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QBRIECTIVE: The objective of this program is to discover and evaluate novel catalyts
systems for the conversion of methane or hyproduct light hydrocarbon gases through
intepmediate tight gases rich in Cy's to liquid hydrocarbon fuels, and to evaluate different
conceptualized schermes for this.

ABSTRACT

TECHMNM-AL APPROACH: For Task 1, the approach is to test several specific classes
of potential caalys's for the conversion of methane selectively to Ca products rick in
ethylene. The canversion of Cy's e Fuels will he evaluated bricfly during the last six
weeks ol the contract, Task 2 invelves development and economic gveluation of
concepmal processes for converting methane to Cp's and C3's to fuels.

ACCOMPLISHMENTS: Catalyst and screening facilifies have been instalied, and
several classes of materials have been evaluated as catalysts for the oxidative conversion

of methane 16 Cy's. Selectivities of over 60% and C; yields of over 25% were obiained
using one type of catalyst, which showed high {>10) ethylene o ethane rafos. Several
ways to retard or reverse catalyst deactivation with certain types of catalysts were
discovered. Engineering evaluations of the economirs of both a Comparison Case
({methane —> synthesis pas —» methanol —> olefins —> fuels) and a hypothetical Cese 1
(methane to ethylene) were completed.
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DIRECT CONVERSICN OF METHANE TO C; § AND LIQUID FUELS

Y

Transporiazion fuels can be generated by direct and indirect (through synthesis gas)
liguefaction of coal. The production of light gases and methane in these processes
represents a sigraficant economic inefficiency. Although methane is useful as a fusl, it is
expensive 1 ransport, 50 often it is more economical to biam methane rather than

TAnEPOTT il

Conversion of byproduct gases from Fischer- Tropsch or Lurgi Dry Botlom Gasifier
processes, principally methane, 1o liquid fuels in a simple, energy-efficient, econommical
Teaction process is an importan: chemical challenge. Such a process would provide a
significant increase in the valug of coal. If sufficiently selective and econemically
argactive, this technology could alse be applied to our large natural gas reserves for the
production of liquid fuels. It would offer a feasible and economic approach 1o reducing
aur dependence on formign pegolsum sources. One route from methane to liguid fuels
would be through Jight hydrocarbon gases rich ip ethylens. Production of ethylene fom
methane is a useful goal in its own right. These light hydrocarbons may ther, ideally,
with little or no separation of products, be convened over molccular sieve catalysts o
Easoline and disullates. This project's goal is 1o discover economically atraztive
catalysts and process conditions o convert methane to ethylene, The conversion of hight
hydrocarbon gases rich in eihylene to liquid hydrocarbon fusls will be examined only
brief” - Union Carbide Corporation {UCC) predicts that this process would be more
practical and economical than 3 single step process or other altematives.

Our approach 1o accomphishing the obiectives of Task I, the discovery of catalvtic
systems for converting methane 1o Liquid fuels, is o st saveral specific classes of
potentizl ¢atalyses for the convession of methane selectvely to €5 products rich in
ethylene. In the last six weeks of the rwo year period for this project, the conversion of
methane o Cg's will be integrated with the conversion of Cs's 1o fuels with lirte or no
separation berween steps, and the wse of byproduct gas mixtures tvpical of Fischer-
Tropsch or Lurgi Dry Bottom Gasifier processes, (principally methans) will be
demonsirated.

Task 2 is the engincering ¢valsation of altemative processes for the conversion of
methane to liquid hydrocarbon fuels and assistance 1o the R&D catalysis program, R&ED
and engireering will work closely together on concepiual processes for convertin £
methane 10 liquid fuels, 25 well as on the details of catalyst design and resting. physical
chemistry conceprs, and reacior and process design.
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Technology exists for converting methane to liquid fuels, CyH. indicates light
hydrocarbon gases rich in sthylene.

CH, - CO/M, —» CHy0H —> C,H, —> GASOLINE / DIST.

CH, =t COrH, ~—— GASOLINE/DIST.

This praject proposes to avoid the reforming step which is required in existing
technology to-convert mathane to liquid fuels because it is capiral intensive.

It has Jong been known that methane could be pyrotytically convered 10 Cot
hydrocarbons. ‘The direct conversion, in one stap, of methane to liquid fuels,

n CHy ~——m CpHgnoy+y Ha

has been accomplished thermally, but is very inefficient. The carbon-hydrogen bond
energy of methane is muoch higher {104 keal/mol) than the carhon-hydragen bond energy
of ethane (98 keal/mol} or most other hydrocarbons (85-98 keal/mol). Under conditions
suitabie for removal of the first hydrogen from methane, other hydrocarbons will react
preferentizlly. Thus one would expect significant conversions of hydrocarbons other than
methane 1o less useful, hydrogen-deficient, polymeric materials, such as coke and heavier
aromatics and tars, before much of the methane is reacted.  The direct conversion of
methane is highly endetharmic. Temperatures of over 800 °C are required to effect
practical conversions. The extreme temperatures required make it ¢xpen sive (¢ generais
and transfer the required heat Lo the reaction. The operation of such processes is
uneconotical, and materials probliems are encountered.

