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ABSTHACT

The tharmodynamics of the formation of mixed alcahols from
synthesis gas was investigated by calculating the equilibrium
composition of a system containing GO, Hs, COn, H2O and all of the
possible isomers of the C4 through G4 alcohols. These calcuiations

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

The caloulations that have been performed to date are based on the
assumption that all of the reactants and products are ideal gases.
Parametric studies were carried ot to define the effects of
temperature, total pressure, CO/Hs ratio and the presence or

absence of the water-gas shift reaction on the conversion of
reactants and on the product distribution. The feed was assumed to
cansist of a mixture of Ho and CO, with no other components present.
The major conclusians from the work to date are: 1} the apparent
stoichiometry of alcohel formation depends on the extent to whick
the shift reaction takes place; 2) the eguilibrium conversion of the
limiting reactant is above 90% at all temperatures up to 773 °K; 3)
the C4 aleahals are the dominant product at all temperatures up to
773 °K; at equilibrium, only minor amounts of the C4 through Cj,
aicohols are formed; 4) tertiary butanal is the preferred C, alcohol

isomer below about 473 °K; batween about 473 and 773 YK,
isobutanol 15 the preferred species, and; 5) total pressure has very
little effect on reactant canversion and product distribution.
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INTRQDLUCTION

North Carolina State University is in the first year of a three-year
conhtract whh tha Department of Energy entitled Novel Approaches
o the Production of Higher Alcohols from Synthesis Gas (DE-AC22-
S0PCA0043). The structure of the contract is shown in Tabkle 1.

Tahls 1
Contract Structure
Task Number Title
1 Fragram 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 Catalyzis
5 Technology Ewvaluation

The sxperimental equipment requlred for Tasks 2, 3 and 4 is
currently in various stages of procurement, installation and
dabugging. The experimental data that have been obtained o 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 resulis of Tasks 2, 3 and 4; this task will
not produce substantive results until comprehensive experimantal
data ars available,

In many of the existing experimental studies of the synthesis ot
higher alcohols from mixtures of Ho and CO (synthesis gas),
methanol has been the primary product and the yields of Co and
higher alcohols have been disappeointingly low. A good deal of
research has gone into developing catalysis with greater selectivity

towards G,:_ alcohols., Some additional research cn improved
catalysts for the production of higher alcohols will be carried out
under Task 3 of this contrast. Special emphasis will be plaged on
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catalysts that can be employed in a liquid-phase, i.e., slurry-reactor,
process.

It may also be possible to modify the process desigr, using the
principles of chemical equilibrium, to increase the productian of
higher alcohols. One of the concepts that will be tested in Task 2 1s
the recycle of lower-molecular-weight aleohals, such as methanol
and perhaps &thanol, in order to shift the net product distribution
towards the more valuable higher alcohols. By recyeling a suffic ent
amount of the undesired species, e.g., methanol, tc satisfy the
equitibrium relationship for the methanol synthesis reaction, it
should be possible ta prevent any nst formatior of that species.
Under that circumstance, ali of the synthesis gas that was converted
to aleohol would go into the desired species.

In order ta provide a thecoretical basis for testing this process
congept, a detailed study of the chemical equilibria that apply to the
preduction of higher algohols from synthesis gas wags initiated. The
results that have been obtained to date are reported in the following
sections of this paper. These results will help to guide
experimental studias aimed at testing the utility of the alcohol
recycle concept. They will also be useful in understanding the
boundarigs gnd constraints that thermodynamics imposeés On process
and catalyst development.

PEOF C
The reactions considered in this study ware:

Alcahol Synthesis:

nCO+2nHg & GnH{2n+1}DH + {n-1) HaC (1
n= 1: E| 3: 4
Water-Gas Shift:

CD+HEG — C02+H2 {E[}




In these chemical equations, the symbol "—" indicates that the
reaction is thermodynamically reversible.

Only the reactions that produce the C4 through G, alcohols were

considered in the following calculations: it was assumed that the Cj

alcohols would net form.  All of the possible isomers of propanol and
butanol were considerad, i.e., normal propanol, isopropangl, normal
butanol, secondary butanol, isobutanol and tertiary butanol.
[sobutanol and tertiary butanol have branched hydrocarbon
backbones. As gasciine additives, these two alcohols have higher
octane ratings than their unbranched counterparts, whethar they are
used directly or are used as building bfocks to form ethers for use as
additives.

