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ARSTRACT

The thermodynamics of the formation of mixed alcohols from
synthesis gas was investigated by calculating the equilibrium
composition of a system containing CO, Hp. COs, HoO and all of the
possible isomers of the Cq through C4 alcohols. These calcuiations

vcere performed using the Gibbs free energy minimization module in
the ASPEN PLUS process simulation package.

The calcuiations that have been performed to date are based on the
assumption that all of the reactants and products arc ideal gases.
Parametric studies were carried out to define the effects of
temperature, iotal pressure, CO/H, ratio and the presence or
absence of the water-gas shift reaction nn the conversion of
reactanis and on the product distribution. The feed was assumed to
consist of a mixture of Ho and CO, with no othaer components present.
The majo: conclusions from the work to date are. 1) the apparent
stoichiometry of alcohol formation depends on the extent to which
the shift reaction takes p.ace; 2) the equilibrium conversion of the
lirniting reactant is above 90% at all temperatures up to 773 °K; 3)
the C4 alcohols are the dominant product at al' temperatures up to
773 °K; at equilibrium, only minor amounts of the Cy through Cg3
aicohols are formed; 4) tertiary butanol is the preferred C4 alcohol
isomer below about 473 °K; between about 473 and 773 °K,
iIsobutanol is the preferred species, and; 5) total pressure has very
little effect on reactant conversion and product distribution.
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INTRODUCTION

North Carolina State University is in the first year of a three-year
contract with the Department of Energy entitled Nove! Approaches
to the Production of Higher Alcohols from Synthesis Gas (DE-AC22-
90PC90043). The structure of the contract is shown in Table 1.

Iable 1
Contract Structure
Task Number Litle

1 Program Management

2 Liquid-Phase, Higher Alcohol Process
With Recycle Of Lower Alcohols

3 Novel Catalysts For Synthesis Of
Higher Alcohols

4 Synthesis Of Higher Alcohols Via
Acid-Base Catalysis

5 Technology Evaluation

The experimental equipment required for Tasks 2, 3 and 4 is
currently in various stages of procurement, installation and
debugging. The experimental data that have been obtained to date
are not sufficient to form the basis for a paper. The major objective
of Task 5 is to develop process designs and perform economic
evaluations based on the results of Tasks 2, 3 and 4 this task will
not produce substantive results until comprehensive experimental
data are available. :

In many of the existing experimental studies of the synthesis of
higher alcohols from mixtures of Ho and CO (synthesis gas),
methanol has been the primary product and the yields of Co and

higher aicoho's have been disappointingly low. A good deal of
research has gone into developing catalysts with greater selectivity

towards C alcohols. Some additional research on improved
catalysts for the production of higher alcohols will be carried out
under Task 3 of this contract. Special emphasis will be placed on
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catalysts that can bs employed in a liquid-phase, i.e., slurry-reactor,
process.

It may also be possible to modi'y ihe process design, using the
principles of chernical ecuilibrium, to increase the production of
higher alcohols. One of the concepts that wili be tested in Task 2 is
the recycle of lower-molecular-weight alcohols, such as methano!
and perhaps ethanol, in order to shift the net product distribution
towards the more valuable higher alcohols. By recycling a sutficient
amount of the undesired species, e.g., methanol, to satisfy the
equilibrium relationship for the methanoi synthesis reaclion, it
should be possible to prevent any net tformation of that species.
Under that circumstance, all of the synthesis gas that was converted
to alcohol would go into the decired species.

in order to provide a theoretical basis for testing this process
concept, a detailed study of the chemical equilibria that apply to the
production of higher alcohols from synthesis gas was initiated. The
results that have been obtained to date are rerorted in the following
sections of this paper. Tihese results will help to guide
expernmental studics aimed at testing the utility of the alcohol
recyclo concept. They will also be useful in understanding the
boundaries and constraints that thermodynamics imposes on process
and catalyst development.

SCOPE OF STUDY
The reactions considered in this study were:
Alcohol Synthesis:
nCC+2nHy & CpHian,1)0H + (n-1) H0 (1)
n=1,2 3,4
Water-Gas Shift:

CO+HoO & €O, + Hy ()



In these chemical equations, the symbol "o " indicates that the
reaction is thermodynamically reversibie.

Only the reactions that produce the C4 through C4 alcohols were

considered in the following calculations; it was assumed that the Cg

alcohols would not form. All of the possibie isomers of propanol and
butanol were considered, i.e., normal propanol, isopropanol, normai
butanol, secondary butanol, isobutanol and tertiary butanol.
Isobutanol and tertiary butanol have branched hydrocarbon
backbones. As gasoline additives, these two alcohois have higher
octane ratings than their unbranched counterparts, whether they are
used directly or are used as building blocks to form ethers for use as
additives.

