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Abstract

Natural gas te liquids conversion research is a gultidisciplinary effort
focused on the development of an economic process which will convert natural
gas to gasoline, distillates, or orher liquid fuels. This research effort is
expected to provide process technology to convert natural gas teo highar value
uses, especlally natural gas from ramote locatlons. Some of the promising
options are to convert the gas to ligquid fuels such as methancl, gascline, or
distillates. Conventlional technology using steam reforming 1s uneconcaic.
under current condltions. Other technigues, such as direct catalytic
oxidative coupling, have potential for significant cost reduction, Therefore,
thig research effort hez been initisted to develap nev or improved technigues
spacifically related to rate and efficlency ¢f copversion. The goal for
accomplishing this research has been defined as follows: davalop an
economically acceprable methed for conversion of smtural gas te liquid fuels
with acceptable conversion rates (~ 10 te 20 percent pef pass) and selectivity
to dest od products (7 80 percent or.greatery. This vill be achleved through
the assessment of several catalytic and noncatalytic techniques through
laboratory experiments, theoretical enalyses, anhd systems analyses.

Background

Naturel gas, consisting largely of methane with smaller amounts of ethane,
propane, and other hydrocarbons, is a plentiful domestic resource in the
United States and iz videly available at compstitive prices. V.5, proved
reserves of natural gas are estimated at 159 Tef (4.5 Tem) by the DOE.
Unconritted reserves are approximately 37 Tef (1.1 Tem) including those in
Alaska, while undeveloped conventionsl rescurces may be as much ms 650 Tef
(18.4 Tcm), much of it avallable st a cost of less than $3/Mcf ($106/Kcm),
[Inconventional resources (low peroeabllity researvolrs, coalbed methana, and
shale gas) in the "lover 4B" states are extimated to be ar least 258 Tcf (7.3
Tem), and may be as much as 2000 Tcf (57 Tew) or pore 1f gas hydratec and
other uncenventional resources are ifncluded. Bowever, mnch of the potentlally
producible resources of natural gas are not sccessible te markets because of
the lack of pipelines from theze rescurce areas. These unavailable resources
generally fall inte two categorles: Jarge resources in truly remote lecations
vhere nev plpelinas would be very expensive, and small or medium sired
cesources in arveas where no pipelinas PreEently exist.
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‘The ability ta convert natural gas cheaply and efficiantly Iinto a

transportable fuel such as gasoline would not only open nev markets for
presantly "usable® gas but would greatly contribute to reductlon of petroleun
itports to tha Unlted States (Figure 1), Achievenent of these desirable uses
for natural gas is contingsnt on the availability of B sonverslon proceas
vhich produces a high yield of a trensportable liguid fuel which has favorable
energy density, cexbustiom, and environmental characteristics. There arg tve
possible classes of products: methanol and gasolinesdistillate fuels,
Casolinesdistillate fuels are most desirable for sevaral reascns. They would
he immedlatrely marketable through an existing tnfragtceucrure, and {for the
Alaskan casa} they could be transported from the Horth Slope to the year-Tound
ports through the existing petroleun pipeline. Markets for methancl as a
notor fuel are wneartain and speculative, and methancl is probably
incorpatible with the existing Alaskan pipeline because of mclsture
equilibrium, corrosion and other concerns. .
Exicsting commercial techoology for converzlon of natural gas is typified by
the Nev Zsaland plant which uses steam reforming to produce a hydrogen/carbon
monoxide mixture {called synthesis gas), folioved by a methancl synthaxis
step and the vall-knowan Mobll-M process for conversion of methanol to
gaselina, Several studles have indicated that such @ process iz not
economically compatitive with refinery production of gasoline from crude oil
at presant or antleclpated world prices and that the New Zealand plant requires
government subsidies., FPreliminary system studies at METC have indicated that-
capital eopsts of such plants will increase drastically vhen thay are sited in
camote locatlons such as the North Slope of Alaska, and economie
competitiveness ¢f tha product fuel at market locatiens will be
correspondingly peorer. &lthough varlations and incremental improvaecents in
the basic process ace possible, they are unlikely to lead to major coxt
reductions since the reformer, the highest cost section, Iepresan‘s a
relatively mature technolegy. Ioprovements in the methanel, synthesis and
Hobil-H steps have litcle leverage on the overall costs.

