns were not obuained for NayLa,Tiz0,q or KyPrTiq0,
which were also prepared.
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These catalysts (1.0-4.0 g) were tested with flow rate of 50-200 ccm, a reactor
pressure of 5 psig, and a CH,/O,/N, ratio of 2/1/3.8. The highest C, yitld and selectivity
to C,'s were obtained for K;L2;Ti;0,, with a 39% methane conversion: a 42% selectivity
8] Cz's and a 16.4% C2 yield, at 800 *C.

Layered perovskites of the form A,Ln,Ti;O,, represent a nev: type of methane
coupling catalyst in which the alkali dopant is part of the crystal structure of the material.
They give results comparable to many of the reported literature methane coupling catalysts.

The barium and strontium catalyst systems described above, as well as the layered
perovskites, are thought to overate by the heterogeneous/homogeneous mechanism with
creation of methyl radicals on the catalyst surface by hydrogen abstraction from methane,
followed by release into the gas phase of the methyl radical, then coupling of two methy!
radicals to form ethane. Since the product distribution for this mechanism is largely
dictated by the gas phase chemistry, soime models predict maximum yields of about 50%
(Phillips presentation at the Los Argeles ACS meeting, 1988), and many predict yield
barriers closer to 30% (Labinger and McCarty). In fact, although yields of up to 30%
(transienis; have been reported, yiclds of over 22% have not been reported under practical
conditions.

Two approaches are suggested 1o avoid the heterogeneous/homogeneous mechanism
in order to achicve higher C, selectivity/meihane conversion combinations. One is to get
away from the gas phase chemistry and make more of the reaction occur on the surface of
the catalyst, at lower temperatures. The other is to change the gas phase chemistry to
depart from the typical combustion reaction network,

Catalysts were prepared containing metals which are known 1o activate hydrocarbons
unselectively at relatively low temperatures (compared to the typical temperatures of 700-
950 °C used for methane coupling). These metals include silver and Group VIII metzls.
Selective methane coupling activity is obtained in the presence of other catalyst components
such as alkali and alkaline earth components and in the presence of chloride, despite the
presence of the unselective metal component. The catalysts can be operated at relatively
low temperature to effect methane coupling. Moreover, the use of the lower temperature
rzduces the homogeneous reaction rate in favor of the heterogeneous reactions.

In the Contractor's xeview last year, results were described for a low temperature
catalyst containing silver, barium chloride, and a-alumina (catalyst compositions were then
ceded). G, yields as high as 10% were obtained at 650 °C. Without the barium chloride,
complete oxygen conversion occurs at temperatures of 300-500 °C, with methane converted
only to carbon oxides. The exploration of othe: catalysts with metals which activate
methane at low temperatures has continued with the Group VIIT mctais, using Sr. Results
are shown in Table 2.
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Table 2. Low Temperature Catalysts

CHy4 Conv. Cy Sel. C, Yield
Catalyse* % —% —2

Ag/ BaCly/ c-alumina (1/0.32/21) 32 32 10

StCly/ a-aiumina (1/50) 1.5 61 4.6

Pd/ SrCly/ cz-alumina (1/25/300) 18 30 5.4

Co/ SrC12/ o-alumina (1/9/204) 24 66 16

Ni/ SrCL./ ar-alumina (1/9/200) 19 70 13

Fe/ StCl,/ a-alumina (1/9/206) 5.1 5.3 6.3

Cu/ Srly/ a-alumina (1/14/323) 3.7 0.2 0

Rh/ 5:Cly/ at-ajumina (1/17/198) 36 51 18

Co/ c-alumina (1/225) 19 04 0.1

Reaction conditions: CH,/O,/N, = 2.0-2.2/1/18-20; GHSV = 600-1700 hr-!- 550 °C.
* Molar ratio of raetals given in parentheses.

