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OEJECTIVE: This paper presents an evaluatiom of synrhesis gas based
oxygenated fusls with particular emphasis on emerging mixed aleohols
processes &s optlons for curbing air pollution, and as motokb fuel extenders
and octane enhancets. ’

TECHNICAL APPROACH: The potane market is analyzed to estimate the expected
pmarket share of oxygenstes In general amd the mized alcehols chare in
particular, Comparative techne-economie evaluation of chs emeTgRing
pracesses for the direct selective conversion of eynthesie gas T2 mixed
alconols (€1 to 0B) was conducted to identify those processes that are
currently ready for comperclalizatior.

il T DNTS: Analysis indizates that therg ars more than ?
billine petane barrels of market avallable for mixed alcohols and ocher
oxygenates by 198§ and beyond. Two European processes are eurrently ready
For commercfalization. Ome is the Italian "MAS" process developmd by
fnapprogettl using a high pressure {sbout 2000 psi) moedified methanel )
syrnthesls catalyst. The othey is the "Octamix™ process develeoped by luerel
in West Germany wsing & low (1000 psi) pressure wodified methanel symthesis
caralysc. Hetarcgenmesous, low temperature mcdified pethancl synmthesis
catalysts seem to be the recommended voute fer future catalyst development
efforts to produce syntherir mixed alcohols. A similar route ceuld be
exezmined for the produrrion of mixed ethers that could be used to produce a
fungibie high octans gaseline hlends.

PUBLICATIONS: A Draft MITRE Reporc: WPEEWO0062 entitled "Evaluation cof

Wived pleohols Production Processes and Catalyses,” May 1908 (currently
under review at SANDIA and DOE).
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AMIROUTCTION

This paper presents a critieal starur raview of mixed alcohols as a
non-petroleunr base alternmative rransportation Euel option. The pain
cbjectives are to analyze the petane market nesde, evaluats the eperging
technologies thar are avallabhle to meet thess needs and to examins the
future trends and recoomand areas for futurs Teseatch. '

Three tator needs have potivated the United States intarest in mon-
petroleun based alternative transportatinn fuele, Thaee needs are {1} the
need to curb air pellution by reducing the carbon mensxide (CO} and ozons
(zmog) to thelr &llowable amhisnt air qualicy limits, (2) che nend to £111
the cctane gap resulting from the phasing ocut of toxle lead alkylo as
ectane erharncers, and (3) the need for at lsagt a partial replacement of
the current 1.5, petroleum based transportatien fuel in an atteop: to
reduce ouy trade deficit and ensurs our natlional sacurity and enarpy
independence,

Various cptions are avallable to gatisfy all or part of the previous
needs both within the refinery and from sxtarnal sources. Within the
refinery there is the pogsibilicy &f upgrading the main compenents of the
Easoline pool to Increass thelr sctans lavels. Thiz upgrading is possible
by changing the operating conditione, the modification of exisring units,
or the additien of new octane enhancement processes such as Cyclar ro
arematire the LPC Stream or the Hexall to isomerize the propylenes coming
out of the FOO unit. All these refinery options will add octane prizavily
by increasing the aromaric (ETY) content of the gamoline. Some of these
aromaties are known carcinoganes snd health harards. Aromatics ara also
photochemically resctive and msy, therefore, adversely affect the orone
level, In faer, the U. S, Environmental Piotectlon Agency (EPA) nay
eventuglly move ro liwit the use of aromatics as a gasoline comportent. The
cther optisens used by the refiner as octane snhancers are ethanol, methanol
and other methancl-baced oxygenates such as meshyl tertiary butyl ether
(MIBE). Of thess options, ethanol ias limited in supply by semsonal demand
on cotn SYTUp sweerners for eoft drinke, as well ax by anv shift in
polivical supporc or phasing out of fedaral and/ar state tax incantives.
Other methanol.based oxygenates such as MTEE are almo constrained by
shortages in lsobutylens productlon capacity snd possible fluctuariony in
petrochemical product demand which represents a more profitable outlet for
lsobutylenets. The wain sources of Lacbutylent mre xream crackers {olafin
plants) and fluxidized bed catalytic crackers {FCCI. Al! the xteam crakers
of isobutylens are already committed to MTBE manufacture. If economics are
favorahle, & sizeabhle amount af the refinery Imobutylens from FEO could
also be made availabls for the production of MIRE. But, there is a limit
to the amount of ischutylene that could ba obtained from FOC umits withous
significant reducrion in refinery output and serlous Imhalance in refinery
produce-sigte. On the other hand, methanol Is not supply 1imited,
MaoTeover, metharw] iz relariwvely cheap, and hLas a high ocrane hlending