When the formation of the C4 and C4 alcoho! isomers is considered,
there are nine reacticns that are in simultaneous chemical
equilibrium, Reactior Il plus eight reactions of the form of Reaction
[. For each of these reactions, an equilibrium expression can be
written that relates the concentrations of the reactants and
products to an equilibrium constant, K;, which is a function only of
iemperature. Assuming that all of the species are gases, the
equilibrium expression has the form:

Ki = 0j(1,"10) = mjep, i) (1)

In Equation 1, the subscript | denotes a chemical species, the
subscript i denotes a reaction, nj denotes the product over all |, Vi,
is the stoichiometric coefficient of species j in reaction i, f is the
fugacity, ¢ is the fugacity coefficient and p is the partial pressure.
The stoichiornetric coefficient, vj,i» is positive if j is a product in
Reaction i and is negative if j is a reactant. In ali of the following
calculations, ideal gas behavior has been assumed, so that o) = 1.0

There are twelve different chemical compounds in the system,
whose partial pressures at equilibrium are unknown. In concept, the
equilibrium composition of the system can be determined by
simuitaneously solving nine equilibrium expressions, one for each of



the nine reactions, togother with the three elemental balances for C,
H and O. However, when multiple equilibria are involved, it is
frequently easier to solve for the equilibrium composition of the
system by using mathematical techniques that minimize the total
Gibbs free energy of the system, subject to the constraints of the
elemental balances.

The compositions that follow were calculated using the Gibbs free
energy minimization module in the ASPEN PLUS process simulation
package. The temperature and total pressure of the system were
specified as part of the input to the program, as were the number of
moles of each component in the feed. The other required input to the
program was the species present, i.e., all of the chemicai compounds
that were either reactants or products in any of the chemicai
reactions. Each of the twelve chemical compounds involved in the
present study is included in the ASPEN PLUS Pure Component Data
Base. This data base contains the atomic formula for each compound
and the thermochemica! data, i.e., standard Gibbs free energy of
formation, standard enthalpy of formation, and heat capacity as a
function of temperature, that is required to minimize the total Gibbs
free energy of the system.

In some of the calculations described below, it was assumed that
the water-gas shift, Reaction |, did not take place. Calculations for
this case were performed as described above, except that COp was

not listed in the input to the program as an allowable species.

As noted previously, the calcu!ations described in this paper are
based on the assumption that each of the reactants and products
behaves as as ideal gas. This assumpiicn is an idealization in two
respects: 1) somse of the gaseous species, e.g., the alcohols, are non-
ideal at some of the conditions of temperature and total pressure
that are covered by the calculations, and; 2) ai the high product
concentrations that result from the assumption that chemical
equilibrium is attained, the partial pressures of certain species,
e.g., the branched butanols and water, can exceec their equilibrium
vapor pressure. Nevertheless, the results obtained under the ideal
gas assumption provide a "baseline” for evaluating the overall
thermodynamic constraints on system behavior and for evaluating
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the potential utility of process concepts such as product recycle.
BRESULTS
Stoichi ic |  the Shift A .

An examination of Reaction | shows that the number of atoms of
oxygen in the carbon monoxide that reacts is greater than the
number of atoms of oxygen in the alcohol that is formed, except for
n = 1, where the atoms of oxygen in the reacted CO exactly equal
those in the product methanol. According to Reaction |, this excess
oxygen is “rejected” via the formation of water. When alcohols are
formed according to Reaction I, the stoichiometric CO/H» ratio is

0.50 for all values of n.

Reaction li, he water-gas shift reaction, may be multiplied by (n-1)
and added to Reaction | to give:

(2n-1) €O + (n+1} Hy © CpH(2n,1)OH + (n-1) COp (Hi)

Equation tll describes a situation where oxygen is rejected via CO5
instead of H2O. In this case, the stoichiometry of alcohol formation
depends on the molecular weight of the alcohol, as shown in Table 2.

Jable 2
| hen
Qxygen |s Rejected Via COo
D CO/MHo CO-/CO
1 5 0
2 1.0 0.33
3 1.25 0.40
4 1.40 043

Alcohol formation from synthesis gas is similar to Fischer-Tropsch



chemistry in some respects. In both reactions, orygen can be
rejected via either COo or HoO, dependiny on the shift activity of the

catalyst and the operating conditions of the process. Moreover, in
both cases, the apparent stoichiometry of the reaction depends on
the molecular weight of the products, at least for low carbon
numbers.