Converailon of gas te llquids is an exciting regearch area and 1s Just now
beginning to have an impact vith the recognition that netural gas may well he
our most important fuel in maating the problems of liquid fuel zhortages. Use
of natural gas for industrial and power plant energy needs cen displace
residnal fuel, distillates, and other liquids which can then be usad as such,
or can be readily converted to meet tranzportation fuel depands. 8y
substituting gas for oil soms 2 million barrels per day pf oil imports can be
elizinated. Both sethanol and ethanol are technically viable options Ed
displace crude oll loports.

DOE Mlzsion

Fossil Energy's baslec strategy is to identify research opportunicies and
conduct research (and transfer the results of such research to the user
community) in the extractlon, processing, amd utilization of domestic fossil
fuel resourcas. An important element of this atrategy 1s related 10 promotling
a balanced and mixed energy supply which can be used to significantly expand
the Matien's indigerous supply af fuels.
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Within the context of the DOE/Fossil Energy Mission, the DOE sponsors
activities for the research and development of gas to liquid conversion. The
folloving are the major goals of the program focused on the conversion of
natural gas to liquids:

o Development of a major cost reduction through the exploration of new
concepts to simplify the process, improve yields and selectivity,
and improve separation and recovery of the product. The long-term
research approach is to seek the ultimate one step conversion
process with high yield, high selectivity, and a high
separation/recovery efficiency. The development of these goals will
result in a competitive process on both large and small scales.

o Achlevement of the major cost reduction through the development of
new catalysts, noncatalytic processes, biclogical methods, and
trade-off evaluations of separation and recycle facilities for
conversion and selectivity.

These activities encourage advanced research efforts to extend the fundamental
scientific and engineering knowledge base to provide advanced concepts and
innovative ideas for conversion of gas to liquids in particular and gas
utilization in general. These investigations are projected to result in
increased gas reserves by providing new higher value market outlets and
increased domestic liquid fuel supplies through the development of new
concepts to simplify conversion processes and to improve yields and
selectivities as well as separation and recovery of the end-use product. Por
example, the application of a small-scale, low-cost, one-step gas to liquids
conver-ion process could lead to the increased utilization of natural gas from
such remote areas as Alaska’s North Slope without the prohibitive costs
associated vith construction of a Trans-Alaskan natural gas pipeline. These
research ‘ctivities encompass several research and development areas.

Research Focus

Research needs include: improved selectivity for both catalytic and non-
catalytic conversion to methanol or olefins while retaining good conversion
per pass through the reactor, reduction in temperatures required for conver-
sion, improved methods for separation of products from unreacted materials
that must be recycled, improved methods for oxidant production and separation
of methane from contaminated or dilute feedstocks, and better knowledge of
catalyst life and rejuvenation requirements.

Government funded programs in gas conversion are managed by DOE. Process
research and applied science, including technology transfer to industry, are
funded by the Possil Energy programs, while basic science of methane reactions
and other C. chemistry is funded by the Office of Energy Research’'s Basic
Energy Science program. The Gas Research Institute (GRI) plans, manages, and
develops financing for a cooperative R&D program in supply, transport,
storage, and end use of gaseous fuels for the mutual benefit of the gas
industry and 1ts present and future customers. Funding for the overall GRI
program is derived primarily through regulated natural gas sales or
transportation services.
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The Morgantown Energy Technology Center (METC). a= laad center for gas supply
and utiiization, has been involved in research and technology devalopment
necessary for the conversiocn of patural gas to liquids and/or highar value
hydrocarbotiz, These activities include research in the development of
catalytic, nencatalytic and biologic processes; novel &r lpnovative process
concepts; and separation and recycling concepts {Figurs 1). & primary focus
in this program iz the aspessz&nt and pvaluation of concepts for development
of a lovw-cost, one-step process for the converslon of natoral gas 1o liguids.
The Pittsburgh Energy Technology Centar (PEIC) 1s currently pursuing research
{n a prograr called Indirect Eiquefactioa- This program 15 focused on the
conversion of solids {ccal) te liquid fuels and is complimentary te the METC
natural ga= to liguid fuels program. In order to comply with the FE program

mission, METC and PETC have worked closely with industry and the Gas Bescatch )

Institute ¢GRI} & that research wfforts at METC and FETC are compatible with
those research efferts io industry.

