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ABSTRACT

This paper reports on the status of (1) laboratory 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 temperature rise
produced by this highly exothermic conversion. Slurry reactors afford much better
heat management capabilities, thus allowing for potentially better catalyst stability,
a higher conversion per reactor pass, and the ability to process high CO/Hz 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
considered as a building block for transportation fuel additives. Reaction
methodologies based on oxidative coupling, vinylation 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. gasoline, better
predictive modeliing tools are necessary to establish structure vs. octane number
correlations. Initial results in this area point to the need for future computationai
chemistry modelling.
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QBJECTIVE

To test existing technologies or develop new methodologies for the conversion of
synthesis 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 LaPante Alternative Fuels Development Uni (AFDU}.

INTRODUCTION

Prior to 1980, the oil industry had little interest in oxygenaled fuels as & component
of gasoiine. Removing lead from gasoline and searching for suitable replacement
notane enhancers made L. S, refiners move decisively in the direction of MTEE as
the preierred oxygenate for gascline blending. Presently, the petrochemical
industry is rapidly expanding MTBE capacity to meet projected market demand
following Clean Air Act reguiatiens. The Clean Air Act now requires that nearly
25% of the U. 8. gasoline contains axygenates by 1995,

Currently, the MTBE capacity ig 5.6 million metric tons with capacity to double to
aver 14 million matric tons by 1995 {1). All MTBE is manufactured from isobutylens
and methanol. The isobutylens eithar from fluid catalytic cracking facilities or
dahydroganation routes from butanes has its orgin from foreign enargy sources.

ALTERNATIVE FLELS 1

As the market for fuel oxygenates continugs to grow, there will be increased
opporunities for other oxygenates. Of particular interest is the production of
oxygenated fuels from nop-petrolzum squrces, such a5 coal-derived synthesis gas.
Possible oxygenates from synthesis gas are MTBE, mixed alcohols, mixed sthers
derived fram mixed alcohols or axygenates from the building block dimethy| ether
(BME). These alternatives could serve not only as a blending componant for
gasoling but also as a cosolvent for methanol. Examples of classas of alternative
candidates from DME are disthers, acetates and alcohals.

The ovarall approach to MTBE and ather oxygenated fuels under Alternative Fuels |
is putlined in Schema 1. Slurry-phase synthesis of mixad alcohols from coal-derived
synthesis is planned for the February 1922 campaign at LaPorte. In addition,
dimethyl ether i 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
taboratory. These methodologies allow connecting pathways to alcohols, mixed
ethers and alkyl esters.
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Scheme 2. Potential DME Reaction Chemistry

YNTHESIS OF MIXED ALCOHOL
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 alcohols are good octane improvers.
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Taple 1

#Average Blending Octane Numbets for Selectad Alcahals

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

ethanaol 113
1-nropanol 105
ispbutanal 101

Studies have also shown that the use of mixed alcohols in gascline results in lower
hydrocarpon and CO emissions at the tailpipe (4). However, a potential drawback
is that alcohols in gasehine are sensitive to phase separation in the presance of
water, which is ubiguitous in the gaseling distribution system. Alcchiel blends with
a high methanel content are particularly sensitive to this phase instabllity. For the
effective use of alcohols a5 a gasoline additive, a considerable raction of Cg,
cosolvent alcahols is necessary far phase stahility in the presence of HzO. Thus, a
commercially viable process far the production of mixed alechols from syngas must
havs a relatively high selectivity to Co, eosalvant alcehols,

Existing proposed processes for the production of mixed aleshols from syngas are
based an conversion in packad bed reactors (5-6). Howevar, the conversion of
syngas to alcohols is highly exathermic, Tabie 2 shows the heats of reaction for the
synthesis of seleciad alcohals from CO and Ha.

