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ABSTRALT

Processes for the hydrogenation of carbon  monox: -8  had  commercial
impertance since atout 1920, when tae commercial production of methamal and
higher alcohols on oxide catalysts began. Scon thereafter “ischer and Tropsth
discovered that liquid hydrocarbons could be synthesized from carbon mongaide
snd hydrogen over Group VILI wectal catalysts. Following axtensive rcatalyst ang
process development efforts, this technalogy provided Garmany with a sgurce of
Tiguid fuels during world wWar I[I. The period following the War saw an
aceeleration in research and develompment on the Fischer-Tropsch process, but the

only commercial application that was to emarge was the 5AS0L process in the
Unien of South Africa.

The o1l crises of the 1970's have rekindlad woridwide interest in indirect
Tiguefaction technolagies for the production of clean, high-quality motor fuels
from coal. The development of more afficient coal gasification processes anc
the advent of molecular sfuve catalysts that allow tailoring of product
distributions have set the stage for revolutionary {improvements in procass
designs over state pf the art techmnology.

This pzper reyiews, 1n brief, the ressarch and devalopment projects that the
Department of Energy 1is sponsoring 'n the area of synthesis gas conversion to
1iquid fuels, These profects range from pilot-plant=scale operztions, such as
the fluid zed-bed MTG plant 1in Wessaling, FRG, to basic research into reaction
mechanisms at unfversities and government labaratories.
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INTRODUCTION

As part of the Department of Energy program for the successfy) production of
alternative Tiguid fuels from coal, the Indirect liguefaction program is
dedicated to investigating new and significantly improved approachas ta the
canversion of coal-derived synthesis gas to desirable liquid fuels.

The research and development program that has been formulated invoives four
majer elements:

0 Improved intagration of gasification with liguefaction. This

invglves the use of low HZIED ratio synthadis gaz  in  the
hydrocarbon formation step.

] Ioproved  selectivity by wuse of skape-selective catalysts.
Classical Fischer-Trapsch chemistry is subject to limitations due
te the chain growth mechanisms. Shape-selactive catalysts can
circumvent this limitatiagn by an intermediate that can be formed in
high salmetivity (e.g., methanol) or 9y inhibition of the ghain
groWth mechanism.

o More thermally efficient liguefactfon reactions. Use of the liguid
phase reactor can increase single-pass conversion, Ebhus reducing
recycle requirements, can  imp-ove  temperature control, and  zan
result in  the recavery of the heat of reaction at higher

tamperatures.

0 S5imgiified product-upgrading methods. Conventional methods for
upgrading rischar-Tropsch 1iguids lezd *o a very complex procass
sBfuUence. The uga of new catalyst systiems can provide greatly

simplified upgrading methods.

_The purpose of this paper is t: elaborate on the techncal tackground of the
resgarch and development projects that the ODepartment of Energy ts sponsaring
within the indirect llguefaction program.
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Mohil Methano)-to-Gasoline Process

Most researchers in tLhe Tia2ld of synthesis gas chemistry subscribe to the chain
grawth mechanism for the formation of hydrocarbons from synthesis gas over
classical Fissher-Tropscn catalysts {1, 2). According to this mechanism, each
hydrocarbor chain developim, on the surface of & catalyst has the same
probability of cantinuing to grow by aading one more carton atom. This type of
chain ygrowth 15 well known in poliymer chemistry and may De desc-ibed by the
"Most Probable Distribution' of Schulz and Flory (3). The Fischer=Tropsch
product distribution can ba contralled, to some extent, by catalyst compasition
and reaction conditions, although an upper 1imit 1% placed on the amount of
praoduct that can be formed Jdirectly within & given desired carbon number range.
For instance, ths maximum fractiom of the total product that can te formed 1n
the gasoline range is about 50%, which is concomitant with the formation of
significant guantities of fuel gas {El and C,) and heavy wax.

