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ABSTRACT

This paper reports on the status of (1) laboratcry work in progress on the synthesis
of mixed alcohols from syngas, (2) strategy for novel chemical methodologies to
oxygenates from dimethyl ether and (3) initial understanding between octane
numbers and compound structure.

Currently proposed processes for producing mixed alcohols from synthesis gas are
based on conversion in packed bed reactors. However, a disadvantage of these
packed bed reactor schemes is the difficulty in controlling the temparature rise
produced by this highly exothermic conversion. Slurry reactors afford much better
heat management capabilities, thus allowing for potentially bettar catalyst stability,
a higher conversion per reactor pass, and the ability to process high CO/Ha2 ratio
syngases derived from coal. In the present work, slurry-phase synthesis of mixed

alcohols had been investigated using a continuous, micro-autoclave reactor
system.

An alternative route to mixed ethers uses dimethyl ether, which is being actively
considereq as a building block for transportation fuel additives. Reaction
methodologies based on oxidative coupling, vinyiation and/or carbonylation are
being evaluated in the laboratory.

it is possible that economic-alternative compounds could surface in the future. In
order to facilitate the screening of oxygenate candidates for U. S. gasocline, better
predictive modelling tools are necessary to establish structure vs. octane number

conelations. Initial rosults in this area point to the need for future computational
chemistry modelling.
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OBJECTIVE

To test existing technologies or develop new methodologies for the conversion of
synthasis gas or dimethyl ether into oxygenates, in particular, ethers for
transportation fuels. To demonstrate at least one of these processes at a semi-
works scale in DOE's LaPorte Alternative Fuels Development Unit (AFDU).

INTRODUCTION

Prior to 1980, the oil industry had little interes! in oxygenated fue!s as a component
of gasoline. Removing lead from gasoline and searching for suitable replacement
octane enhancers made U. 5. refiners move decisively i the direction of MTBE as
the preferred oxygenate for gasoline blending. Pre :antly, the petrochemical
industry is rapidly expanding MTBE caracity to meet projected market demand
following Clean Air Act regulations. The Clean Air Act now recuires that nearly
25% of the U. S. gasoline contains oxygenates by 1995.

Currently, the MTBE capacity is 5.6 million metric tons with capacity to doubls to
over 14 million metric tons by 1995 (1). All MTBE is manufactured from isobutylene
and methanol. The isobutylene either from tluid catalytic cracking facilities or
dehydrogenation routes from butanes has its origin from foraign energy sources.

ALTEBNATIVE FUELS |

As the market for fuel oxygenates continues to grow, there will be increased
opportunities for other oxygenates. Of particular interest is the production of
oxygenated fuels from non-petroleum sources, such as coal-derived synthesis gas.
Possible oxygenates from synthesis gas are MTBE, mixed alcohols, mixed ethers
derived from mixed alcohols or oxygenates from the building block dimethyl ether
(DME). These alternatives could serve not only as a biending component for
gasoline but alsc as a cosvolvent for methanol. Examples of classes of alternative
candidates from DME are diethers, acetates and aicohols.

The overall approach to MTBE and other oxygenated fuels under Alternative Fuels |
is outlined in Scheme 1. Slurry-phase synthesis of mixed alcohois from coal-derived
synthesis is planned for the February 1992 campaign at LaPorte. In addition,
dimethy! ether is being considered as a
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Scheme 1. Coal-Derived Oxygenated Transportation Fuels

building block for transportation fuel additives such as mixed ethers or esters. In
fact, DME has potential for many reaction pathways. Several of these pathways
are represented in more detail in Scheme 2 (2). Reaction methodologies based on
oxidative coupling, vinylation and carbonylation are being evaluated in the
laboratory. These methodologies allow connecting pathways to alcohots, mixed
ethers and alky! esters.
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Scheme 2. Potential DME Reaction Chemistry