The Eff T Reaction Behayi

A series of calculations was carried out to define the effect of
temperature on the thermodynamics of alcohol synthesis. The total
pressure, P, was 70 atmospheres absolute and the feed consisted
only of CO and Hp in a 1/2 molar ratio for all of the calculations in

this series. The shift reaction was permitted to come to
equilibrium.

For the reactants, CO and Hj, the results are expressed in terms of
the percentage conversion, X, defined as:

Xj = 100{moies j in - moles | out)/moles j in

For the products, the results are expressed as the fractional yield of
product j based on CO, Y(/CO), defined as:

Y(j/CO) = (atoms of C/molecule of j)(moles | out-moles | in)
+(moles CO in-moies CO out)

The fractional yield of any species, j, is equal to the fraction of the
carbon atoms in the CO that actually reacts that are found in the "j"
that leaves the system.

The calculated convaersions of Hy and CO are shown in Figure 1 as a

function of temperature over the range from 300°K to 800°K. Most
experimental research on the formation of higher alcohols has been
conducted in the temperature range of 50C to 700°K. Calculations
were carred out at lower temperatures in order to undzarstand the
impact of using thermodynamic data at 298°K, without any
temperature correction, to evaluate the behavior of the system at
reaction conditions.
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Figure 1 shows that the equilibrium conversion of CO is very high
over the whole range of temperature considered. Below about 700°K,
the equilibrium CO conversion is essentially 100%. Between 700 and
773°K, it is still above 90%. The calculated conversion of Hy is

lower than the conversion of CO because these two species are
affected differently by the shitt reaction. Carbon monoxide is a
reactant in both alcohol formation, Reaction |, and water-gas shift,
Reaction . Hydrogen is a reactant in alcohol formation, but is
produced by the shift reaction. The difference between the
conversion curves for these two species is a measure of the
importance of water-gas shift. If this reaction did not take place,
the Hy and CO conversion curves would be identica! at a CO/H, ratio

of 0.5.

The fractional yield of CO» based on CO is shown as a function of

temperature in Figure 2. This figure illustrates the competition for
CO between the alcohols and CO,. At tow temperatures, very few of

the carbon atoms in the CO that reacts appear in CO». However, the
yield of COo increases with temperature until it reaches a value of

about 0.3 at about 800°K. This value is only slightly below the range
of stoichiometric yields shown in Table 2 for the case where oxygen
rejection is exclusively by means of CO». If the shift reaction

occurs, it can play an important role in oxygen rejection at
temperatures aoove about 500°K.

Figure 3 shows the yield of methanol as a function of temperature.
Two points are worthy of note. First, this yield is very small over
the whole range of temperature. Methanol is not favored
thermodynamically in the cornpetition for the available CO between
the possible products. Second, the yield of methanol increases with
temperature. This increase seems counterintuitive, since the
formation of methanol from synthesis gas is exothermic. However,
methanol formation is less exothermic than the formation of the
higher alcohols. Consequently, the equilibrium constant for
methanol formation does not decrease as rapidly with temperature
as the equilibrium constants for most of the competing reactions.
This accounts for the increase in methanol yield with temperature.
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The yields of the C» and Cy alcohols are presented in Figure 4. At

the conditions of this study, the individual yields of these three
alcohols are not significant if thermodynamic equilibrium is
attained.

Figure 5 shows that the C4 alcohols are the dominant aicohol

fraction at chemical equilibrium. At the low end of the temperature
range, the yield of the four C4 alcohols taken as a group is very

close to unity, indicating that essentially all of the carbon atoms in
the CO that is reacted are in the C4 alcohols. The total yield of the

C4 aicohols decreases with temperature, largely due to the

increasing importance of the shift reaction, as discussed in
connection with Figure 2.

The distribution of C4 alcohol isomers is shown in Figure 6. At

ambient temperature, tertiary butanol is the dominant species
thermodynamically; the yields of the other three isomers are all
negligible. However, as temperature increases, the amount of t-
butanol declines rapidly and isobutanol becomes the predominant
species at about 450°K. Secondary hutanol also increases with
temperature; its equilibrium concentration becomes comparable to
that of t-butanol at about 600°K. Figure 6 illustrates the error that
could result from drawing conclusions based oniy on calculations at
ambient temperature. Such a practice could lead io the erroneous
conclusion that t-butanol was thermodynamically preferred,
whereas at representative reaction temperatures of 550 to 700°K,
the equilibrium yield of t-butanol is quite low and i-butanol I1s the
dominant species thermodynamically.