Table 2

Heats of Reaction for Synthesis of Selected Algohels from CO and Hg
%GO + 2xHa —> CxHjax + 30H + (x-1)H20

CxHoxs1CH AHpn (@298°K), keal/mole
methanol -17
ethanal -53

1-propanol -85

isobhutanol -1

The heat of roaction per mole of product alcohol increases substantially with
molecular weight. Remaval af this high reaction heat is difficult in packed be
reactors. Slurry reactors offer much better heat management capabilities enabling
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 of a slurry reactor is an enhancement in the
selectivity to higher alcohols induced by secondary conversion, eqgn. 1,

CO/MH2
lower alcohols > higher alcohols (1)

as a result of reactor backmixing.

The purpose of the present study was to investigate slurry-phase mixed alcohols
synthesis on a lab scale. A modified Cu/ZnO/Ai2O3 methanol synthesis catalyst
was used in a stirred autoclave reactor with mineral oil as the liquid medium.
Syngas (CO/COg/Hz) 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,

which are shown in Table 3, simulate the typical product from Texaco or Shell coal
gasifiers.

Table 3

Composition of Syngases

Gasifier cO H2 CO2 N2
Shell 66 30 3 1
Texaco 51 35 13 1

The feed gas flow rate to the reactor was controlled by electronic mass flow
controllers, while exit flow rate was measured by a wet test meter. Reactor
pressure was controlled by a back pressure regulator. Ali lines downstream of the
reactor were heat-traced to prevent the condensation of reaction product vapors. A
gas-liquid separator was used to return vaporized mineral oil to the reactor. In
some experiments, methanol and ethanol were added to the syngas feed by
means of a high-pressure syringe pump, which injected the liquid alcohol to a
heated feed vaporizer located immediately upstream of the reactor. The reactor
used was stirred micro-autoclave manufactured by Autoclave Engineers. The
internal volume of the reactor is 50 cm3 and is constructed of Hastelloy C-276.

The catalyst used was a Cu/ZnO/Al203 methanol synthesis catalyst, in powder
form, which has been modified using a proprietary procedure. A typical reactor
charge was 4.25 g of catalyst and 17.0 g of Pennreco Drakeol 10, a white mineral
oil consisting of paraffinic and naphthalenic hydrocarbons. The oil has been
shown to be stable in the presence of the catalyst at the high temperatures used for
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mixed alcohols synthesis. Catalyst activation was carried out in the reactor using
an activation gas of 2% Hp/98% Nao.

Froduct analysis was done on-line by two gas chromatographs. Bulk gas analysis
was done by one GC equipped wilh dual TCDs, while the grganic producls were
quantified by a second GG outfittad with an FID and a capillary calumn.

Results and DI lon
Effect ot Gas-Hourly Opace Velocity:

Figure 1 shows the effect of gas-hourly space velocity {GHSV) on the synthesis
rates of methanol and Co-Cg alcchols for tha modified CurZnO/A8i203 catalyst. In
this paper, GHSY is dafined as the ratic of volumetric flow rate of feed gas standard
condilions {09C and 1 aim) to the mass of catatyst and has units of std. lit/kg-hr.

For Shell gas at 300°C and 7.0 MPa, the methanol rale increases linearly with
GHSV. In tact, the reactor exit methanc! concentration is approximately invariant
with GHSV, indicating that the mathanal synthasis reaction is at equilibrium across
this range of GHSY. Thermodynamic equilibrium caleulations incorporating the
reactor exit gas concentrations support this contention. The Ce-Cg alcohals rate
increasas maonotonically with GHSY, but unlike the result for methanol, the rate is
non-lingar. The measured rate for C2-Cg alcohols is not constrained by
thermodynamic limilations 2t thase reaction conditiens. Instead, the formation rate
is governed by the intrinsic reaction kinetics. At 10,000 GHSV, the rate of formation
ol Cp-Cg alcohols is 128 g/kg-hr. the highest rate observed at 3009C and 7.0 MPa.

Salactivities calculatad from the rasults of the experimeants used far Figure ¥ are
shown in Figure 2. The selectivity is based on the total erganic product and does
not include the GOz produced from CO via the water-gas shift reaction. The
solectivity to Ca-Cg alcohols decreases, while the selectivity to methanal increases,
with increasing GHSV. The primary reascn for this behavior is that the canversion
1o maethanal is limitad by tharmodynamic aquilibrivm at all GHSY in tha rangs
investigated. Selectivity to total alcohols in these experiments is greater than 933%.
The major non-aleohal organic products ara mathyl formata, mathyl acetate, and
methane.