Background

Alcohols are known to be effective oxygenated gasoline components. Table 1,
which shows the average of the research and motor octanes for some alcohols (3),
indicates that C1-C4 alcohois are good octane improvers.
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Iable1

Average Blending Octane Numbers for Selected Alcohols

Alcohol Blending Octane (R + M)/2
methanol 115

ethanol 113
1-propanol 106
iscbutanoi 101

Studies have alsc shown that the use of mixed alcohols in zasoline resuits in lower
hydrocarbon and CO emissions at the taiipipe (4). How=ver, a potential drawback
is that alcohols in gasoline are sensitive to phase separation in the presence of
water, which is ubiquitous in the gasoline distribution system. Alcohol biends with
a high methano! content are particularly sensitive to this phase instabiiity. For the
effactive use of aicohols as a gasoline additive, a considerable fraction of Ca,
cosoivent alcohols is necessary for phase stability in the presence of H20. Thus, a
coinmercially viable process for tha production of mixed alcohols from syngas must
have a retatively high selectivity to Cz, cosolvent alcohols.

Existing proposed preiasses for the production of mixed aicohols from syngas are
based on conversion in packed bed reactors (5-6). However, the conversion of
syngas to alconols is highly exothermic. Table 2 shows the heats of reaction for the
synthesis ot selected aicoiols from CO and H».

Table2

Heats of Reaction for Synthesis of Selected Alcohols from CO and Hz
xCO + 2xHa —> CyHiax + 1)OH + (x-1)H20 '

CxH2x+10H AHpn (@2989K), kcal/mole
methanol 17
ethanol -53
1-propanol -85
isobutanol -131

The heat of reaction per mole of product alcohol increases substantially with
molecular weight. Removal of this high reaction heat is difficult in packed bed
reactors. Slurry reactors offer much better heat management capabilities aenabiing
a higher per-pass conversion, potentially better catalyst stability through the
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elimination of "hot spots”, and the ability to process unshifted synthesis gas.
Another potential advantage in the use ot a siurry reacior is an enhancement in the
selectivity 1o higher alcohols induced ty secondary conversion. eqn. 1,

CO/H2
lower aicohols > higher aicohols (1)

as a resuft of reactor backmixing.

The purpose of the present study was to investigate siurry-phase mixed alcohols
synthesis on a lab scale. A modified Cu/ZnO/Al203 methanol synthesis catalyst
was used in a stirred autoclave reactor with minesal oil as the liquid medium.
Syngas {CO/CO2/H2) was converted in a “once-through” mode. The effects of
temperature, gas-hourly space velocity, and feed composition were investigated.

Experimental

The feed gases were obtained from premixed cylinders. The syngas compositions,
wrich are shown in Table 3. simulate the typical product from Texaco or Shell coal
gasitiars.

Table 3
Composition of Syngases
“Gasifier CO __H2 A Co N2
Shell 66 30 3 1
Texaco g1 35 13 1

The feed gas flow rate to the reactor was cont:oiied by electronic mass fiow
cortrollers, whils exit fluw rate was measured by a wet test meter. Reactor
prassure was controlled by a pack pressurs regulator. All lines downstream of the
reactor were heat-traced to prevent the congensation of reaction preduct vapors. A
gas-liquid separator was used to return vaponzed mingral il 1o the reactor. In
some expariments, methanol and ethancl were added to the syngas teed by
means of a ugh-pressure syringe pump. which injected the liquid alcohol to a
heated feed vaporizer located immediately upstream ot the reactor. Tha reactor
used we = stirred micro-autoclave manufactured by Autoclave Engineers. The
internal volume of the reactor is 50 cm?3 and is constructed of Hastelloy C-276.

The catalyst used was a Cuw/ZnQO/AlzO> methanol synthesis catalyst. in powades
form. which has been modified using a propnetary procedure. A typical reacicr
charge was 4.25 g of catalyst and 17 0 g of Pennreco Drakeol 1, a white mingrzl
oil consisting of paratinic and naphthalenic hydrocarbons. The ol has baen
shown 1o be stabie 1 the presence of the catalyst at the high temperatures used for



mixed alcohols synthesis. Catalyst activation was carried out in the reactor using
an activation gas of 2% H3/98% N3.