I the early 1970's, Mobil discovered a new family of medium pere (5.6 A)
zeolites that cpenad & new avenue to the production of fuels and chemicals from
synthesis gas. The most publicized member of this famidy, ISM-5, converts
alcohols and glefins to gasoline in high yield without rapig coking {d). The
unique structural characteristics of this zeplite not anly inhibit the formation
of cartonaceous deposits within the gatalyst pores but also restrict the
formation of hydrocarbons greater tnan  about €., Fortuitously, this
corresponds vary closely to tha and point of the gasoline bailing range.

After disgovering the properties of ISM-5, Mob11l began work to optimize the
catalyst and1to develap a process to convert methanal to gasoline. Thesze
stucies were continued in 1975-1976 under a DQE [formerly ERDA) contract. This
woTk was jointly funded by DOE and Mobil., The resyults of this project provided
data for the fixed-bed Mobil MTG process (5).

Comerciatization of the MTG process is in progress. The New Tealand govermment
has decidud £o build a 14,000 bblsday 1tquefaction plant basec on the MTE fixmd-

‘bed process (6). Natural gas from the offshora Maui Field will be steam-

reformed ta synthesis gas, which will then he convertad to methanol ind fimally
to high octane gaseline via the MTG process (7). About 35X of the total
hydrpcarbgns formed from methano! fall dn the gaspline range. This includes the
alxylate that can de formed from tee 1ight olafins produced. The rematning
product consists of LPG and fuel gas (Cl-czl.




Mobi1l 1s alse conducting process development studies on a *luidized-bed MTG
process. Again, under a cest-shared contract with ERDA that began in 1976, the
Mabi1l Ressarch and Development Corporation designed, buflt, and successfully
operated 2 4 bbl/day fluidized-bed unit (B}. Uperation of the unit was 5o
premising that soon thereafter the foundation was laid for a rooperative effort

to demonstrate the process 1 2 semiworks unit in the Federal Republic of
Garmany (FR&).

The fluidized-bed version of the MTG procass opffers  severa) potentially
significamt advantages cover fthe fixeg bed. The fluidized bed allows law
pressure operation (270 %Pa) and, a5 a resylt of gasd fluidized-aed heat
transfar characteristics, may be operated nearly isothermally, with no gas
recycla rEquirements. Angther imporiant Feature of tne fluidized-bed catalytic
reactor Is that it provides feor the Continyous withdrawal and regensration of
catalyst, o that optimal catalytic activity can ba maintained., The fixed-hed
MTG reactors must be taken aff-stream perfodically to regenerate the catalyst
beds by coke burn-off. Operating conditicns ang product yields for the Fixed-
bed and flyidired-bed processes are compared in Tanle 1 (2). These data were
sbtained from comparasly <izad process deve’opment units.

The semiwerks unit in Germary is designed to oe capacle of converting 100 to
200 bbl/day of methanol intg gasoline. The sroject began in sarly 1980 as a
Cooperatiyve agreement between the German Fede=al Ministry Far Research  and
Technelogy, the i, 5. Deparument of Energy, and three industrial partners;
Mobi1, Uhde, and Union Rheinische SBraunkohlen Kraftstoff {UREK). The
development program, scheduled to be completed in 1986, will examing two methods
{Figure 1} for remaving the axothermic neat of reaction from the Fluidizas
bed (10). In cne mode of operatior, the catalyst is contineously circulated to
an external heat exchanger, where it is Fluidized with inert gas. The tatalyst,
at- 2 lower temperature, 13 then returned to tue reactor. The second made of
operation invoives the direct removal of rsaction heat hy heat exchanger Eutes
submerged in the reactor fluidized bed.
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TAELE 1. Comparison of Operating Conditigns and Preduct Yielos
For Fixed-Bed ard FlLfdized-Bed MTG Process

OPERATING CONDITIONS SLUIDTZED-BED FIXED-RED
Temperature, Avg. 8ed, °C 310 -
Inl=zt, O - 160
outlet, °C - 15
Pressure, kPa 210 2170
Recycle Ratip, Mole 0.0 9.0
Methangl Space Yelocity, WHSY 1.0 1.4

yIELDS, WTX OF METHAMDL CHARGE

Ma~hangl + Ether 2.2 2.0
Hydrocarbons 1.5 43.5
Water 56.0 56.0
ca, CGE, Coke, Dther Q.1 0.4