Although the direct, thermal conversion of methane o hydrocarbons is extremcly
endothemmic, the process becomes exothermic with an oxidative reaction, where water,
rather than hydrogen, is co-produced. A two-stcp process from methane to Lquid
hydrocarbon fuels either with minimal or no separations between steps wontd approach
the economics of a hypothetical single step process, and with optimization of the first
step, it is estimated that 2 two-step process would be more practical and sconomics] than
a single step process for reasons discussed below.

Under oxidarive condiians, complete combuoston is expeeted 10 compett with
methzne activation, Therefore good yields of gasoline and distillates appropriate for jes
and diese] fuels directly from methane in ane step are pot expected to be achievable, even
with 2 muldfunconal catalyst, However, it seems more likely one could sucerssfully
activare only the first hydrogea of methane to form either mechanol or the coupled
product, ethans, under conditions whert the product is rapidly removed from the catal ¥iic
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reaction arca. It would therefore be likely that an economically attractive process to
produce either ethane or methanol could be achievable. This is illustrated by the
pioneering work at UCC in the synthesis of ethylene via oxidative coupling of methane
over metal oxide catalysts []].

To understand why UCC prefers the production of liquid fuels through C,
intermediates, the following reaction sequences may be compared.

CH, ——p CHOH LIQUID FUELS
CH, —  CHCI —_— LIQUID FUELS

The technical challenge in developing any of the non-chloride rogtes shown above
from methane w liquid hydrocarbon fuels is in the first step, the conversion of methane to
cither methanol or ethylene. The conversion of methanol 1o gasoline has been
commercialized [2]. The conversion of olefins to a gasoline / distillate mixture has been
demonstrated in refinery-scale equipment [2].

UCC believes that a methane to ethylene process is more technically feasible than a
methane to methanol process from both chemistry and engineering considerations. High
selectivities to methanol from methane have been reported only at low productvities, and
it ha' been suggested [3] that some major studies in this area have been dropped due 10
unattractive economics, cumbersome quenching equipment, and explosion hazards.
Among t'ie better results reported, Iwamoto [4] reported an 85.6% selectivity with
11.2% conversion of methane (12.7% formaldehyde) at 550°C using a V704/8i05
catalyst, and a 98.5% selectivity to methanol at 1.1% conversion with a WO3/5i0,
catalyst. The yields here are below 10%. Yields of 20-30% have been reported for the
conversion of methane to Cj hydrocarbons.

Stoichiometric conversion of methane to methy! chloride is known technology.
Chlorine has been used in the commercial practice of this reaction, but it is too expensive
a reagent to consider for direct stoichiometric use in the conversion of methane to liquid
fuels. Although Union Carbide made public very little of its work in oxychlorination
[5.6], oxychlorination, requiring hydrogen chloride rather than chlorine, was thoroughly
explored for the selective conversion of several hydrocarbons to chiorides. Methane was
converted to chlorinated methanes on a plant scale using this tzchnology.

Although the steps in routes from methane to liquid hydrocarbon fuels through

methy] chloride may be closer 1o the development stage than the direct conversion of
methane 1o ethylene or methanol, the sioichiometric use of halide compounds to facilitate
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s=leciive abstraction of hydrogen from hydrocarbons will present SEFiQUS COITAS1ON and
recovery problems, and special materials of construction would be required. Hendling of
the chlorides and disposal of chloride wastes, especially (hose containing organic
chlorides (some of which are either carcinogens or hazardous) would presemt
environmental problems which will add significant investment and pperating costs. The
casts for ancillary equipment 1¢ recycle the cormasive chlondes will also add to
investment and operating cosis. For these reasons, Union Carbide favors an approach
which avoids the recygle of large amounts of halides. In reported economic studics of
various routes from methane to liquid hydrocarben fuels, these problems and associated
imvestments are not quantdtatively taken into account '

Many catalysts have been reported for the conversion of methane o Co products in
the last few years. Produoct dismibutions are sirrdlar for a varisty of very dissimilar
catalysts, which encourages the belief that the chemistry jeading o the observed product
distributions is dictated by gas-phase vather than catalyst chemisty. Lunsford §7-21] and
coworkers have elegantly and convincingly demonstrated that methyl radicals are most
likely intermediates in the conversion of methane to cthane. Methyl radicals are
produced by abstraction of hydrogen from methane by the catalyst followed by release of
the methyl radical into the gas phase where it couples to form ethane. The methyl radical
may OF may not be actually adsorbed on the caralyst surface.

CATALYST(O) + CHy ———pm CHz* =+~ OH~
CHg * (adscrbed) ——p CHa « (pas phase)
2CHy — 4w CopHg
Kimble and Kolts [12] have demonsated that the conversion of ethane to ethylene in
the presence of oxygen is not enhanced in the presence of catalyst, indicasing that atlzast
for their Li/CaO catalyst under conditions used, ethane is converted to ethylenc primarnily

(if not exclusively) in the gas phase.

Reactons which have besn proposed to be irvolved in the converiicn of ethane to
ethyiene are tldstrated below.
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Csz + 02  —— 02H5 * o+ H02 ¢
C2H5 * —— C2H4 + He

Csz R —— CzH 4 + H2

C2H6 + MO . 02H5 .