Product analysis was done on-line by two gas chromatograprs. Buik gas aralysis
was done by one GC equipped with duat TCDs, while the organic products were
quantitied by a second GC outfitted with an FID and a capillary column.

Results and Discussion
Etfect 21 Gas-Hourly Space Velocity:

Figure 1 shows the effect of gas-hourly space velocity (GHSV) on the synthesis
rates of methanol and C2-Cg alcohols for the modified Cu/ZnO/Al20; cataiyst. In
this paper, GHSV is defined as the ratio of volumetric flow rate of feed gas standard
conditions {0°C and 1 atm) to the mass of catalyst and has units of std. lit./kg-hr.
For Sheit gas at 300°C and 7.0 MPa, the methanol rate increases linearly with
GHSV. In tact. the reactor exit methanol concentraticn is approximately invariant
with GHSV, indicating that the methanol synthesis reaction is at equikbrium across
this range of GHSV. Thermodynamic equilibrium calculations incorporating the
reactor exit gas concentrations support this contention. The C,-Cg alcohols rate
increases monotonically with GHSV, but unlike the result for methanol, the rate is
non-lingar. The measured rate for C2-Cg alcohois is nct constrained by
thermodynamic limitations at these reaction conditions. Instead, the formation rate
IS governed vy the intrinsic reaction kinetics. At 10,000 GHSYV, the rate of formation
of C2-Cg alcohols is 129 g/kg-hr, the highest rate observed at 300°C and 7.0 MPa.

Selectivities caiculated from the results of the expenments used for Figure 1 are
shown in Figure 2. The selectivity is based on the total organic product and does
not inciude the CO2 produced from CO via the water-gas shift reaction. The
selectivity to C2-Cg alcohols decreases, while the selectivity to methanol increases,
with increasing GHSV. The primary reason for this behavior is that the conversion
to methanol is limited by thermodynamic equilibrium at ali GHSYV in the range
investigated. Selectivity to total alcohols in these expermaents is greater .nan 93%.
The major non-alcohol orgamic products are methyl formate, methyi acetate, and
methane.

Higher productivity and selectivity may be expected upon simuitanaous
optimization of the catatyst and the operat.ng cond'ons.

Alcohol Product Distribution:

Figure 3 shows the cistribution of alcohol products ctlained using Shell gas at
300°C. 7.0 MPa, and 5.000 GHSV The alcohol products are largely primary
aicohols. Among the C2-Cg alcohols, isobutanol 1s produced in tne highest
selectivity. approximately 9 wt. %. In fact. for a given Cp, alcohol, the selectivity 1o
the "2-methy ' somer 1s much greater than for the linear isomer. This has been
observed 71 Cu ZnO-AI03-b1sed highar alcohols catalysts by other workers (7-8).
To explain this type of product distnbution. Kher et al have postulated a surface
react.on mechamsm whicn proceeds through a {J-ketoalkoxide intermadiate (B).



They have termed the mechanism "aidol coupling with oxygen retention revarsal”.
The same type of mechanism is probably operative in the present system though
there is no direct evidence that this is the case

fect ¢t Syngas Composition;

The eftact of synthesis gas composition on the preduct alcohot rate is shown in
Figure 4, which is a comparison of the results cbiained for Texaco and Shell gas
teed. The Ca-Cg alcohols rate is much higher for Shell gas than Texaco gas. In
addition, the relative difference is larger at the higher GHSV. At 10,000 GHSV. the
Cp-Cg alcohols rate for Shell gas is 80% higher than that for Texaco gas. The
reason for the greater C2-Cg aicohols rate observed for Shell gas is not
immediatel, clear One possibility is the lower CO2 content (3 mal % for Shell vs.
13% mol for Texaco,.