mupter {120}. However, because of i1ts various problamg such as lowv water
rolerance, lack of fungibility, drivability demerits and material
incorpatibilicy, EPA does not allow the use of nethanal alone as a gasoline
blending agent. Tt has to be used with other higher alechols as
cosclventa. A product mix which iz known ac "mixed alcohols.”

$o fmr. such an alcohol mix has bean produced by physical mizing of
the mathanol with various higher aleohols in predecermined proportions,
This approach involves many logistic and qualiry eantrol problems to
pairtsin a reproducible product of fixed composition. A betier approach
may be the direct synthesis of mixed alcohule from synrthesls gas.

VATLA o) EE

There are four procassea for the direct mynthesis of mixed alcchel
from synthesls gas {(Syngis). These include three purapean Progcecees &nd
etie Anerican.

411 these procasses are hasically similer to I.C.1.75 o¥ Turgli's
conventional methanol preductlon processes. They typlically include an
alcohel eynthesis loop integrated with a product geparaction and °
purification {or water removal) sactions.

A guneric nixed alcobol process flow diagram is showr in Figure 1. ©Of
particular imterest in this chart ls the crude mixed aleghel product
seperetion and purificatfon sections which involve conventional
distillation, exrractive digtillation and azegtroplc diztillation In three
scparate distillation colimns dssignated as column {1}, (23 and (33.

In colum (1}, ths methanc]l and ethanel are remeved ae overhead
productz, and the bottom streax Ix fed to a separator where It is sepaTated
into 2 phases: = water-rich squeous phass, and an aleoneol -rich orgenic
phase, The aguecus phaze L5 typically stripped (extracted) with glyeecl in
the sxtractive digtillatien column {2) to recover the €3+ alechol sErsan 4
an overhsad product from the water whieh is withdrawn at the bottom 4& 4
waste stream, The aleshal-rich phase then undergess azeotropic
distillation Iin column (3) whare glycol im recoverad as an overhead product
and iz recycled to the extractiva distilletion coluan. The L3+ alechol 12
pepezated a5 & bottom stream snd ir added to the already separated mathanol
snd ethancl to make up ths final C] to Cg mixed alcobcols produck,

The stoichiomatry of bigher alcohols preductlon iz shewn in Filgura z.
Examination of this figurs indicates that the maln by-product of this
reaction may sithar bs watsT or carbon dioxide depending upon the lsvel of
the water-gas shift activity of the alcohel synthesls catelyst. In all
cases the teacclien is highly excthermic and generatss even Dore heatr than
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FIGURE 1
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FICURE 2
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the methanol synthests resction. The main differences between the four
praviously mencioned mixed alcohols processes wre discussed below.

The Jtallgn Mas procgxs developsd by Snamprogerti uses partial
sxidarion ro produce the syngas feed to a zeries of fixed-bad catalytic
adiabariec raactors eontaining arn alkall-promoted zinc-chrooe-based
caralyss. The crude mized alcohel product with sbewr 20 percent water Is
treated in m three column distillation systen to remeve the water and
separate methanol and higher alcohol streams. AzeoCtopic dictillation with
eyclohexane is usad to separats the C3+ alcoholn.

The synges for IFP'z process ix produced by steam reforming, while the
gicokol synchesis takes place in woltibad guench reactors packsd with
eopper-cobalt-based satalysts. The crude mixed slcshol produst undergoes
distiliarion to remave the water. The tecovearss alcehols are ¢hen purlfied
by excractive (mzectropic} distillation with diethylene giycol.