CZHS —_— 2 CH3 .

Lunsford {7] suggests that below 700 °C, ethylene may be formed by reaction of
ethane with catalyst surface 02" or by reaction of ethane in the gas phase with oxygen.
The gas phase reaction with oxygen leads to a chain of other reactions which generate-
more methyl radicals.

In addition to oxidative dehydrogenation of ethane, where surface or gaseous
Oxygen abstracts hydrogen from ethane to produce an ethyl radical, at temperatures above
700 °C, ethane may be converted 1o ethylene in the absence of oxygen through a series of
thermal reactions which include carbon-carbon bond breaking. Under conditions
reported by Sofranko [13], thermal and oxidative dehydrogenation routes to ethylene
were found to have rates of the same order of magnirude.

It is currently thought that carbon oxides are produced primarily from oxidation of
cthylene at higher methane conversions [74] and from oxidation of methyl radical at low

methane conversions [7]. Carbon monoxide and carbon dioxjde have been proposed to
be formed by the following reactions.

CoHy + MO 5 €O, CO,
CoHg + MO 5 CO, CO,

CHg* + MO — CO, CO,

CH3 ¢ <+ 02 CH302 ¢ ———P CO, COZ
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The relazive conzibution of each of these reactions is unkrown, but in SOme systems,
selectivity 6rops as surface area of the catalys: increases [15-173. This indicares that
after the methyl radical ts produced and released iato the gas phase, collisions with and
subseguent oxidarion-on the catalyst surface mu ght be responsible for formasian of at least
some of the carbon oxides. Recent unpublished work by J. R. H. Ross indicates that the
rate 1o carbon oxides depends on the concentration of ethane or ethylene, rather than on
the concentration of methane. He has also proposed thar the rate limiting step in the
formation of carbon oxides mey be the formation of a particular type of oxygen species
on the catalyst surface which is responsible for the formation of the carbon oxades. These
findings have not beer. taken into acéount in recent kinetic models which predict a
mechanistic barrier to the Oy yield possible for methane coupling.

Important goals in studying methane coupling are:
s alow temperaiure reaction (450 - J00 °CY,
»  high Ca yields (selectivity X conversion > 30%),

= @ higher selectivity or 2 lower carbon dioxide 1o carbon monoxide
ratio at a given yieid.

» & high sthylene 1o ethane ratio, and
+  astable catalyst system.

I will also be very important to have a process which car. operate under mode, e
pressure (100-400 psig) rather than at near-atmospheric pressure.

ACCOMPLISHMENTS:
Task 1

Union Carbide Corporadon (UCC) has completed the first year of a pwvo year, cost-
shared contact o siudy the direct conversion of methane or byproduct light hvdrocarban
pases throuph intermediats lipht gases rich in Cg's (matnly cthylene) to liquid
hydrocarbon fusls. For Task | work, literatare results were ranslated into cornmon units
and the references and individus) runs were put into a computer database which allows
searching and sorting. Literature and Union Cazrbide proprietary catalysts from earlier
work were sec to test the reastor systeme and to verify differences among catalysts.
Coatrel studies were completed, and 2 designed set of experiments was condurted to
deierming the effect of the uncatalyzed gas-phase reaction under different process
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conditons so that conditions for operating could be chosen where the homogeneous
reaction would not interfere with tests of catalyst efficiency.

Reactors were constructed and tested in a variety of materials and designs. The
void volume of the reactor was minimized, and quartz was chosen as the reactor material
of preference for laboratory work. Quartz chips were used to reduce the void volume
prior to the catalyst bed. Catalyst mesh size and mass diffusion studies were completed
1o allow the choice of catalyst test conditions outside of ranges where mass diffusion
would be important. The trends and effects of important process variables on the
selectivity and activity of methane coupling were studied for a variety of catalysts,
Supports were characterized and tested to choose those appropriate for supported
catalysts.

The major activity of Task 1 has been catalyst design, preparation, and testing.
Catalyst promoter - support interactions have been studied. The effect of different
catalyst preparation procedures on catalyst activity, selectivity, and stabiliiy has been
studied for a few catalysts. '

Four laboratory reactors were constructed and each is capable of continuous,
unattended operation. A drawing of one of the reactor systerns is shown below.

Mixing Chamber

o——

vent

@

Furrace
urn B E E
Liquid
Pump
p——Thermowel! - = -
Ltqutd '
Coilectors
Gas
Chromatograph

Other CH, N, o /air

Each dual-reactor unit consists of a variety of gases fed through mass flow meters 10 a
mixing chamber. The gases are metered into the reactors, pass through cooled drop-pots
(wkich remove water), and gases are analyzed on-stream using column switching. Steam
or volatilized liquids may be added 1o one reactor in each laboratory.
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The experimental conditions used for catalyst screening varied, but rypically a
rmerhane 1o oxygen ratio of 2 [28% methane and 14% oxygen {72% air) or 10%. methane
and 5% oxygen] was used with nivogen as dilnent. Temperatures were commonty 600 -
850 °C, pressures 5 - 15 psig, and from 0.1 to 30 grems of catalyst were used. Space
velpcities varied from 500 to 30,000 Hrl,