Etfect of Reaction Temperature:

Figure 5 shows the effect of reaction temperature on the product selactivity of the
maijor products trom Shell gas at 7.0 MPa and 5,000 GHSV. Between 280°C and
320°C, the methanol rate decreases monotonically with temparature, reflecting the
constraint that thermodynamic equilibrium imposes on that synthesis reaction. By
contrast, the C2-Cg alcohols rate is less intluenced by temperature over the same
ternperature range. The highest C2-Cg alccrols rate was observed at 300°C, while

the greatest selectivity 10 these products was observed at 3209C, the highest
temperature used.

The influence of temperatu'a on the raie of synthesis of the major C». aicohol
products, ethanol, 1-propanol, and isobutanol, is rather interesting. The ethanol
rate decreases with teraperature across the range, while the isobutanol rate
increases. The rate for 1-propanol is relatively invaria with tamperature. Unlike
the methanol synthesis reaction, syngas conversion 0 ethanol and 1-propanol at
these reaction conditions is not constrained by thermodynamic equilibrium. Across
this range of temperature, the rates for ethanol and 1-propanol are quite far from
the equilibrium values. Thus, the decrease in rate with temperature, as observed
for ethano!, must be attributed o «¢:me other phenomenon. The decrease in
ethanol rate and simultaneous increase in isobutanol rate with increasing
temperature suggests that secondary convarsion of ethano! to isobutanol occurs at
a faster rate than ethanol formation and this reaction becomes more significant at
higher temperature. The possibility that athanol undergoes secondary reaciion to
isobutanol is supported by the following results.

Formation ot Higher Aicohols from Lower Alcohols:

Support for the concept of the involvement of lower alt:ohols in secondary reactions
10 produce higher alcohols 1s provided by the resul's In Table 4, which shows the
etfect of methano! ang ethanol addition to the syngas feed. In these expenments,
methano! and ethanol were added to the syngas t2ed as vapors, a situation which
simulates recycie of methanol and ethanol product. Both alr210ls were added to
Shell gas feed, iowing at 5,000 GHSV, at a level 5 mol %. 1 he corresponding



rates of methanol and ethano! addition are 376 g/kg-hr and 540 g/kg-hr,
respectively.

Jable 4
Eftect of Methanol and Ethann! Addition to Syngas Feed
Rate (9/kg-hr)
IC3-Cs
Feed methanoi eihano! 1-propanol isobutanol { Alcohols
Shall 243 15 15 26 63
Shell + 5 mol % 361 21 20 29 76
methanol
Shell + 5 mol % 241 116 64 55 162
ethanol

As shown in Table 4, the addition of 5 mol % methanol to the syngas feed has a
minor eftect on the rates for higher aicohols, with only a modest increase in the rate
for C3-Ce alcohols. A large fractior of the added methanol did not undergo
conversion in the reactor, as revealed by the increase in methanol rate upon
methanotl addition. Also, a marerial balance indicates that a substantial portion of
the added methanol decomposed to CO and Hz, presumably through the reverse
of the methano! synthesis reaction. This is not surprising since the methanol
synthesis reaction is at equilibrium.

In contrast to the results for methanol addition, the addition of 5 moi % ethanol to
the feed dramatically increases the rate of synthesis of C3-Cg alcohols. Upon
ethano! addition, the 1-propanol rate increases by a factor of 3, whiie the
isobutanol rate increases by twofc!d. The rate to alt C3-Cg alcohols increases by
almost a factor of three with etharal addition.

Conclusions

Siurry-phase mixed aicohols synthesis from syngas has been successfully
demonstrated on a lab scale. The use ¢* a modified Cu/ZnO/Al203 methanol
catalyst has resulted in a reactor productivity as high as 600 g/kg-hr for mixed
alcohols synthesis from simulated coal-derived syngas. The alcohol product
obtained, even for once-through operation, contains a large fraction of Cp.,
alcohols and is potentially suitable for gasoline blending. In addition, reaction
tamperature has a large efiect on the aicchol product slate: the selectivity shitts to
Isobutanol with increased tem.perature The secondary reaction of methanol and
eihanol to produce Cj, alcohols was observed by addition of these alcohois to the
syngas feed.