Highar productivity and selectivity may be expected upon simulianeous
aptimization of the calalyst and the opetating conditions.

hol Pr Distri ipn:

Figure 3 shows the distribution of alcohel products ehiained using Shall gas at
300°C, 7.0 MPa, and 5,000 GHSY. The alcohol preducis are largely primary
alcochels. Amang the C2-Cg alcohols, Isobutancl is produced In the highest
selectivity, approximataly 9 wi. %. In fact, for a given Cp aleohol, the selectivity 1o
the “"2-methyl" isormar is much greater than for the lingar isomer. This has been
obhserved for Cu/ZnrAlzOz-basad higher alcchels catalysts by other workars (7-8).
Tao explain this type of product distributian, Klier et al have postulated a surface

reaction mechanism which proceeds through a [-ketoalkoxide intermediate (8).
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They have termed the mechanism "aldol coupling with oxygen retention reversal”.
The same type of mechanism is probably operative in the present system, though
there is no direct evidence that this is the case.

Eff f nga m ition:

The effect of synthesis gas composition on the product alcohol rate is shown in
Figure 4, which is a comparison of the results obtained for Texaco and Shell gas
feed. The C2-Cg alcohois 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
Co-Cg alcohols rate for Shell gas is 80% higher than that for Texaco gas. The
reason for the greater Co-Cg alcohols rate observed for Shell gas is not
immediately clear. One possibility is the lower CO2 content (3 mol % for Shell vs.
13% mol for Texaco).

1t f R ion Temperature:

Figure 5 shows the effect of reaction temperature on the product selectivity of the
major products from Shell gas at 7.0 MPa and 5,000 GHSV. Between 280°C and
320°C, the methanol! rate decreases monotonically with temperature, reflecting the
constraint that thermodynamic equilibrium imposes on that synthesis reaction. By
contrast, the C2-Cg alcohols rate is iess influenced by temperature over the same
temperature range. The highest C2-Cg alcohols rate was observed at 300°C, while
the greatest selectivity to these products was observed at 320°C, the highest
temperature used.

The influence of temperature on the rate of synthesis of the major C2, alcohol
products, ethanol, 1-propanol, and iscbutanol, is rather interesting. The ethanol
rate decreases with temperature across the range, while the isobutanol rate
increases. The rate for 1-propanol is relatively invariant with temperature. Unlike
the methanol synthesis reaction, syngas conversion to ethanol and 1-propano! 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 ethanol, must be attributed to some other phenemenon. The decrease in
ethanol rate and simultaneous increase in isobutanol rate with increasing
temperature suggests that secondary conversion of ethanol to isobutanol occurs at
a faster rate than ethanol formation and this reaction becomes more significant at
higher temperature. The possibility that ethanol undergoes secondary reaction to
isobutanol is supported by the following results.

Formation of Hi Icohols from Lower Alcohols:

Support for the concept of the involvement of lower alcohols in secondary reactions
to produce higher alcohols is provided by the results in Table 4, which shows the
effect of methanol and ethanoi addition to the syngas feed. In these experiments,
methanol and ethanol were added to the syngas feed as vapors, a situation which
simulates recycle of methano! and ethano! product. Both alcohols were added to
Shell gas feed, flowing at 5,000 GHSV, at a level 5 mol %. The corresponding
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rates of methanol and ethanol addition are 376 ghkg-br and 540 g/kg-hr,
respectively.

Table 4
Effect of Methanol and Ethanol Addition 1o Syngas Feed

Rate (g/kg-br}
IC5-Cq
Fead mathanal ethangl 1-propanal  iscbutanol Alcohols
Sheh 243 15 15 26 63
Shetl + 5 mpl % 361 21 20 29 76
methanal
Shall + 5 mol % 241 116 g4 Bb 162
ethanol

As shown in Table 4, the addition of 5 mol % methanal to the syngas feed has a
mingr effect on the rates for higher alcohols, with only 2 modest increase in the rate
for C3-Cs alcohols, A large fraction of the addsd methanol did not undergo
conversion in the reacior, as revealed by tha increase in methanol rata upoen
methanol addition. Also, a material balance indicates thal a substantial porion of
the added methanc| decemposed to CO ang Hz, presumably through the reverse
of the methanol synthesis reaction. This is not surprising since tha mathangl
synthesis reaction is at equiiibriurn.