The following results illustrate the products prodoced by the non-catatyzed, thermal
homogeneous feaction under different process conditions at 850 °C. The void volume of
the reactor was 25.10¢,

LUNCATALYZED GAS-PHASE OXIDATION OF METHANE

P CH/O, RT. CH,Conv. 0;Conv. C,Sel. Cy Yield /-

(Psig Molar = (sc) 2 ] % i3 Malar
5 2 4.8 15.4 £1.2 153 86 4.
15 2 143 383 944 153 57 104
5 15 49 314 287 586 14 1.4
15 14 4.8 4.4 543 53.1 24 2.1

R.T is the residence time, and =/- is the ethylenc to ethane ratio. High selfectivities and
high ethylene 1o cthane ratios can be obtained from the uncatalyzed oxidatiar. of methane.
The C, vicld of B.6% it as high as any T, yicld in the lreranure for the homogeneous
oxidation, and it is thought that the uncatelyzed reaction will not be econommically
practical because higher Cy yields will be difficult or impossible to obiain.

The list of caialysts on the next page shows the geoerdl types of caialysts of inierest
and the nomber of catalysts of each type tested. One hundred and sixry Four catalysts
were tested in three major classes. There were 17 significantly different types of catalysts
tested. Metal oxide catalysts of interest include pFromoted hole-defect catalysts and
catalysts ¢ontaining rare earth oxidss. Certain promoted metal oxide catalysts have
resulted in yields to Cy's of 20 10 26% wath ethylene to ethane ratios of 3 10 20, J.R. H.
Ross hat reported Cy vields of 20 10 25% to be in the range of corarnercial interest [18).
Some simple rare carth axide mixrures have been tested, but soroe of the more interesdng
materials, including some proprietary materials, have not yet been tesied.
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CATALYST DESIGN AND TESTING

(164 catalysms)
Metal (uide Caizlysts
Promoted Metal Oxide Catalysts 41ypes 95 calysis
Rarc Earth Oxides - Mixiures and Promoed REQ's 2 types B catalysts
Metals in Unusual Oxidation States
Perovskites 5 1ypes 25 catalysig
Metzis in Malecular Sieves 7 catalysts
Other Squciures 9 catalysts

Other Novel Catalysts and Process Ideas
Solid Base Catalysts 0
Cenain Other Novel Catalyst Systems 4 ypes 20 catalysts

Catalysts with metals in unusua! oxidation or coordination statex, e g stabilized in
rigid oxide frameworks such as a perovskite or a molecular sieve, have been made 2nd
tested. A perovskite s a low-sarface area mixed metal oxide with an AB O stroctre (or
" AA'BU3 07 ABB'O3). The A and B atoms have 2 dafined size relauonship and the sum of
the oxidation states of the catiens must equal six. Small amounts of an A’ or B atom with
multide oxidation states can be sobstituted so that the catdon is vabilised ina hipher ang
possibly more rzactive oxidation stare. The ides is o trap merals in wnusual thigh energy)
oxidatics, or coorcination states so that acivity and selectivity are altered. This can be
accomplished using any rigid, stable framework. Perovskites are of particular interest
because they have jow surface areas Chigh surface areas are reported to faver low
selectivities), and bezause they are stable and £asy o make,

PEROVSKITE
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Law to average selectivides and high actvities have besn obtained using
perovskites. Molezular sieves with roetals in the framework have ntot been suatle under
reaction corditions. One specific complex mixed metal oxide has provided Ty yields of
17% in initial results. This uncxplored class of compounds has 8 very int=restng
sructure which has not been used previously for any catalytic reactions. The well
defined sorugture will allow the exploration of sorme mechanistic concepts, and
compounds of this structure might provide improved selectivines and actvities.

Under “Other Novel Catalysts and Process Ideas,” solid base catalysts have not yet
heen explored, These are materials which might abstract a proton rather than a hydrogen
stom from methans. Electron transfer might foliow, but the mechanism might be
differert from thaf typically observed in methane coupling, providing different
selectivinies.

Certain other novel catalys:s sysiems have been test=d which promise zither low-
temperature catalysts or reaction sysiems which do not proceed by the commonly
accepred mechanism discussed abave.

A modified Jon MeCarty plot is shown below with the best results fram 166
references. The squares on this plot represent results from Union Carbide.

LITERATURE AND UCC RESULTS

35‘. ®  I58C-Be
- 7 1985
3-'-" & IgEE
- am7
= . *
— s I3ge
E +
= O ucc Results
o

u

T o T

=48] 150

Conversion, %

Eurther sconenyc evaluations with realiste exampies will determmine what area on such 2
plot is acrually commercially vizble, but without this input, the arca of Cg yclc above

>
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30% (indicated by & doted line} is considered interesting. C; selectivities as high as

74%, C; yields 8s high as 26%, and ethylene to ethane ratios of 5 to 20 have bezn

obtained with one class of promoted metal oxide catalysts. Representative resuls are
' shown in the following table where =/~ is the ethylene to ethane rario,