HYDROCARBON PRODUCT, WT%

Light Gas 5.6 el
Propane 3.5 5.5
Propylenc 5.0 0.2
1-Bytane 14.5 A.B
n-Butana 1.7 3.1
Butenes 7.3 1.1
C; + Gasoline §0.0 79.9
Gasoline {including alkylate] 2a.0 85.0
LPG 6.4 13.6
Light Gas 5.6 1.4

Raference: Fitch, F. B., and Lee, W., paper presented at
International Pacific Conferenge on Automotive Enginearing,
Honzlulu, Hawaii, Movember 1&-15, 19281,
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Liquid Prase Fischer-Trapsch Svathesiy

Synthesis gas conversion reactions are nighly exothermic, and good temperalure
contre) 15 required to maintain desired product selectivity as well at mimimize
adverse side rpactions, such as carbon deposition. The thres-phase slurry
~eactor {11, 12), first investigated by the Sermans during the 1330's, provides
gxcellent temperature control by tne hign heat capacity and therough mixing of
tha slurry. foupled with appropriate catalysts having both Fischer-Trepsch
synthesis and water-gas shift activity, the slurry reactor i35 capable of
LrOCESSing 10w HEIEG ratio syngas without the rapigd catalyst deactivation that
would he chiarved in vaper phase systems.

Air Praducts and Chemicals, Inc., is exploring the application of three-phass
reactors to the synthesis of both hydrocarbons and methanol. In one project
{13), jointly funded with the U.%., Department of Energy, 2 35 5bl/day wnit
Tocated in La Porte, Texas, was recently put finte operation to provide
engingering scale-yp data for a 1quid phase process developed by Chem Systems,
Inc., to convert synthesis gas te methanol, A detailed discussion of this
project 15 given in these proceecings by J. Klosek and R. Mednick.

In a second project (13}, also Jointly funded with the (.S, Departnent of
Energy, Air Procucts and Chemicals, Irc., is investigating new catalytic
materials with application to tnree-uohase Fischer-irgosch synthesis. The
abjectives af this work are to improve the yield of gasoline- and diesel-range
hydrocarbons amd to investigate the hydrodynamic behavior of bubbie columns.

The advantages of the three-phase reactor led the Mobii Resesarch and Davelopment
Corporatlon to  investigate the feasibility oF ccnverting 10w HEICD ratig
synthesis gas to high octane jasoline in a two-stage process, using a slurry
phase Fisther-Tropsch reactor in the first stage, followed by an upgrading
reactor containing a Z5M-5 class catalyst {15). Mobil is currently conducting
this study, under a jointly funded contract with the U, 5. Departmeant of Enerqy,
with » slurry bubble-column reactor (5. 2-¢m-diameter x 7.6-m-tall), faollowed by
-a fixed-bed reactor containing the upgrading zeolije catalyst [16),  Heavy
Rydrocarbens {Clz* 1iquid) produced in the slurry remctar are effectivaly
converted to lower boiling ranga material, and significant awounts af aromatics
are formed in the second-stage reactor. Table ? shows & comparison of the
hydrocarbon distributions of the raw Fischer-Tropich preduct ocefore and -after
upgrading aver the zeolite bed (iJ). This approach offers the advantage of

, e mealt e . _




Table 2. Comparison of Product Distributions From a Slurry
Fischer-Tropsch Reactor Bafore and After Upgrading
Over Zeslite Catalyst

Yield, wtx Before Secpnd Stage After Second Stage
{After Alkylation)
El 7.5 7.7
LamiC, 1.6/73.0 1.1/3.1
Esafta E.0f:.0 0/5.1
C4- Epf‘ D
i=Ly/n-Cq 072.0 {2.2}/4.3
tg-C11 33,5 ' 71.2
Cipt {Liquid) 27.8 1.7
Reactor-Wax _B.t B.0
1000 1J0.0
hasolina + Heavy Liguid - 84,2
Gasoline Properties
RVP, psi 10
PONA, vol% 66/13/4,11
R+0 20
M+ 0 83

*Required from other zovrces for alkylation.