When the formation of the Cg and Cy4 alcohol isomers is considered,
there are nine reactions that are in simultaneous chemical
equilibrium, Reaction NI plus eight reactions of the torm of Reaction
. For each of these reactions, an equilibrium expression can be
writtean that relates the concentrations of the reactants and
products fo an equilibrium constant, K;, which is a function only of
temperature. Assuming that all of the species are gasos, the
equilibrium expression has the form:

Ki = mj( 00y = mj(e;p;" 11y (1)

In Eguatian 1, the subscript j denotes a chemical species, the
subseript 1 denotes a reaction, HJ- denotss the product over all j. vii
fs the stoichiometric coefficient of species | in reaction i, f is the
fugacity, ¢ is the fugacity coefficient and p is lhe partial pressure.
The stoichiometric cosfficient, vj;, is positive it | is a product in
Reaction i and is negative if j is a reactant. In all of the followirg
calculations, ideal gas behavior has been assumed, so that ) = 1.0.

There are twelve difierent chemical compeounds in the system,
whose partial pressures at equilibrium are unknowr. In concept, the
equilibrium compesition of the system can be determined by
simultangously solving nine equilibrium expressions, ane for each ol
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the nine reactions, together with the three elsmental balances for C,
H and Q. However, when multiple equilibria are involved, it is
frequently easier to solve for the equilibrium composition of ths
system by using mathematical techniques that minimize the total
Gibbs free energy of the system, subject to the constraints of the
elemeantal 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 ¢ the
program was the species present, i.e, all of the chomical compounds
that were either reactants or products in any of the chemical
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 thermochemical 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 ietal Gibbs
free energy of the system.

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

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

As noted previously, the calculations described in this paper are
based on the assumption that each of the reactants and products
behaves as as ideal gas. Thiz assumption is an idealization in twg
respects: 1} some 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} at the high product
cancentrations that result frem the assumption that chemical
equilibrium is attained, the partial pressures of cerain species,
e.g., the branched butancls and water, can exceed their sguilibrium
vapor pressure. MNevertheless, the results obtained under the ideal
gas assumption provide a "baseline” for evaluating the averall
thermodynamic constraints on system behavior and for evaluating
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the potential utility of process concepts such as product recycle,
RESULTS
ichigmetri f hitt R ign

An examination of Reaction | shows that the number of atoms of
oxygen in the carbon monoxida that reacts is greater than the
number of atoms of oxygen in the salgohol that is formed, except for
n = 1, where the atoms of axygen in the reacted CO exactly squal
those in the product methancl. According to Reacticn |, this excess
oxygen is "rgjectad” via the formation of water. Whon aleoho's are
formed according to Reaction |, the stoichiometric COYHo ratio is

0.50 for all values of n.

Reaction il, the water-gas shift reaction, may be multiplied by {n-1}
and added to Reaction | to give:

(2n-1) CO + (n+1) Hy ¢ CpHion, 1y0H + (n-1) CO, (D)

Equation !l describes a situation whera oxygen is rejected via COs
instead of HpO. In this case, the stoichiomstry of alcohal formation
depends on the molecular weight of the alcohol, as shown in Table 2.

Table ¢
ichi hol Formali m Synihesi
Quygen |s Rojectad Via COo
ichi i

n COM» COL/ICO
1 0.5 0

2 1.0 033
3 25 0.40
4 1.40 0.43

Alcoheo! farmation from synthesis gas is similar to Fischer-Tropsch
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chemistry in some respects. In both reactiors, oxygen can be
rejected via either COs or HpQ, depending on the shift activity of the
catalyst and the operating conditions of the process. Mareover, in
both cases, the apparent staichiometry of the reaction depends on
the molecular weight of the products, at Isast for low carbaon
numbers.

[he Effect of Temperature on Reacfion Behavior

A series of calculations was carried out lo define the effect of
temperature on the thermedynamics of alcohol synihasis. The total
prassure, P, was 70 atmospheres absolute and thc feed consisted
only of CO and Hy in a 1/2 molar ratio for all of the calculations in

this series. The shift reaction was perm:tied to come 0
equilibrium.