DIMETHYL ETHER AS A BUILDING BLOCK
Eackground

With dimethyl ether (DME) as a starting point in any viaktie economic process,
novel mathodologies are required to selectively activate the methyl group of DME.
Ethers, in general, are thought to be chemically inert except for cleavage by Hl or
the dehydration of DME to ethylene. Highly branched ethers with adjacent CH
 bonds to oxygen are susceptible to peroxide formation.

Specific enabling technologies require selective catalysts for oxidative coupliing,
vinytation and carbonylation. Examples of thermodynamically allowed
transformations starting with dimetny! ether are summarized in Scheme 3. The 1,2
dimethoxyethane and/or methyl vin, ether can

OME
air CH300H2CH200H3 + Hzo
CHgOCHa —,-“-:TQ}:'—-- CHzaCHOCHa + 2H20

co
\___. CH,CO,CH,

Scheme 3. DME Methodologies

In turr, act as building blocks to higher molecular weight ethers. Tabie 5
summarizes AGnn for each of the proposed methodologies in Scheme 3. in

labla 5
Gibbs Energy Change for Proposed Methodology

Methodology AGrn (@ 4730K, kcal/mole)
Oxidative coupling -45.6
Vinylation -58.0
Carbonylaticn -14.8

each exampie. the methyi group is activated by an adjacent methoxy group. The
ease of CHj activation should be reflected by the strength of the CH bond. One
such measure of the CH bond strangth is the pK, of ihe corresponding acid.
Several mode! compounds are showr. in Table 6. The re'ative



Jabie 6
Acidity Scale for Selected Compounds

Approximate pKa
Compound {relative to water) Reference
H-CHgCHj3 42 9
H-CHa 40 9
H-CH2CgHs 35 S
H-CH20CH3 ?
H-CH2CN 25 10
H-CH2CO2R . 24 9
H-CH2COH 24 10
H-CH2COCH3 20 10

position for DME shouid not change if CH bond cleavage occurs either heterolytic
or homolytic.

Several literature references iliustrate the progress other researchers have made
in tnis area. Dimethyl ether has been oxidatively coupled 10 1,2-dimethoxyethane
at 200°C and 16 atm cver a catalyst consisting of 20% wt. loading of SnO on
MgO. With a DME/O2 mol ratio of 5, the DME convarsion is 1-10% with
dimethoxyethane selectivity of 60%. Vinylation or cross-coupling reactions
between methyl propionate and methanol, acetone and methanol, acetonitrile and
methanol to yield methyl methacrylate, methy! vinyl ketone and acryionitrile
respectively have been repoi.ed. In each case, MgO was moditied by transition
m:etal cations, calcined and then tested at 350°C for cataiytic activity. Table 7
summarnzes results with me‘hanol. Whan in the presence of gaseous oxygen, the
methanol is ox:di7ed to formaldehyde and finally reacts with the activated methy|
group. However other reaction mechanisms may be operative but the overall net
etfect is the sarne.




Iable 7
Vinylation ot Selected Compounds with Activated Methyl Greups

Reaction Catalyst Conv. Sel. Reference

CH3CH2C0O2CH3+ CH30H Mn/MgO 10.2 60.8 11
(16.7%)

CHz;COCH3 + CHaOH Fe/MgO 121 545 12
(3.1%)

CH3CN + CH30H CrMgO 9.6 94.2 13
(3.1%)

Laboratory resuits

Durinr; "he first year, the laboratory proaram has peen focused on reactor
procurement and installation, Process Huzards Reviews dealing with oxidative
chemistry, catalysts preparation and initia! screening experiments on oxidative
coupling and vinylation.