METC’s research activities are focused on the following research areas:

o Catalytic processes resesrch includes effortz to assess nev catalytlc
techniques through laboratory axperiments, theorerical analysis, amd
systems analyse¢s, in order to select the most pronising methods for
further development to olefins or other "end use® fuels.

=) Noncatelytic processes research imcludes fundanental chemical kinetflrcs,
gas phase and suriace chemistry, and partial oxidation of methane 1o
methanol, developeent of & comprehensive model, aod validation of the
model.

o Blglogic research efforts include an invertigation 1o deteraine the
potentiel for development of a gas te liguids converslion process based on
catalytic structures which aimic favorable aspects of biologlcal syztams
such as methanotropic bacterla. '

(/] ytilization Technology

- Frocess Evaluation includes the determination and development of
lmproved methods Lor separatien of preducts from unreacted materlals
that oust be recycled, and improved methods for the separation of
methone from contaminated or dilute feedstocks.

_— Systems analysis lacludes efferts to corparatively evaluete various
technosogy optienz and to identlfy systens integration. issues, such
as selectivity/conversion tradeoffs and meparatiom techknelogy .

In pursuit of the identified projeck activities; Table 1 and Table 2 identify
the project research efforts, sssoclated parrleipants, and the currently
established schedule=s for milestone completion.’
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Table 1: Natural Gas to Liquids Research and Participants

Technical Activity Participants
Catalytic Research
o Catalyst selection and evaluation METC
o Development of synthetic catalysts LLNL

0 Analysis of dual redox catalysts for
methane oxidation conversion -

Non-catalytic Research

o Proof of concept experiments for thermally
induced conversion

Biolggjc Research

o] Evaluation of new concepts/processes
based on biclogic structures

Utilization Technologx

o Evaluation of conversion economics

Lehigh University

LANL

TBD

METC
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Table 2: Project tlements and Schedule

1580

) . 1st ¥nd Ird - ath

FPhaze |

Systems Analyses 1

In-Housze Laboratory 2

Noncatalytic Study 3

Synthetic Catalysts 4

Dual Bedox Studiss= 5 &

Inncvatlve Concepts 7

1 Provida apalyses of the process Fyslams eurrantly utilized io the
conversion research efforis.

Provide test results on both gas phase reactlon and surface ceaction
chemistry.

Provide results of lov temperature simulation model.

Provide test results on the comparisen of LINL/LANL computer siaulation
wodels,

Initiate ragearch affert.

Provide initial results for studies pf methane oxidatlon performed over
doped Capper/Metal oxides.

Initiate ressarch effort.
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Research Discussion

The following discussion describes research activities relative to the Natural
Gas to Liquids Program at METC, as well as work being undertaken by PETC's
Indirect Liquefaction Program and GRI’'s Methane Activitation Program.

Direct partial oxidation to methanol -- Both catalytic and non-catalytic
processes have been investigated for production of methanol from natural gas.
These have been extensively reviewed and will only be briefly summarized
here. Only processes that use oxygen or air as an oxidant will be discussed,
since use of other oxidants such as nitrous oxide or halogens require the
recycling of reagents for economic cperation. Processes based on direct
partial oxidation offer relative simplicity and relatively low heat transfer
requirements, but economically promising conversion rates and selectivities

have not been proven in large-scale equipment,

Non-catalytic conversion, sometimes called "cool flame oxidation", takes
advantage of high temperature chemical equilibria which favor methanol
formation. Temperatures in the range of 350-500 C are needed for the process
to be effective, and high pressure (>40 atm) also favors methanol formation.
Short residence times along with rapid quenching of products tends to improve
methanol selectivity. Formaldehyde is usually produced along with methanol.
As with most methane conversion processes, conditions that favor high
selectivity (>50%) to desirable products usually favor low conversion of
methane per pass through the reactor (<5%). Promising results on this process
indicating >B0X selectivity to methanol with conversion per pass approaching
10%, and negligible formaldehyde, have been obtained at the University of
Manitoba, but have not been verified elsewhere.