Unusually high Cy selectivities are obtained with PY5rCly/a-alumina, Ag/BaCly/a-
alumina, and Fd/SrCl/a-alumina catalysts under certain conditions (CZ/C3 ratios are
normally around 15-20). Also, the C; products in these cases were all propanc instead of
propylene, which is usually observed for oxidative methzne coupling catalysts. The
propylene has been proposed o result from methy! radical reaction witt: cthylene in the gas
phase for typical methane coupling catalysts. These results demonstrate the nrinciple of
enharced surface reaction during methane coupling.

Since these results were obtained, Matsuhashi et al.3? reported that a Na/ZrC
ratalyst gives Cy hydrocarbons as the main products during the oxidative coupling v!
methane. Their catalyst produced more C; than C, products with the C; hydrocarbons
being 77% propane and 23% propylenc.

The second approach suggested 1o avoid the heterogeneous/homogeneous mechanism
is 1o change the gas phase chemistry to depart from the typical coinbustion reactiun
network. As an example, a volatile metal complex is oxidized to some stae, for instance a
superoxide, which abstracts a hydrogen from methane. The complex does not have as
large a reservoir of oxygen to further oxidize the new methyl ractical, as an oxidized surface
would. Methyl radicals couple in the gas phase rather than be further oxidized.

Altemately, volatile complexes could be used to quench the hydioperoxides which
convert methane coupling intermediates and products t carbon oxides. Volatile catalysts
could also be used to increase the rate of hydrogen abstraction and shift the gas ohase
reaction away from the typicai heterogeneous/homogeneous product distribution, as
halogen radicals were shown 10 do in producing higher ethylene 1o ethane ratios
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The reactor useu for vapor phase catalyst studies is shown in Figure 6. Oxygen and
nitrogen are introduced into the top of the reactor which is heated in the vaporizer zone by
one oven. The catalyst or additive to be volatilizea is in a quartz cup within the vaporizer
zone. Methane is added so that it mixes wich the oxygen/nitrogen/vapor phase catalyst
mixture in a reactor heated by a second oven. In this way, reactions may be conducted
with or without volatile catalysts present, since the vaporizer zone oven can be turned on or
off as desired. When operating with vapor phase catalysts, the volatile catalyst components
are trapped in the cool quartz chips located in the bottom of the reactor.

Figure 6. Vapor Phase Catalytic Reactor
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Results are shown in Table 3. Methane conversion is decreased significantly by
addition of volatile CsCl ro a methane oxidation reaction in an empty, heated reactor space.
Since the methane is essentially all converted to carbon oxides under these conditions, the
voiatile catalyst reduces the rate of homogeneous methane conversion to carbon oxides.
This is shown for temper:tures of 650 and 750 *C. The effect can be shown by either
adding the vapor phase catalys:, which results in a drop in methane conversion, or by
ceasing volatile catalyst addition, which is alse shown in Table 3. Results for LiCl were
similar to those of CsCl.

Table 3. Vapor Phase CsCl Catalyst

Vaporizer Reaction % CH4 Conv.
Zone T, °C Zone T, °C

196 650 5.34
600 650 0.77
650 750 | 4.06
226 750 15.4

The discovery of the effect of volatile ca:alysts on homogeneous CH, conversion was
studied in the presence of a catalyst. Catalyst conditions apd volatile chloride levels were
not optimized, but results in Table 4 show an increase in selectivity to C,'s and a decrease
in CO» formation upon addition of volatile catalyst to a methane coupling reacton over a
used BaCO3/Cl/a-Al,O; caalyst. This is interpreted as a reduction in the gas phase
conversion of methane to carbon oxides, allowing the methane which would have reacted
in the gas phase 10 react on the catalyst surface to produce C,'s. These results demonstrate
the concept of changing the gas phase chemistry duning mzthane oxidation with volatile
cataly:ts or promoters. '
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Table 4. Vapor Phase CsCl Over BaCO3/Cla-AI203 Catalyst