In cantrast to the results for methanol addition, the addition of 5 mel % sethancl to
the feed dramatically increases the rate of synthesis of Ga-Cg alcohels. Upon
atheno! addition, the 1-propanal rate increases by a factor of 3, while the
isobutanol rate increases by twofold. The rate to all C3-Cg aleohols increases by
almoest a factor of three with ethanol addition.

conglusions

Slurry-phase mixed alcohols synthesis fram syngas has been successiully
damonstrated on a lah scale. The use of a madified Cu/Zn0/AI2053 methanol
catalyst has resulted in a reactor productivity as high as 800 g/kg-hr for mixed
alcohols synthesis from simulated coal-derived syngas. The alcohol product
obtained, even for once-through aperation, contains a large fraction of Gy,
alcohols and is potentlally suitable for gasoline blending. In addition, reaction
temperature has & large effect on the alcehol product slate; the selectivity shifts to
isobutanol with increased temperature. The sacondary reaction of meihanaol and
aethanol 1o produce Sa, alcohols was observed by addition of these alcohols to the
syngas feed.
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Background

With dimethyl ether (DME) as a starting point in any viable econamic pracess,
navel methodologies are required to selectively activate the methyl group of DME.
Ethers, in general, are thought 1o be chemicaily inart axcept for cleavage by HI or
the dehydration of DME to ethylene. Highly branched elhers with adjacent CH
bonds t0 oxygen are susceptible to peroxide formation.

Spedific enabling technologies reguire selective catalysts far oxidative coupling,
vinylation and carbonylation. Examples of thermadynamically allowed
transformations starling with dimethyl ether are summarized in Scheme 3. The 1.2-
dimethoxyethana and/or methyl vinyl ether can

DME

— CH5OCH,CH,QOCH, + H,O

CHaOCH, O h,GHOGH, + 2H,0

air
A co
CH3CO,CH,4

Scheme 3. DME Methodologies

in turn, act as building blocks to higher molecular weight athers. Table 5
summarizes AGpq for each of the proposed methodelogies in Scheme 3. In

Table 5
Gibbs Energy Change for Proposed Methodology

Methodology ABypyp (@ 4730K, kcalimole)
Oxidative coupling -45 6
Vinylation -58.0
Carbonylation -14.8

each example, the methyl group is activated by an adjacent methoxy group. The
ease of CHj activation should be refiected by 1he strength of the CH bend. Cne
such measura of the CH bond strength is the pk; of the corresponding acid.
Several model compounds are shown in Table 6. The ratative
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Izble 6
Acidity Scale for Selected Campounds

Approximate pKa

Compound (relative to watar} Reference
H-CH2CH3 42 g
H-CHaz 40 3
H-CHzCgH5s 35 9
H-CHzOCH3 ?
H-CHzCN a5 10
H-CH2CO2R 24 9
H-CHzCOpH 24 10
H-CHzCOCH3 20 10

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

Several litarature referances illusirate the progress other researchers have made
in this area. Dimethy| ether has been oxidatively coupled 10 1,2-dimsthexyethane
at 2000C and 16 atm owver a catalyst cansisting of 20% wt. loading of SnC2 on
Mg, With a DME/Oz mol ratie of 5, the DME conversion is 1-10% with
dimathoxyethane selectivity of 60%. Vinylation or cress-coupling reactions
betwoen methy} propienate and methanol, acetone and methanal, acatanitrile and
methanal 1o yield methyl methacrylate, methy! vinyl ketone and acrylonitrile
respectively have been reported. In each case, MgO was modified by transition
metal cations, calcined and then tested at 350°C for catalytic activity. Table 7
summarizes rasults with methanol. Whan in the presence of gasecus opxygan, the
methano! is oxidized 1o formaldehyde and finally reacts with the activated mathyl
group. However other reaction mechanisms may ba operative but the overall nat
effect is the same.
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Table 7
Vinylation of Selected Compounds with Activated Methyl Groups