The issue of which butanol isomer is thermodynamically favored is
potentially important. Tertiary butanol could have value as a raw
material for producing methyl tertiary butyl ether, a valuable
gasoline additive. The utility of the methyl ether of isobutanol as a
blending component for motor yasoline has not been established.

Ihe Effect of Pressure on Reactior Behavior

1734
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A second series of calculations was carried out to define the effect
of total pressure on the thermodynamics of alcohol synthesis. For
these calculations, the temperature, T, was 523°K and the feed
consisted of CO and Hgy in a 1/2 molar ratio. Once again, the shift

reaction was allowed to come to equilibrium. The calculations

covered a range of pressure from 1 atmosphers absolute to 177

atmospheres absolute. Experimental studies have typically been
conducted in the range of about 70 to 200 atma.

The results of these calculations showed that total pressure has
very little effect on the thermodynamics of the present system,
except at very low pressures. Therefore, only a few results will be
presented to illustrate this lack of sensitivity.

Figure 7 shows the effect of pressure on the conversion of carbon
monoxide. Aithough conversion declines in the low end of the
pressure range, it is above 39.5% even at atmospheric pressure.
Figure 8 shcws the effect of pressure on the fractional yield nof COs5.
Of ali of the parameters calculated, Y(CO»/CO) is the most sensitive
to pressure. Carbon dioxide is formed via the shift reaction, whose
equilibrium is not sensitive to pressure when all species involved
are ideal gases. However, the alcohol synthesis reactions, which
compete for CO with the shift reaction, are favored by higher
pressure. This accounts for the decreasing yield of CO5 as the total
pressure IS raised.

Figure & shows the distribution of C4 alcohoi isomers. The yield of

all four isome-; increases somewhat as the pressure is raised from
1 atmosphere. For any increment of pressure, this increase is very
nearly equal to the decrease in the yield of COp. The yields of
methanol, ethanol and propanol increase only slightly with pressure.
Changes in pressure do not cause a change in the C4 aicohol isomer
distribution.

Ihe Effect ot CO/M-_Ratio_on Reaction Behavior

A third set of calculations was carried out to explore the effect of
CO/Hp ratio on the thermodynamics of the mixed alcoho! system.
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The temperature, T, was 523 °K and the total pressure, P, was 70
atmospheres absolute for all ot these calculations. As with
previous studies, the water-gas shift reaction was allowed 10
equilibrate.

The CO/Ho ratio is an important variable in a number of

applications, such as the coproduction of alcohols and electric
power in a coal gasification combined cycle (CGCC) plant. in these
plants, synthesis gas is produced by reacting coal, oxygen and steam
in a coal gasifier. Some older gasifiers, such as the so-called "dry
bottom* Lurgi, produce synthesis gas with a CO/H» ratio of about
0.5. Modern, high-temperature, entrained-flow, slagging gasifiers,
such as the Texaco, Shell and Dow gasifiers, produce synthesis gas
with a CO/H» ratio in the range of 1 to 2. Synthesis gas leaving the
gasifier is cleaned to remove impurities and some or all of it is fed
directly to the alcohol synthesis process, without shifting to adjus!
the CO/Hy ratio. Gas that bypasses alcohol synthesis is combined
with unconverted gas Ieaving the alcohol synthasis section and the
mixture is fed to a combined-cycle power generation unit.

Figure 10 shows that the equilibrium CO conversion is essentially
100% when the CO/H, ratio is below about 1.4. Conversion

decreases as the CO/Ha ratio increasas above this value. The
behavior of the CO conversion with CO/Hp ratio illustrates the

points that were made earlier concerning the stoichiometric impact
of the shift reaction. At the temperature and total pressure of

Figure 10, butanols are the dominant product thermodynamically In
this case, Table 2 shows that the stoichiometric CO/Hp ratio 1s 1.4

when the water-gas shift reaction is important. Below a ratio of
.4, CO is the limiting reactant and its equilibrium conversion is
essentially 100%. When the CO/Hs ratio exceeds 1.4, CO is no longer

the himiting reactant. The decline in conversion at raiios above 1.4
Is the result of an increasing stoichiometric excess of CO.

Figure 11 shows that the behavior of the COp yield is caonsistent
with the above stoichiometric arguments. At values of the CO'H»
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ratio above 1.4, the CO» yield is 0.43. This is the value shown in

Table 2 for the case of butanol formation under conditions where ail
oxygen rejection is via CO».