The Lurgl’s Quramix Frocess Ix eszentially wimilaer ko Lurpli s low
precgure pecthanol production process. It differs mainly by the intlusien
of a carbon dioxide scrubber and the installacion of a stabllizer colwen
instead of 8 distiliation unic. A conbination of steam and Eutothermal
reforming of methane is used to produce the desired carbon rich syngas feed
to & lurgl low-pressure tubuler alcohel synthesis reactor filled with a
copper-zinc-based catelyst. A unigque feature of the Octamix procsss is the
10w watsr content {l-2 percent} of the crude mined alcchol preduct. This
low leval of watar ellpinstes the need for azeotroplec diatillation and
significantly sioplifias the product purification scheme. '

Tha Dow Prpcesy 1& & high teoparature, high pressure process inltlally
developed by the Dow Chemlcals Coopany in the 1.5, for the direct synthesis
of wixed alcohsl from syntheeis pas using a modified Fischer-Tropsch
melybdenup-based eatalyzt. The promotors which are used te adjust the
gverage carbon number of rthe mixed alcohol product, and to increase the.
sclectlvity ef the synthesis reactlom, include cobalt sulfide and alkali
metal calts. A key fsaturs of the Dow process 1s the contral of warer
formation within the synthesis reactor (ac is the case with the Octamix
process), Tha procesc was tested In two high pressure, pllet scale
reactors: 4 fluld bad reaccor and a fixed bed reacter. Each of these
reaztors iz capable of proceszing one ton of gynthesis gas per day. Dov
has discontinued further devalopment of the pracess, but such development
iz now being pursued st the Union Carhide Company.

The typleal wixed alechol produet usually contalns about seventy
peroent methancl with about Thirty percent cezolvent (Cg+) alcohels.
Howsvar ths content of Cz;+ alechsl may be wariad by changing the operating
cond'Eiens apd ot the catalyst compokition. In all cases the purified
mixed alcohole should neot contain more than .1 percenc af water.
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GENERAL CONPARTSON OF WIXZD ALCOHOL PROCESSES

Az ghown Inm Figure 1, the Octanix proceset which utes a modifjed low
pressure methanol mynthesis catalyst sesns co be post advantageous for many
reasons. 1t 1c veady for commercializstion and hazx 4n slomest wazer fies
crude fetamix product which peeds po further drying. The Doremix process,
thersfors, has no extractive or azeotyopic diselllacion, iz 1 poesible
becaues the Ocfamix process contrels the water formation within the
pynitbesis resctor by an almoxt cooplete removal of carbon dioxide from the
synthesls ioop and by using & caThbon wonoxide rich synpaz to sncoursage the
water-gas Ehlfr reaction to procead in tha forward dirsccion which favors
the sontinuoue water repoval. The posslible digedvantage af this approsch
for watar remavel Es the high cost of carbon diox{ids remowval.

TIYE ¢ o SES

The main characterlistics of the varions plxzed alechols processes are
compared in Figure &, This figure indicetes ther the Octamix process has
the mildest operating condicions compared to othar processes. The figure
also indicetes that Octsnix has a better catalyst which sxhibits higher
productiviry, highar selectivity and more gtabilicy (i.s., longer raralysr
life) thap the IFP, che MaS ot the Dow processes.. The difference in
product slate between the various processes, I1s beeically due to
differanzec in the catelver eomposition. The fu/Ce catalyst of IFP
enhancar sthane] formation and hence increasss the athans]l ¢pntent in the
final producr. On-the-ocher hard, the medifisd mechanel eatalysr usad In
MAS or Oeramix processes favors the formation of more methancl and
butanels.