For the reactants, CO and Hs, the results are expressed in ierms of
the percentage caonversion, ¥j, defined as:

Xj = 100(moles | in - moles | outl/meles | in

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

Y{j/CO} = (atoms of C/molecule of j){moles | out-males | in]
+{moles CO in-moles CO out}

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

The calculated conversions of Hp and CO are shown in Figure 1 as &

function of temperature over the range from 300°K to BOO°K. Most
axperimental research on the formation of higher alcehols has been
conductad in the temperature range of 500 to 700°K. Calculations
warge carried out at lower temperatures in order to understand the
impact of using thermodynamic data at 298°K, without any
temperature correction, to evaluate the behavior of the system at
reaction canditions. '

123




3, ‘Quanjyeradurd ],

008 00L 009 00¢ 00v 00¢

¢'0=CH/O0D }
eune ()/=d

| —.‘- .‘—

. [

09

0L

08

06

001

dameddud ], JO uonduny y Sy UOISIIAUO))

1 2angig

UOISJIIAUO)) JUIIIIJ

130



Figure 1 shows that the equilibrium conversion of GO is very high
over the whole range of temperature considered. Below abaut T00°K,
the equilibrium GO conversion is essentially 100%. Between 700 and
773°K, it is stil above 90%. The calculated conversion of Hg is

lowsr than the conversion of CO because these two species are
affected differently by the shift reaction. Carbon monoxide is a
reactant in both alcohol formation, Reaction i, and water-gas shifi,
Reactian 1i. Hydrogen is a reactant in alcohal 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 Ho and CO conversion curves would be identical at a CO/MHp ratio

of 0.5.

The fractiona! yield of COs based on CO is shown as a function of

temperature in Figurs 2. This figure illustrates the compstition far
CO between the alcohols and COp. At low temperatures, very few of

the carbon atoms in the CC that reacts appear in COo. However, the
yield of COp 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 stolchiometric yields shown in Table 2 for the case where oxygen
rejection is exciusively by means of COp. If the shift reaction

pccurs, it can play an important role in cxygen rejection at
temperatures above about 50C7K,

Figure 3 shows the yield of methanol as a function of tamperature.
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 competition 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,
methanoi formation is less exothermic than the formation of the
higher alcehols. Caonsequently, the equilibrium constant for
methanol formation does not decrease as rapidly with temperature
as the oquitibrium constants for most of the compsting reactions.
This accounts for the ingrease in mathano! yield with temperature.
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The yields of the C» and C3 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 alcohal

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 alcohols 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 isobutano! becomes the predominant
species at about 450°K. Secondary butanol 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 only on calculations at
ambient temperature. Such a practice could lead to 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 is 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 methy! tertiary butyl ether, a valuable
gasoline additive. The utility of the methyl ether of isobutancl as a
blending component for motor gasoline has not been established.

The Effect of Pressure on Reaction Behavior
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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 222°K and the feed
consisted of CO and Hs in a 1/2 melar ratic.  Once again, the shift
reaction was allowed 10 come to equilibrium. The calculations
covered a rangs of pressure from 1 atmosphere absolute to 170
atmospharas absolute. Experimental studies have typ:cally been
conducted in the range of about 70 to 200 atma.

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

Figure 7 shows the effact of pressure an the conversion of carbon
monoxide. Alhough conversion declines in the low end of the
pressure range, it is above 99.5% even at atmospheric pressure.
Figure 8 shows the effect of pressure on tha fractional yield of COs.
Of all of the parameters calculated, Y(CO»/CQj) is the most sensitive

10 pressura. Carbon dioxide is formed via the shilt reaction. whose
gquilibrium is not sensitive to pressure when all species involved
are ideal gases. However, the alcohol synthesis rsactions, which
compete for CO with the shift reaction, are favored by higher
pressure. This accounts for the decreasing yisld of CO» as the total

pressure is raised.

Figure @ shows the distribution of G, alcohol isomers. The yield of

all four isomers increases somewhat as the pressure is raised from
1 atmosphere. For any ingrement of pressure, this increase is vary
nearly egual to the decrease in the vield of CQs. The yiglds of

methanol, ethanal and propancl increase anly slightly with prescsure.
Changss in prassure do not cause a change in the G4 alcohal isomer

distribution.

Tho Effect of CO/H-_Ratio an Reaclion Bshavior

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

The CO/Ho ratio is an important variable in & number of
applications, such as the coprodustion of alcohels and electric
power in a goal gasification combined cycle (CGCC) plant. In these
planie, synthesis gas is produced by reacting coal, oxygen and steam
in a coal gasifier. Seme oider gasitiers, such as the so-called "oy
botton® Lurgi, preduce synthesis gas with a CO/Ho ratio of about
0.5. Modern, high-temperature, entrained-flow, slagging gasifie-s,
such as the Texaco, Shell and Dow gasifisrs, produce synthesis gas
with a GO/Hs ratio in the range of 1 o 2. Synthesis gas lzaving the
gasifier is cleaned tc remove impurities and some or all of it is fed
directly to the alcchol syn‘hesis process, without saiftng to adjust
the CO/MHys ratio. Gas that bypasses alcohol synthesis is combined
with uncanverted gas leaving the alcohal synthesis seciian and the
mixture is fed to a combined-cycle powsr generation unit.