Refarence: Kua, J,C.W., Leib, T.M., Gupte, K.M., and Kyan, C.P.., pagar

presented at the AIChE 1984 dpring National Meeting, Anaheim, California, May
20-23, 1984,

allowing the Fischer-Tegpscn catalyst and the zeolite cacalyst to oB operated ar
their preferred process conditions. An  additinnal advamtage s that eagh
catalyst <ould be regenerated, as requirad, under 1ts own pptimum conditians,

The slurry-pnase reactor alse apsears capable of high diesel ail yislds df
operated vnder conditions sach that a large fraction of the product boils abgwe
3509,  Racent studies at 3AS0UL 1indicate that as much as B7% of the total
upgraded C5+ produtct can be diesel oil with & cetanse number of K7 \18). The
dlesel fraction consistz aof straight run diesel, oligomerizag C: to EE vlefins,



than temparatures used for typical Fischer-Tropsch catalysts. Thus, one i
forced to compromise and operate at some  intermediate temperature, which
sometimes laads to excessive yields of mathame and ethane and/ar inefficient
conversion of the reaction intarmediates to high octane ¢omponents by the Z5M-3,
() Dual-functional, dirsct-syntnesis gas conversion catalysts deactivate with
use and require perigdic regeneratign in order tp maintain ugseful activity.
Bramnan (Z3} demonstrated that multiple oxidative or hydrogenative reactivation
was possible in a fluidized-bed systam, althougn frequently activity and
gelectivity deterioriate with Increasing number cof regensrations. Once again,
conditions requirad to regenerate one combonent of the catalyst may have adverse
affacts on the ather comfoneant. For example, repeakted high temperature fohke
burn=0ff of the zaolite component may cause irreversinle deactivation of the
transition mmtal component through sintering of metal crystallites and loss of
atTive metal surfacs area.

CONCLUSTON

In addition tn *he research and development projects discussad above, tha
Departmant of Energy is alse sponsoring a rumber of smaller projects with
yniversitias, nationiai laboratories, and industrial labaratgries. This research
is directed at developing a2 better Fundamental understanding of the chemical and
phytical processes 3ssociated with the catalytic cenversion of coal-derived
synthesis gas to ligquic Tuels, Emphesic 1% placed on charactarization and
testing of new catalyst formulations to provide dinsfight dinta the factars
affecting catalyst activity, stability, and selectivity. Jther studies sesk to
establ1ish 2 quantitative understamding of mass and nest trancfer related factors

that affect catalyst performance din siurry- and  fFluidized-bed synthesis
reactors.

In April, 1984, the Department of Energy announced th.t eleven university anc
industrial labopratortes had been szetected to investigate advanced techniques Ffor
converting coal to synthetic gasaline. diesel fuel, or jet fuel. The research
projects fall into four categories: {1} basic research or catalyst promoters,
-activation and regeneration, methizne formation, and  carbgn  formation,
{2} brpadening of the data btase for salubility and diffusivity of reactants and
products in slurry media, and radearch onm the hydrpdynamie behaviar of slurry
bubbTe columns, (3} research on new catalyst or progess concepis for the

——— ————— - e m e = e ——————



conversian of synthesis gas to hydrocarbon fuels, and (&) research on  new
catalyst or process concepts for Lhe conversion of iynthests gas te higher
alcohnls. Cantract talks with the organizatians are currently fn prograss,

It is believad that success in the research areas outlina? in tnis paper, as
wall as in the gasification of cgal to produce clz2am syntnasis gas, could

significantly fmprove the compatitiveness of conyerting coal tao  guality
transportation fuals.

DISCLAIMER

Reference in this report to any specific commerzial gprodurti, pracess, or service
15 to facilitate unterstanding and does not necessariiy mply it: endorsement or
favaring by the United States Department of Energy.
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