SPECIFIC CATALYST RESULTS

Catalyst T GHSY CHy Conv, C, Sel. C,Yield =/
LC e % % % Inglar
UCC-ASCIMMG 763 2087 12 74 9 14
LCC-ADIYE - 70 2341 Ir 63 23 6.0
UCC-A:BCAMMSG 800 2087 50 53 26 6.8
UCC-ABSYS 750 878 48 52 24 15
UCC-ASIY6 750 1171 47 52 24 17
UCC-MO:13 800 3000 3¢ 43 17 18
UCC-G:BaY3 650 682 32 32 10 0.8

The first five examples in the table correspond to the squares on the plot of
literature and UCC resulis. The UCC-MO:13 catalyst is one of the complex mixed metal
\J oxides from the unexplared class of compounds with the unigue sTucture. The
UCC G:B4Y3 catalys: is one of "Cenain Qther Novel Catalyst Systems” which might
lrad 1w a low temperature catalyst.

The following plot (for UCC-MQO.13) shows behaviar typical for many classes of
catalysts tested. The selectivity can be raised ag the expense of C; yield and methane
conversian, so there will be some flexibility in the choice of operating conditions should
selectivity or conversion turn out to be more important.
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The foliowing data indicates that for a UCC-A (promoted metal oxide) catalyst, 1wo
of the components show low methane conversions and Cp yields, and the meial oxide
shows low methane conversions, low Cz yields, and low C; selectivities, tut the cazabyst
made from both promoters and the metal oxide results in high acrivites, Ca seiecivities.
C; yields, and ethylene 1o ethane ranos.

PROMOTER / SUPPORT INTERACTIGNS

I=C CH, C Sel Xicid =iz
Two Components 750 2 4% 0.8 0.2

00 4 53 2 1
Meral Oxide 250 4 26 1 ' 0.7

BUO 11 31 3 1
UCC-ABAY6 750 48 52 24 15

For these catalysts, two mechanisms of catalyst deactivadon were defincd, and it
was possible to design catalysts o avoid the first type of deactivation. A way to retard
_ and/or reverse the second ype of deactivation wes discoverd. The following plot shows
a catalyst which was reactivated afier 24 hours of operation. The resulting catalyst was
siable and showed na signs of deactivating, During the petiod after the catalys: war
reaclvated, the athylent (o ¢thane ratio was 10.

CATALYST DEACTIVATION / REACTIV ATION
Results for UCC-A:B4T3
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These UCC-A catalysts have long lifetimes if operated under the proper process
ronditions. In the following plot, changes in C; yiclds and selectivities are the result of
changes in one process vanable.  This catalyst operated for gver 330 hours with a final
L7 yield (nat showa} of over 20°%.

CATALYST LIFETIME
€2 Selectivity and Yleld
* at
g *7 —g— 2y x - g
E wd - CzVied, X 5
] &
10
-] o Y T T T el
o 100 =0 200
Time, Hrs.

With respect 10 Task 1, the terms of the congact have been met or exceeded.

Jask 2

Within Task 2. Case 1, 2 first-pess cconomic analysis of a process for oxidatively
coupling methane {o form heavier hydrocarbons, predominantly ethylens and ethane, has
been completed. This anzlysis is based on a detailed heat 2nd maternial balance of a
hypothetical oxidative coupling process, and includes both invesament and operating cost
estimates, The hypothetical case is based on selectivities in 3 Phillips patent exarmple
[{%]. The selectvirtes ugad are those reparted in the patent, except smaill amonnts of CO
and higher hydrocarbons were added to determine the cost of separating these, since,
although unreporied, they might be expected. The oxypen conversion was increased 1o
100% and the pressure was raised. Higher conversions usually resuloin lower
selectivities, and it is generally assumed, withon! Bdequate data to support the
assumption, thal higher pressures will result in jower selectivities. T'o counteract thig, the
methane 10 oxygen rato for our txample was changed from 4.4:1 to %:1, which is known
(s2e above) to increase Lhe selectivity, This would add cost 1o the scparations and fequire
alarger reeyele, Case 1 has not been demonstated in the laboratory. The results of the
evaluarion will be used fo the sensitviry swdies, which are in progress. These wid) be
used to clirect laboratory efforts wward most econemical results,
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The results of this inital analysis indicate thar a corumercial-scale Methane
Coupling Unit could produce ethylenc at a variable cost of $01,0588 per pound. The ISBL
(inside batiery limits} investment for this 1.0 billion pound per year unit would be .
$311MM. The result is a Retorn on Investment of 24 percent {after tax). This is .
encowraging, since results ane considered achievable, and there is 1000 for improvemsnt

of the process design.
The Simplified Block Diagram for Caze 1 is showr below.

mh in impli

o ! e e
frir]) Tt 16 Futl
At Catd
..u"' 1 Hex
[}
e praiecyc.
Gl
M Racycle

The Methane Coupling mode} consists of 40 piocks conneced by 50 streams. The
Simplified Elock Diagram shows only the major streams and processing steps, with cach
"hlock™ comprising one or more blocks.



The following table presents a summary of the Material Balance for Case ] that was
generated using the model. The Material Balance is expressed in terms of thousands of
pounds per hour for a unit producing one billion pounds per
year of ethylene.