Figure 12 shows an interesting characteristic of system behavior
that occurs when the water-gas shitt reaction is allowed to come to
equilibrium. The yield of isopropanol decreases as the CO/Hy ratio
increases until, at a ratio of about 2, there is essentially no
isopropanol remaining in the system at equilibrium. Plots of the
yields of n-propanol, ethanoi and methano! show the same behavior,
i.e., the yield of the alcoho! declines to a negligible level as the
CO/H2 ratio is increased above a value of about 2.

Figure 13 shows the effect of CO/H» ratio on the distribution of Cq4
alcohol isomers. As this ratin increases from its lowest value, the
yields of all tour isomers decrease as a result of the increasing
importance of the shift reaction. In other words, the increasing
yield of CO> shown in Figurs 11 comes largely at the expense of the
yields of the C4 alcohol isomers. The distribution of isomers is
independent of CO/Ho ratio above a ratio of about 1.4, which
corresponds to the ratio at which all of the oxygen rejection is via
COs,. This independence of isomer distribution shows that the
disappearance of the Cq through C3 alcohols at high CO/H; ratios, as
noted in the discussion of Figure 12, is not simply a matter of a
limited quantity of hydrogen being aliocated to the
thermodynamically most favored compound. Note that no
redistribution of hydrogen occurs between the C4 alcohol isomers
The behavior of the yields of the C4 through Cg alcohols with CO/H5

ratio appears to be connected, at least in part, to the stoichiometry
of the reactions by which they are formed.

- if i
Figures 14, 15 and 16 show the effect of the presence or absence of
the water-gas shift reaction on the equilibrium behavior of the

higher alcohol system. When the water-gas shift reaction does not
take place, the CO conversion, as shown in Figure 14, reflects the

LA
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stoichicmetry of Reaction |, where all oxygen rejection is via water.
Without the shift reaction, CO 15 the limiting reactant at CO/H
ratios below 1. The equilibrium conversion in this region is
essentially 100%. At CO/Ha ratios above 1, Ha is the limiting

reactant and the CO conversion declines as the CO/Hy ratio
increases. At any CO/Ho ratio greater than 1, the equilibrium CO

conversion is greater when the shift reaction takes place than when
it does not.

Figure 15 shows the coriirast between the behavior of the
isopropanol yield with and without the shift reaction. Without
water-gas shift, this yield is not dependent on the CO/Hp ratio. in

contrast, as pointed out in the discussion of Figure 12, the
isopropano! yield decreases with increasing CO/Hp ratio when the

shift reaction doe: take place. and reaches a value of essentially
zero at a ratio of about 2.

Figure 16 contrasts the behavior of isobutanol, the
thermodynamically-dominant species, in the presence and absence of
the shift reaction. As with isopropanoc!, the yield of isobutanol does
not depend on CO/H, ratio if the shift reaction does not take place.

When the shift reaction does occur, as noted in the discussion of
Figure 13, the yield of isobutancl declines with increasing CO/Hy

ratio up to a ratio of about 1.4, whern the yield becomes invariant to
further increases of ihis ratio.

CONCLUSIONS

The ASPEN PLUS process simulation package is a very nseful tool in
defining the thermodynamic behavior of the reactions by which
higher alcohols are synthesized from CO/Hp mixtures. The present

studies are currently being extended to include the possibility of
fcrming more than one phase and to explore the effect of removing
the assumpt.on of ideal gas behavior. The ASPEN PLUS package is
also being used to study the behavior of the system when various
alcohols are included in the feed. These calculations are designed to
simulate recycle of undesirad alcohol components so as to .nhibit
their further formation and'or to convert them to more valuable
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The most important conclusions resufting from the work done to
dale are:

1) The apparent reaction stoichiometry depends on the extent of
the shift reaction, i.e., on the extent to which oxygen molecuies in
the CO are rejected by either HoO or COs. When oxygen rejection is

largely via COp, the apparent stoichiometry also depends on the

relative amounts of the various alcohols that are formed.

2) The equilibrium conversion of the limiting reactant is above
90% at all temperatures up to 773 °K.

3) The C4 alcohois are the predominant product at all

temperatures up to 773 °K.
4) Tertiary butanol is the predominant C4 alcohol isomer at

temperatures below about 473 °K; at higher temperatures up to
773 °K, isobutanol is the thermodynamically-preferred species.
5) Oxygen rejection is largely via CO5 at higher temperatures and

CO/Hp ratios.
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