COMPARATIVE PRODUCT CRARACTERIETICS

Only precesars that are ready for commercielization and that have
their product tested both in the laboratory and fn the Fleld are ineludead
in Figure 5. Thus only Octamlx and MAS preducts are compared to MIBEE with
mathanol figpures included for easy reference. As ghown in Figure 5,
Oztaplix and MAS heve almost almflar product cheracteristics. However, only
the Cctamix product has been tested under 171,55, test conditions and {=
alicwed by EPA for use in gasoline blends in the U.S5. market. Octamix
arpaars te be less coxtly wod hed higher hlending octane lnq higher cxygen
cantent that MIEE. Octamix ssems, thersfore, to be more sconomically
Actractive 4 a gasoline blendstock than NTEE, 3But HTBE i{a a fungible
rafinary product, and har & lowsr dlanding vapor pressure and hancs a
higher burane blending capacity which makes {t more attractive to the
refiner as a gaselins high octans oxygenate additive.
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APPROXIMATE ESTIMATION QF OCTANE KARRET

Iaspection of Figure § Lndicates that there Is a predicted increase in
bath gascline demand and quallity over the period from 1987 to 2010. Thisx
1z azxsocfared wirth an increase in demand for cctana due to various Teasons,
Cre reaason iz that EPA has required a total phassout of lead alkyl as a
gasoline octane enhancer by 1990 and beyend., Thiz iz sstimated to generace
an gctane demard of 0.3 octane points durlng thet period. Another reason
is that the U.5. average gascline pool octane 15 expected to iocrease froom
BE.3 A¥T in 1947 cvo B9.% AKI* in 2010 due to increassd demand on premius
grede gasolline sncouraged by the Incressed popularity of more afficlent
larger size carz and the aggressive sctane parket race between smajor oll
companlias. The shift to a high average pool octane results in an extra
octane demand of 0.6 poincs in 1990 which goes up te 1.6 by the wear 20100

Further demand on octane is introducad in 1990 by the expected
impositlen., by EFA, of the First phase of a Teduced velatility Ylimit on
geseling, This flrsc phasze, Lo ba effective by Hay 16, 15989 would reduce
the volatility of gasoline as measured by lce Reld Vapor Prassure [RVZ) by
B.7 percest. This is eguivalent to the removal of 154,000 barrels per day
af normal butane from the gaseline poal and amounte te an addicional cckane
demand In 19490 of 2.0 polnts.

In phase 2, which is scherduled ro eake effect in 1542 the mawimum
allowable BVP would be reduced by an addivional 14,3 percent wrhich
corTesponds to the ramoval of 253 126 barrels of normal hutane per day from
the pascline pool, This results in an addicionsl cevane demand of abour 3
peints in 1997 and bevond., The total incresse in cetane deémand In 1990 dis,
therefore, sctimatsd to be 7.9 snd is axypecced fo raach 6.9 by 2010,

LT ALCOHD T

Angording te UOE, 70 te 75 percent of 1990 asctane demand will be
f11lad by upgrading existing refinery undes {i.e. , reformers, FCC, and
alkylation units). Bevond 19%0, however, new process wmits must be added
by the rafiner to taise the existing units contributien to & combined total
of about 77 percant of the octane demand in 1995 and beyond, The rapaining
ootane demand Ls expactad to be Fillad by the appropriately avallakle
DRYEEDNATES.

At the existing U.5. MTEE production capacity of mbout EOG, 00D [bpd)
the petimatad gotane contribution of NTBE to the U.5, gascline poel in 1950
1e G.2% of an ottame paint. With an additional 120,000 (bpd) of MIEE

*AK] — Apti-Fnock Indax - (Motor Dctanes Nuber (MOM] + Reszearch Octane
Nugher (RON) dividad by 2 = (MIF + RON/2)
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FIGURE 7
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capacity which is expected to come on-line by 1992, the estimated octane
contribution of MTBE, at capacity, in 1992 and beyond is projected to be
0.66 of an octane point.