Meil Coupling Material Bal - Case 1

Stream: 1 2 3 4 5 6 z
CH, 0, CH, Rx Quench  Comp CO,
Eced Feed Recycle Product Water  Dischg  Purge

N, 26 6.5 80.6 89.7 89.7

0O, 285.8 0.8 09 0.9

Co : 08 . 0.9 0.

CO, 1.1 51.1 511 51.1

CH,4 371.6 9222 1003.7 1003.7

C)Hy 125 133.5 133.5

C,Hg 3.7 1.8 110.0 110.0

C3Hg 11.7 B SO

C3Hg 7.4 . 7.4

C4Hg : 0.5 0:5

H,0 280.7 280.7

Total 379.0 292.3° 1018.7  1690.1  280.7 14094 511

Stream 8 2 10 )0 12 13 14
Cold Box Inent CoHy RC CoHy RC CyH 4 RC CoHgRC CoHg RC

N, 89.7 9.1

0 09 0.1

coO 0.5 0.1

CO,

CH, 1003.7 814

CoHy 133.5 0.1 120.9 119.8 1.1 1.1

CoHg 110.0 108.1 0.1 108.0 107.8 0.2

C3Hg 11.7 11.7 11.7 13 . 104

C;Hg 74 74 7.4 0.1 7.3

C4H8 05 - 0.5 0.5 0.5

H-0

Toual 13583 908 248.6 1199 128.7 110.3 184
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The Catalytic Reacror block is & non-Figorous representation of the conversion of 2
specified amount of rw maierial into products via a few simple stochiomenic egualions.
Reaction mechanisms and the effects of temperature and pressure on the reacuon raes are
not considered. An overall heat balance is performed, however, 25 the utilizanan of he
heat reeased by this reaction has a significant impact on the overall process ECONOIICS.
For thic Case 3, the assumed operating conditions and selectivities to prexlucts are as
follows:

#* Methane - ko« oxygenmtio= 91

* Pressure = ' 150 psig

* Temperalur: = 725 °C

* Omygen purity = 07.5 meole %

* Selectivity = 41.3 % ethylene
38.1 % gthane
6.1 % CO;
1.0% CO
4.6 % propylene

2.8 % propane
.2 % butene

The fead 1o the Catalytic Reactor is a mixture of thred process sueams. the fresh
methans feed (stream 13, the oxygen feed (stream 23, and the methane recycle (stream 3).
Nearly all of the pxygen thas is fed 1o the reacter is converted. Bu: this conmesponds te
only a 22 4 % conversion of methane per pass due o the high rato of methane (o oxygen
in the feed. Therefore, unreacted methane is the major constituent in the reactor pooduct
{stream 4).

In the Quench siep, & fixed termperarare-pressure flash is performed which
calculates Tigorously the amount of water thay will comdense out of the reactor product
stream when it is cooled 10 45 °C (with cooling water), The remainde of water is
assumed 1o be removed via a repenerable fixed-bed drying systerm. Stream 5 is the water
removed via the combination of these twa Operatons.

‘The Compression siep is a tigoroys calenlation of the amount of power required o
deliver the quenched reactar owtlet stream Io the pressure needed by the downstream
processing biocks. In this case the pressurs that is peeded is set by the Cold Box, which
operates at 530 psig. This operation would actaally be carried out in three equal 5tages
separated by intercoolers 1o limit the discharge temperature from cach. For Case 1. the
power required for this compression step is 27,000 HP per stage — 81,000 HF iotal.
Srearn 6 is the discharge from the third stage.

The Acid Gas Removal siep i$ & non-TigoTous representation of an armne absorpoon
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system, similar to those used to sweeten narural pas. This is standard technology, and this
PTOCESS PIESENIs NO LNique Tequirements. Sweam 7 is the carbon dioxide that is removed
in thig swep.

The Cold Box and Expander steps are a igorous treatment of the {TYOELTIC
distillation operations by which the unreacied methane is separated {rom the ethylene,
cthane, and heavier products; and by which a purge stream is taken 10 femove inerss that
enter the process via the raw materials. Cold Box designs are Froprietary, but it can be
revealed that the pnit consists of a scries of partial condensers in which ethylene, ethane,
and heavier components are removed as the liguid prodoct {stream 10}, and in whick a
methane-rich seam is taken as the vapor product. Stream 3 is the methang recycle,
which goes back to the reactor block. A purge (stream 9) is taken 1y remove inens from
the cycle.

The Eihylene Column block is a igorous representaton of the distilladon column
which produces refined (§9.85 %) ethylene (strcarn 11} from the crude product stream
taken from the Cold Box {stream 14, :

Finally, the Ethane Column block is a rigorous representation of the distiftation
colomn which produces ethane at 2 98 % purity (stream 133 from the Ethylene Column
tals product {soeam 12). Sweam 14 is the remaining propylene. propane, and borene,
which can either be s0ld as a mixrure or further refined as individual prodicts.