Vaporizer Reaction CH,4 Conv. C, Sel. CO, Sel.
IC L°C % - % %
185 750 21.08 46.49 51.10
750 750 21.32 53.06 43.57
40 ppm ethy! chloride:
188 750 39.31 27.68 70.44
750 750 36.04 37.60 60.02

The ability to integrate a methane oxidative coupling reaction directly to an olefin
oligemerization reaction would result in z process for the conversion of methane to liquid
hydrocarbon products without any iniermediate steps, such as separations or compression.
This ability vould also improve the economic viability of a methane to liquid hydrocarbons
process since the separations part of the system could be simplified. Studies were
performed to explore the oligomerization of methane coupling products (ethylene) to liquid
hydrocarbons and determine the feasibility of integrating the methane coupling reaction
directly to an oligomerization reaction.

Experiments were carried out using a reactant strearn composed of 66% cthylene,
24% ethane, and 10% nitrogen at 350 "C. This is a hypothetical stream from a methane
coupiing reactor after separations. The oligome. 1zation catalyst used was 5 grams of
LZ-105-6/alumina, a ZSM-5 type material. "This material was chosen due o its availability
and the numerous reperts in the literature on the use of ZSM-5 as an oligomerization
catalyst. Gaseous reuctants and products were analyzed usin g an online GC, and the liquid
products were collectes in a cooled trap for GC/MS analyses. The 350 °C temperature was
chosen to ensure high ethylene conversion when the oligomerization anid methane coupling
reactions were integrated (very low ethylene pressure). At this temperature, the formation
of aromatics as well as alipbatic hydrocarbons is expected3®, A conventional continuous
flow, high pressure stainless steel reactor was used for these experiments, at pressures of
200, 100, 50, and 20 psig. Since the flow rate was held constaat, the contac: time changed
in these experiments. Surprisingly, the composition of the liquid does not vary grea.ty as
the pressure is lowered from 200 to 20 psig. Results are shov.n in Figure 6.
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Figure 6. Oligomerization Results
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Experiiments at 20 psig were run in which the effluent frorn a methane couplirg
reactor was passed directly into an oligomerization reactor conaining S g of the LZ-105-
6/alumina catalyst at 350 °C, using a single straight tube, quartz reactor, pussing through
two furnaces (reactant feed of CH,/O5/N; = 8.2/1/0.6, catalyst of 4.77 wt % BaCO5/a-
alumina, ECl = 20 pprn, 750 °C, GHSV = 606 hr'l, pressure = 20 psig). The figure
above Uso shows the composition of the liquid products ottained from this couplin g
reaction experiment. ,

The product mix is entirely different from that of the: cthylene-cthane-nirogen
(2.7/1/0.4) reaction at 20 psig. None of the aliphatic C, C,, products are observed. The
rnain products are substituted benzenss, substitvted nar hthalenes, aad xylenes. To
determine if the: low partial pressure of cthylene presen: in the methane coupling effluent
was responsible for the shift in product disrribution, an cligomeuization run was performed
using a reactant stream comprising 9.5% cthylene, 5.2% ethane. and 85.3% nirogen. The
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product rixture from this run, also shown in Figure 6, is similar to that from the coupling
run, indicating the possibility that the shift to aromatics is due to the low cthylene partial
pressure produced in the coupling reaction. ) '

Methane coupling products from low pressure reactions can be oligomerized to liquid
hydrocarbuns without separation and/or compression of the product stream. However, the
formation of particular hydrocarbon fractions may require higher ethylene pressure in the
oligomerization and/or separation of sor1e comnponents from the product stream.

SUMMARY:

In sumrary, Union Carbide has developed relatively long-lived novel catalysts for
methane coupling which give performance which is competitive with that reported in the
literature. High ethylene to ethane ratios (2.5-10) can be obtained. Enhanced surface
reaction and altered vapor phase rzacticn onceprs have been demonstrated.
Oi:gomerizatio of hypothetical produc: sireams and actual reaction mixtures has been

deronstrated. Commercialization of di. ect mathane coupling is considered to be 10-15
years away. '
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