METC initiated funding of a project at Los Alamos National Laboratory (LANL)
in 1984 to investigate the potential for high temperature plasma technology in
conversion of methane to methanol. This project has continued and evolved
into a modelling and laboratory study of the kinetics of gas phase methane
chemistry which serves as the basis for non-catalytic thermal conversion
technology. LANL has developed 2 comprehensive model for methane gas phase
reactions, verified the model by extensive comparisons with literature data,
and used the model to predict conditions that should give favorable conversion
in thermal reactors. The modelling results indicate that high temperatures
(300-800 C.) and high pressures (30 atm) will be necessary to achieve
economically faverable results in noncatalytie systems. A proof-of-concept
experiment is being planned to validate the theoretical predictions.

Proposed catalytic processes for direct partial oxidation to methanol
typically use metal oxide catalysts and operate in temperature and pressure
ranges similar to the noncatalytic processes but offer promise of higher
conversion efficiency. While publications are numerous on the use of oxygen
or air as an oxidant, no one appears to have achieved and confirmed usefully
high yields vith this process. Recent research appears to have neglected this
approach in comparison with work on formation of Cz hydrocarbons, but the
lower temperatures necessary for methanol formation, increasing interest in
the U.S. in methanol fuels, and the ability to easily convert methanol into
other products, may lead to a resurgence of interest. Use of zeolite
catalysts to convert methane to methanol is being explored by Lehigh
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Unjversity &5 a promising route to reduce temperature requirements while ‘
achleving good yields of product. HETC ipitiated funding in PY198Y to Lehigh
University to pursue research in this area.

Dxidarive coupling to olefins -- In a process called "oxidative coupling®
pxygen can be reacted wilth methane over an oxlida rataly=t to "activate"
mathane and form hydrocarbons containing fwo or more carbon atoms, typically
ethylens and ethane. These reacilons ococur At 1 atn pressure but typically
require temperatures in the 500-800 C. range. A similar process uses a metal
oxide as an “oxygen donor" to perfeorm the mathane activation, thus requiring
noc oxygen additisn to the methane stream, but raguiring a separate step (o
regenerate the catalyst in a stream of alr. mce light olefins such as
ethylene are formed they can be used as fegdstock for production of gasoline
or chemicals in separate process steps using knovn techoology. Soke
investigators have speculated on combining gevaral proress steps into a :
nearhined fuoctien™ catalyst to preduce gasoline-range hydrocarbons dirsetly
frar mathana. GSeveral laboratories are investigating the basic chemistcy of
these reactions and testing various types pf catalysts.

METC has an inhouse activity te screen promising catalysts for conversion
activity, to investigate the wethanisms of oxida catalysts for partial
oxidation and oxidative coupling, and to evaluate novel concepts- A new
serier of mixed metal oxide catalysts has been developed that glves €z yields
ttha product of conversion and selectivity) in the 15X range.