The invesanen: cos estimate for the ISBL (inside banery limits) portion of the unit
was ¢'ained by sixing and costing 65 of the largest Major Equipment items using
standard factors. Only one-third of the total nomber of Major Equipment items that
wonld alt mately be required were identified, but these accountad for two-thirds of the
total Major Equipment cost. The hulk marerial and tabor, and the other invesTnent
quantities were estimated by applying standard factors to the adjusted 1otal number of
Major Equipment items and ¢ost. Results arc summarized on the next page,
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Methane Coupling In¥estment SuMMmary

Rezcrion and Quench System £EIVIM o+ AD T
Corpression Sysiem SB4MM

Gas Pretreating Sysiem $14MM

Cold Box and Expander System  S52MM

Refining System $18MM
Refrigeration System $63MM

Tom! 1SBL (Inside Battery Limits) Investment  $311MM

+i- 40%
Oxygen Plant (3,500 1ons/day) $64MM
OSBL (Oumside Bauery Limits) $75MM

Total Fixed Investment $asIMM  &/-40%

The operating cost cstimate includes raw material requirements, by-product credits,
and utlities. The raw material and co-product credits come direetly from the yield
assumptions. The otilities were cstimated by first tabulating the heating, cooling, and
shafi-work inputs and outputs from the model, and by thea applying a manual heat-
inte gration technique 1o reduce the amount of encrgy that must be imporied via utilities.

It was assumed that the waste-heat from the Reaction System could be usad 10
generate high-pressure steam, which would then pass through condensing turbines .o help
drive the Compression and Refrigeraton Sysiems. For Case 1. it was found that this
waste hear alone was snfficient 1o provide the 116,000 EP nceded io drive thes_ sySIems.
Therefore, the major utility requirements for the Hase Case are the fuel gas required 10
preheat the raw waterials to e rEadtor pperating temperature, 2nd the elecincity required
10 operats the oxygen plant. :

The balance sheet on the next page summarizes both the jnvestment and operaung
cost breakdown for the Methane Coupling process.
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ethan lin n

Price Volume Valve
$/Unit Units/Yr MM/Yr
Investment
ISBL 1000 311
Oxygen Plant 3508 64
OSBL 78
Total Fixed Investment 453
Working Capital ' 15
Total Utilized Investment ‘ 468
Ethylenc Sales | $0.320 1000 320
Variable Cost o
Methane, Lb $0.043 . 3161 136
By-Product Credit
Fuel Gas, MMBTU $1.800 15 -26
Ethane, Lb $0.055 920 -51
Propylene, Lb $0.205 87 -18
Other Hydrocarbons, Lb  $0.072 65 -5
‘Total By-Product Sales - -99
Utilities, MMBTU $1.800 12 22
Catalyst & Chemicals 1
“io1al Variable Cost 59
Fixeu Cost - : 40
Total Cash Cost 08
Operating Income 222
Depreciation (10%) ' 45
NIAT (37% Tax Rate) 111
ROIAT 24%

The results of this initial analysis indicate that a commercial-scale unit could produce
ethylene at a variable cost of $0.0588 per pound. The ISBL (inside battery limits)
investment for this 1.0 billion pound per year unit would be $311MM. This results in a
Return on Investment of 24 percent (after tax).

Sensitivity studies around Case 1 have been initiated. The first consider the effect
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of the reacior lemperature and pressufe on the base case profitabilicy, independent of any
effect that these might have ‘on the reacted product mix. The following graph summarizes
the tesehs for temporatre,

Effmct of Metbane Cocpling Rx Tamparstors
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As the Teactor temperature increases within the range of 623-815 °C, so does the ISBL
investmeni This is due to the higher cost of canstruction for the reactor vesse] at higher
1emperatures. It was found that the effect of reacior optrating temperatere on Iperating
cost was negligible. Higher investment without 3 concurrent decrease in operating costs
causes the Retumn on Investment after tax (ROIAT] to decrease accordingly. Therefore,
2]l things being equal, the economics favor a lower reactor OpETating temperature.

The following figere shows that as the eacior operating pressure increases within
the range of 80-240 psig, the variable cost per pound of ethylene decreases.

198




Effect of Methane Cuplingnlx Premure
on Variable Cost and ROIAT
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This is due entirely to the lower compression costs that higher reactor operating pressure
affords. It was found that higher reactor pressure decreases the compression system
investment, but this is offset by higher reaction system investment, so that, overali, the
effect of reactor operating pressure on total investment is negligible. Lower operating
costs without a concurrent increase in investment causes the ROIAT to increase
accordingly. Therefore, all things being equal, the economics favor a higher reactor
operadng pressure. Raw material costs are based on late 1988 dollars for Case 1.

The economics of a Comparison Case based on demonstrated technology have been
calculated. This case consists of the conversion of methane through synthesis gas to
methanol, the conversion of methanol to a mixture of light olefins, and the conversion of
this mixture to liquid fuels. This case will be used to establish a benchmark against
which to compare emerging technology for the direct conversion of methane to ethylene
and liquid fuels. It will be compared with results from Case 2, the conversion of methane
to fuels through intermediate light gases rich in Cp's (Case 1 integrated with Mobil
Olefins to Gasoline and Distillate, not yet done).