Figure 10 shows that the equilibrium GO conversion is ezsentia'ty
100% when the CO/Ho ratio is belew about 1.4, Canversion

decreases as the CO/Ho ratfio increases abowve this value. Tre
behavior of the CO conversion with CO¥Hs ratio illustrates the

peoints that were made earlier concerning the stoichiometric imoact
of the shift reaction. At the temperature and total pressure of
Figure 10, butanols are the dominant product thermodynamicalty.  In
this case, Table 2 shows that the stoichicmetric CO/Ha ratio is 1.4
when the water-gas shift reaction is important. Below 2 ratio of
1.4, GO is the limiting reactant and its equiliprium conversion is
essentially 100%., When the CO/Hp ratio exceeds 1.4, CO is no longer
the limiting reactant. The decling in conversion at ratioz above 1.4
is the result of an increasing stoichiometric excess of CO.

Figure 11 shows that the behawviar of the GOs yield is consistent
with the above stoichiometric arguments. At values of the CO/MHp
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ratic above 1.4, the COp yield is 0.43. This is the value shown in

Takle 2 for the case of butanal farmation under conditions where all
oxygen rejection is via COo.

Figure 12 shows an interesting characteristic of system behaviar
that aeccurs when the water-gas shift reactian is allawed to come to
equilibrium. The yield of isopropancl decreases as the CO/Mo ratio
increases until, at a ratio of about 2, there is essentially no
isoprapanol remaining in the system at equilibrium. Flots of the
yields of n-propanol, ethano! and methancl show the same behavior,
i.e., the yield of the alcohol declines to a negligible level as the
CO/Hs5 ratin is increased above a value of about 2.

Figure 13 shows the effect of CO/Hg ratio on the distribution of Cy4

alcohol isomars.  As this ratio increases from its |lowest value, the
yields of afl four isomers decrease as a result of the increasing
importance of the shift reaction. In other wards, the increasing
yield of CO» shown in Figure 11 comes largely at the expense of the
yields of the C4 alcobel iscmers. The distribution of isomers is
independent of CO/Ho ratio above a ratio of about 1.4, which
correspoends to the ratio at which all of the oxygen rejection is via
CQp. This independence of isomer distribution shows that the
disappearance of the Gy through Cq alcschols at high CO/Ho ratios, as
noted in the discussion of Figure 12, is not simply a matter of a
limited guantity of hydrogen being allocated ta the
thermodynamically most favored compound. Note that no
redistribution of hydrogen occurs between the G, alcohaol isamers.
The behavior of the yields of the G4 through Cg alcohols with GO/MHo

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

The Eft f the Water- hitt R ion
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 rot
take place, the CQ convarsion, as shown in Figure 14, reflecis the
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stoichiometry of Heaction |, where all oxygen rejection is via water.
Without the shift reaction, CQ is the limiting reactant at CO/Ho

ratios below 1. The equilibrium conversion in this region is
essentially 100%. At CO/Ha ratios above 1, Ho is the limiting

reactant and the CO gonversion declines as the CO/Hs ratio
increases. At any CO/Hp ratio greater than 1, the equilibrium CO

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

Figure 15 shows tha contrast between the behavior of the
isopropanoi yield with and without the shift reaction. Without
water-gas shift, this yield is not dependent an the CO/Ho ratio. In
contrast, as pointed out in the discussion of Figure 12, the
rsopropanol yield decreases with increasing CO/Hp ratio when the
shift reaction does take place, and reaches a value of essentially
zerg 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 isopropanol, the yield of ispbutanol doss
not depend on CO/Ho 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 isobutano! declines with increasing CO/Hy
ratio up to & ratio of about 1.4, where the yield becomas invariant to
further increases of this ratic.

CONCLUSIONS

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

studies are currently being extended to include the possibility of
forming more than one phase and to explore the effect of removing
the assumption of ideal gas behavior. The ASPEN FLUS package is
also being used to study the behavior of the systemn when various
alcohols are included in the feed. These calculations are designed to
simuiate recycle of undsesired alcohol components so as to inhibit
their further formation and/or to convert them to more valuable
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The most important conclusions resulting from the work done to
date are:

1) The apparent reaction stoichiometry depends on the extent of
the shift reaction, i.e., on the extent to which oxygen molecules in
the CO are rejected by either HoO or COp. When oxygen rejection is
largely via COo, 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 alcohols 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 COo at higher temperatures and

CO/Ho ratios.
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