Presently, two reactor systems have been installed for catalyst evaiuations. The
first system is a dual atmospheric gas-phase reactors with 0.5 inch diameter heatad
by a tube furnace inside a temperature controlled oven. Oxygen, nitrogen and
dimethyl ether are metered by electronic mass flow controllers and methanol by
syringe pump. A process flow diagram is shown in Figure 6. On-line GC consists
of two injectors, A and B. On injector A, a 100 ul sample passes through a 6"
column of Hayesep D to adsorb heavy organics before a 10 foot column of
Carbosieve |l separates the light gases. On returning to the load position, the
organics are desorbed from the Hayesep T precolumn with a temperature ramp.
On injector B, a 10 ul sample 'oop does diract injection to a 15 meter megabore
column with 5 um fiim of polydimethylsiloxane (AT-1). The column oven limit is set
at 225°C - the maximum temperature for ithe Carbosieve column.

The second system is a Autoclave Engineers' Bench Top Reactor System {BTRS).
One to thirty cm? of catalyst can be p.aced on a wire mesh supported inside either
a 0.312" or 0.515" ID tubular reactor of stainless stesl. Each 18" reactor is heatec
by a tube furnace with three 4" heated zones which is placed inside a temperature-
controlled oven. Nitrogen and an oxygen/nitrocgen mixture are metered by
electronic mass flow controllers. HPLC pumps and/or high pressure syringe
pumps deliver liquid reactants which are added to the heated nitrogen stream
inside anather temperature-controlled oven. The reactor effluent passes through a
gas-hquicd separator with manual drain. The pressure of the reactor is adjusted up
to 1500 psig using an electronic back pressure regulator. Analysis of the gaseous
reactor effluent is ettected using on-ine gas chromategraphy. The reactor and




oven temperature, gas and liquid flow rates, and reactor pressure are controtied by
an Autociave Engineers Model 300 Process Controller. The Process Controller
monitors for high temperature, high pressure, and high fiow, and for failsafe
shutdown of the unit. A combustible gases datector is connected to the controller
for shutdown.

Catalyst Model

Heterogeneous catalysts screened are based on the working catalytic model
requiring a redox meta! ion on a basic supporn for activation of the CH bond of
CH3OCH3. Literature references cited in this paper illustrate starting points for the
preparation of such catalysts.

Concluysjons

To date, reactor systems have been instalied in the laboratory to safely evaluate
catalysts under oxidative conditions. A working catalyst model has been proposed,

and presently heterogeneous catalysts have been prepared and are actively being
evaluated for reaction pathways summarized in Scheme 1.

STRUCTURE VS, OCTANE NUMBER CORRELATIONS

There have been limited reports on extensive fuel property blending values of
oxygenated additives for transportation fueis. With availabie literature values and
our own evaluation of RON and MON properties cf fuel mixtures, Table 8 can be
constructed illustrating the importance of a stable fragment for the non-alcoho!
additives. It must be remembered that blending variations depend on hydrocarbon

Table &
Blending Octane Numbers of Non-Alcohol Additives

Blending (R + M)/2 of

Additive Additive Reference
MTBE 109 14
ETBE 110 14
methyl acetate 101 15
ethy! acetate 105 16
dimethyl carbonate 99 17
diethyl carbonate 108 18

composition, octane level of the base gasolina as well as the concentration of the
additive. Does this suggest that highly branched diether additives, such as the one
shown below where R=H or CHj3_
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o
CH,OCE—?OCH,
R CH,
will have desirable blending properties in gasoline?

EUTUBE PLANS

The next campaign at LaPorte will be the synthesis of mixed alcohols from syngas.
Developmental work on the conversion of dimethyl ether to a transpo rtation fuel
additive has been ‘nitiated with an economic evaluation set for July '92.
Computational chemistry software evaluation for modelling the corralation between
octane numbers with structure is set for 1QFY92.
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