Reaction Catalyst Conv. Sel. Reference
CH3CHaCO2CH3+ CH3OH  Mn/MgO 10.2 60.8 11
(16.7%)
CH3COCH3 + CH3OH Fe/MgO 12,1 54.5 12
(3.1%)
CH3CN + CH30H Cr/MgO 9.6 94.2 13
(3.1%)

Laboratory resul

During the first year, the laboratory program has been focused on reactor
procurement and installation, Process Hazards Reviews dealing with oxidative
chemistry, catalysts preparation and initial screening experiments on oxidative
coupling and vinylation.

Presently, two reactor systems have been installed for catalyst evaluations. The
first system is a dual atmospheric gas-phase reactors with 0.5 inch diameter heated
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 u! sample passes through a 6"
column of Hayesep D to adsorb heavy organics before a 10 foot column of
Carbosieve Il separates the light gases. On returning to the load position, the
organics are desorbed from the Hayesep D precolumn with a temperature ramp.
On injector B, a 10 put sample loop does direct injection to a 15 meter megabore
column with 5 um film of polydimethylsiloxane (AT-1). The column oven limit is set
at 225°C - the maximum temperature for the Carbosieve column.

The second system is a Autoclave Engineers' Bench Top Reactor System (BTRS).
One to thirty cm3 of catalyst can be placed on a wire mesh supported inside either
a 0.312" or 0.515" ID tubular reactor of stainless steel. Each 18" reactor is heated
by a tube furnace with three 4" heated zones which is placed inside a temperature-
controlled oven. Nitrogen and an oxygen/nitrogen 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 another temperature-controlled oven. The reactor effiuent passes through a
gas-liquid 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 effected using on-line gas chromatography. The reactor and
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oven temparature, gas and hguid flow rates, and reactor pressure are controlled by
an Autoclave Engineers Madel 900 Process Controller. The Process Controller
monitors for high temperature, high pressure, and high flow, and for failsafe
shutdawn of the unit. A combustible gases detector is connacted to the controllar
far shutdown.

Catalyst Model

Hetercgeneous catalysts screened are based on the working catalytic model
requiring & redox metal ion on a basic support for activation ot the CH bond of
CHsQCH;. Literature referencas cited in this paper ilustrate starting points for the
preparation of such catalysts.

Conclusions

To date. reactor systems have been instalied in the laboratory 1o safely evaluate
catalysts under oxidative conditions. A waorking catalyst model has been proposed,
and presently haterogeneous catalysts have been prepared and are actively being
evaluated for reaction pathways summarized in Scheme 1.

B E R

There have been limited reports on extensive fuel propenty blending values of
oxygenated additives for transportation fuels. with available literature values and
our own evaluation of RON and MON properties of fuel mixtures, Table & can b
constructed Miustrating tha impenance of a siable fragment for the non-g!cohol
additives. It must be remembarsd that blending variations depend on hydrecarbon

Table §
Blending Ociane Numbers of Non-Alcohol Additives

Blgnding (R + M)/2 of

Additive Additive Reference
MTEE 109 14
ETBE 110 14
methyl acetate 101 15
ethyl acetate 105 18
dimsthyl carbanate a9 17
diethyl carbonate 108 18

compesition, octane level of the base gasoline as well as the concantration of the
additive. Does this suggest that highly branched diether addilives, such as the one
shown below where ReH or CHa,
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will have desirable blending properties in gasoiine?
EUT PLAN

The next campaign at LaPorte will be the synthesis of mixed alcohols from syngas.
Developmental work on the conversion of dimethy! ether to a transportation fuel
additive has been initiated with an economic evaluation set for July '92,
Computational chemistry software evaluation for modelling the correlation between
octane numbers with structure is set for 1QFY92.
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30peC, 7.0 MPa.

Shell gas,

FIGURE 3. Alcohol product disiribution.
Reaction conditions:
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