In the Comparison Case, synthesis gas production is accomplished by steam
reforming of natural gas and ICI's Jow pressure methanol process is used to convert the
synthesis gas to methanol. Methanol is then converted to olefins via the Methanol to
Olefins (MTO) process and the final conversion of olefins to liquid fuels is accomplished
using the Mobil Olefins to Gaseline and Distillate (MOGD) process. The block diagram
of this is shown below.
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Methane Coupling Comparisen Case Block Di
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The Comparison Case is based upon 2 otal production of 3320 mewic tons per
day of methanol in two paralle] operaring units followed by single qain MTO and MOGD
facilities which produce 10,700 barrels per day of gasoline and disnilate. The process
sequence for the conversion of methane t0 wethanaol is based upen SRI International’s
[20 formutation of an integrated process 10 produce symihesis gas from methane by
stear reforming of pamural gas followed by JCT's low pressure process for the conversion
of synthesis gas o methanol. The crude methana] product contains 18.3 wi% water and
can be fed directly 1o the process for convening methanol 1o olefins. Mobil's Clefins to
Gasoline and Distillate (MOGD) process is used to conven olefins 1o tiquid fuels with &
disrillate to gasoline ratic of six to one. - Raw material costs are based on carly 1988
dollars for the Comparison Case. ‘This will be updated later when this case is compared
with Case 2, the conversion of methane to fuels through intenmediate light gases rick in
Cy's (Case 1 integrated with Mobit Olefins 10 Gescline and Distllate).
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Methane to Distillae Comparison Case E )

Base Case

Price Volume

$Alnit Units/Yr

Investment
ISBL, bbl/day" 10700
Methane to Methanol
Methanol to Olefins
Olefins to Gasoline & Distillate
Tota! ISBL
OSBL
Total Fixed Investment
Working Capital
Total Utlized Investment

Sales
Gasoline & Distillate, gal $1.71 147.63

Variable Cost

Methane, Lb $0.039 1491
Other Raw Materials,
Udlitier, MMBTU $1.650 2

Total Variable Cost

Fixed Cost
Assigned Overhead

Total Cash Cost

Operating Income
Depreciation (10%)
Local T&I

NIAT (37% Tax Rate)

ROIAT

Hypothetical Case
Value Price Volume Value
SMM/Yr $/Unit Units/Yr SMM/NYr

16100
249 - 255
44 . 60
30 41
323 356
132 149
455 505
49 - 60
504 ' 565

252 $1.320222.13 293

59 $0.039 2042 80
6 6

4 $1.6504 6
69 92
38 42
11 13
118 147
134 146
46 51
9 10
50 54
10% 10%

The total fixed investment is $455MM and a sales price of $1.71/galion of gasoline and
distillate products will be required in order to generate a ten percent after tax return on
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invesmnent based upon a natural gas cost of $1.65/MMBTU. Even if the methans were
free and a zero percent Teturn on investment were acceptabie, the required Liquid fuels
sales price of $0.72/gallon would still excesd the present pries of about $0-50-
0.50/gallor. Clearly, existing sechnology for the conversion of methane 1o liguid foels is
not competitive with the current oil based route in the present pricing environment.

There are some indications in the literarure that further unprovements may be
achicvable by reducing the consurtption of methane and/or by decreasing the tonat fixed
investment for the conversion of methane to methanol. For exemple, Lurgi's [27] low
pressure methancl process claims & methare consumprion which is about 1456 lower than
in the present analysis and Korchnak [22] has reported a 25% reduction in invesancnt
nsing a "Catalytic Partial Oxidation and Methancl Synthesis” scheme insiead of the
conventional "Steam Reforming and Methanol Synthesis” process. Assuming that both
of these improvements could be achieved simultaneously, the total fixed invesmment
required for the production of 16,100 barrels per day of gasoline and distillate 15 $504.6
MM and an average sales price of $1.32/gallon will generate an after tax return on
investment of 1&n percent.

The impact of methane cost on the required sales cost of gasoline and distillate for
the Comparison Case and the Hypothetical Casc - that 2ssuming the improvements
described zbove - it ifinstrated by the following graph,

Impaci of Methane Cost on the
Required Sales Price for
Gusolinge and Distillates
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In summary, for Task 1, continuous, unattended operation capabilities have been
installed in four reactors in two laboratories. One reactor is capable of pulsed, sequential
reactions. Eleven classes of cormpounds were tested (164 catalysts plus pure components
and supports). Yields per pass of several different types of catalysts compete with benter
literature results. One catalyst system gives ethylene to ethane ratios of 3 to 20 with Cs
yields of 20-26%. Selectivities of up to 74% have been achieved at lower methane
conversions. A stable catalyst system showed a C, yield of 20% with a 56% selectivity
to Cy's after 330 hours. Within Task 2, an economic evalvation of the Comparison Case
(methane —> synthesis gas —> methanol —> olefins —> fuels) has been completed. A
similar case was completed which incorporated some optimistic assumptions. Economics
for a hypothetical Case 1 (methane to ethylene) were completed. Sensitivity studies have
been started.

Plans are to continue work according to the contract plan by making and
screening novel catalyst systems within the categories proposed and described (to a
Limited extent) above, by pursuing the better leads with fundamental and process studies,
by completing sensitivity studies on Case 1, by doing economic studies of laboratory
catalyst systems which are the most promising, and by completing the economic
evaluation of Case 2, the conversion of methane through Cj's to fuels.
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