Similarly, at 50,000 (bpd) of avajlable ethanol capacity in 1990, the
estimated octane contribution of ethanol to the U.S. gasoline pool amounts
to 0.21 of an octane point. This contribution is expected to reach 0.39 of
an octane point as the available ethanol capacity is increased to 91,500
(bpd) by 1995,

The balance of the total octane demsnd remaining after all previously
mentioned contribution represents the octane market which would be
available for mixed alcohols. As shown in Figure 7, this market share ls
equivalent to an estimated 106,000 (bpd) of mixed alcohels in 1990 and is
expected to grow up to 225,000 (bpd) by 2010. Such a market share would,
however, increase dramatically if EPA moves to impose a ban on the
aromatics in the U.S. gasoline pool. At that time mixed alcohols could be
used to replace most of the octane that is provided by both the existing
and the new refinery octane equipment.

The final choice between the various octane enhancing options
available to the refiner is usually based on a number of decision criteria
including availability and limitations of a given octane additive as well
as the octane upgrading cost of that additive. This cost is expressed in
cents per octane-barrel and is determined by the equation shown in
Figure 8. This equation is applied to determine the octane-barrel
upgrading cost for the various oxygenates listed in Figure 9. Toluene is
also included for comparison. The lower the octane upgrading cost the more
attractive is the oxygenate as an octane enhancement option.

Inspection of Figure 9 indicates that Octamix at %0 cents per gallon
seems to be a more attractive oxygenate additive than MIBE at its current
market price of $1.00 per gallon.

FUTURE TRENDS HERIFIC ON OF OLFFIN

The etherification of olefins to produce petroleum compatible
(fungible) high octane ethers seems to be the trend for future research.
There 1s currently some reported trials to produce ETEE by catalytic
reaction of ethanol and iscbutylene. The catalytic reaction of isobutylene
with mixed alcolols to produce the corresponding mixed ether would,
theoretically, appear to be even more advantageous for various reasons.

One reason {s that mixed ethers are multiple boiling compounds with a
boiling point range as compared to a single boiling point ether. This
allows the refiner more flexibility in gasoline formulation with little or
no distortion in the distillation characteristics of the base gasoline.
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FIGUEE @

Octane Upgrading Cost = CC-GC/CO-GO x 100 /ONB, Where
CC = Oxygenate Cost $/BBL
GC = Base Gasoline Cost $/BBL = 30.0
CO = Oxygenate Blending Octane Number
GO = Base Gasoline Biending Octane Number = 88.0
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FIGURE 9
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Anather advantaze im that mixad ethears have a lcwer RYE than either
MTEE pr ETEE. Mlxed sthers, therefore, aliow for more butane blending Iin
preciun or nid-grade gascline and make these products more profitable.
Finally, the use of mixed alcohols, which are heavier on a molar basixz, to
replace methanel in cthe stherificarion rasction of Iisobucylens would most
1ikely Tesult in a better yisld.

LUNCLUSTORG

Mixed aleohals are wiable non-petroleum based options vhich can at
least partially meet our current needs for alr pollutilon comtrel, fill the
future orcane gap and provide transportation fuel extenders. It 1=
estipated that there is wora than 106,000 (b/d) market avallable for mixed
aleohels and othet oxygenates by 1990 and beyond, The market is expected
to grow significantly with any future ban on aromatics {p gasoline.
Desplite the current and expected future demand for mized alcohol and other
oxyganites, howaver, there are anly two Eutopean mixed alcohols processes
which sesm Eo be now ready for commerclatizatlon: the Wegt German, Lurgi‘s
Detanix process and the Itallan Snaoprogettl’s MAS process. Of these twe
pracesses, only the Octamix product could currently P! usad ik the U.5.
market.

TIDNS

Eessarch affortc are neasded o develop a suiteble low: temperature, low
pressure heterogeneous catalyst for the direce synthesis of mixed alechols
fron synchesin gas. Similar afforts are alse needed to develop a wiable
elefin etherificat{on catalyst, Poth sfforts csuld be c¢onducted in =lurry
phase ramctore to taks advantags of the heat removal eanpability of these
Teactors. LE successful the performance of these catalyst could be
deponstrated on a falrly large scale using the "laporce® slurry phase
teacter facilicy.
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