In e predect that 1s co-funded by METC and GRI, Lawrénce Livermore Natlonal

Laboratery {LifNL} Ls investigating potentlal benefits of nev silica based

pmaterials, as a suppotrt for metal atoms which provide catalytie zites for J
methane activation. This is a relatively new project and significant results

are just beginning te be achieved.

inother option, and perhaps the most promising, 1% a process bazed on
biological activation of methane. While biologists have known for a long timpe
that certain bacteria con utiliza methane by rransforming i1t into gomplex
compsunds, the ehemical bages and mechanisms for such reactions are not well
undecstood. V¥hen a batter understanding of such bacteria and. thelr
biochemistry 1s achieved, it may be possible through genetic manipulation to
develop bacteria which would produce hydrocerbon fuels or mgthancl effec-
_tively. Alternatively, it might be possible to duplicate the essential
functions of the basterial snzymes in r manufactured catalyst which eould be
used as a heterogengous or hompgenecus catalyst. LLNL is svaluating under
internal funding possible routes for duplicating the eritical functions of
methane-matabolizing bacteria 1o heterogencous orf homogenepus catalysts for
methane converzion 1¢ methancl. There are others currently investlgating
biclogical activity in connection with converslon processes. Sandia Rational
Laboratory (SNL) is using fundamental molecular modelling technigwas to inves-
tigate methane interacticns vith catalysts based on biolegieal porphyrin
struciures ih a study sponsored by PETC. The University of Varwick and
GCelgene Corp. ate studying methbamotrophle bacteria to AssEsE vhather key
functions could be duplicated in useful catalysts in studies funded by GRI.
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Fﬁture R&D Needs

As research continues in the conversion of natural gas to higher value fuels
several research areas will need to be analyzed.These include (1) improved
selectivity (the percentage of "desirable" product out of the total product
wix) for both non-catalytic and catalytic conversion to methanol or olefins
vhile retaining good conversion (the percentage of methane converted per pass
through the reactor), (2) reduction in temperatures required for conversion,
(3) improved meth.ds for separation of products from unreacted materials that
must be recycled, (4) improved methods for oxidant production and separation
of methane from contaminated or dilute feedstocks, and (5) better knowledge of
catalyst life and rejuvenation requirements.

Both for direéct partial oxidation to methanol and oxidative coupling to
olefins, some groups have shown promising results in the laboratery, but the
conversion and selectivity achieved in these lab tests must be validated and
improved, and the factors that control these parameters must be better
understood before large-scale process development work can be undertaken.
Other process parameters that need to be understood include the effects of
catalyst type and oxidant.

Reduction in temperatures from the high values currently required for some
reactions (600-800 C. for oxidative coupling, up to 1000 C. for noncatalytic
conversion) would reduce the need for special materials of construction. The
optimum temperature may not, however, be the lowest temperature, since most
oxidative processes are exothermic, and excess heat at low temperatures is not
as useful as high temperature heat. A balance between this consideration and
the materials requirement may dictate the optimum temperature for the process.

Byproducts from partial oxidation reactions include carbon dioxide, carbon
monoxide, and water, as well as other minor or trace species. For best
process efficiency, methane will have to be separated from these byproducts
and the major products and recycled. If methanol is the product, separation
1s relatively easy, but if ethylene has to be separated at an intermediate
stage of the process so that it can.be passed on to other process stages,
cryogenic separation would be required. For this reason, some approaches
envision coupling a second stage conversion of light olefins to heavier
hydrocarbons directly to the first stage vithout a separation step, or
possibly with only water and carbon dioxide removal steps between stages. In
any case, advanced separation processes are likely to be useful as part of any
nev conversion system developed. Since some processes require oxygen as
oxidant, any advances in air separation technology, such as nev membrane-based
processes, are likely to improve the economics of conversion technology.

It is more and more being recognized that the U.S. and the vorld, have more
gas resources than oil. Conversion of gas to liquids may vell be our most
promising long-term source for synthetic fuels. As with all synthetic fuels,
the challenge in converting gas to liquids is to do it on a cost competitive
basis. Mobil 0il is doing it in New 2Zealand with its commercial plant --
converting natural gas to a mixture of CO and hydrogen, converting that
"synthesis gas" to methanol and converting the methanol to gasoline. The
thrust of DOE’s Fossil Energy through both METC’s and PETC’s companion
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remearch programe ig to flnd ways te convert naturel gas ol ¢oal dirsetly or
indirectly to liquids. There is 8 long way to go, but the opportunity is

exciting.
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Selectivity-Conversion Relationships for

Methane Conversion to Ethylene/Ethane
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