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Water Density Effects on Homogeneous Water-Gas Shift Reaction Kinetics
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Several years ago, using ab initio calculations, Melius et al. examined an interesting pathway for the
homogeneous gas-phase water-gas shift reaction. They predicted that an enhancement in the rate of this
reaction occurs at high water density due to changes in the generation of formic acid as an intermediate. To

investigate this possibility, we have examined the conversion of CO a@dt¢iCQ, and H; in the absence
of a catalyst in supercritical water at conditions from 410 to 852@&nd 2.6-60 MPa. In these experiments,
Raman spectroscopy produced in situ, real-time measurements of reaction rates in an optically accessible,
constant-volume reactor. The most rapid homogeneous rate measured, at 59 MPa &ddotiesponds
to an effective first-order reaction rate constant of 0.0033 sThe data show that the measured reaction
rates increase far faster than linearly as water density is raised above 0.35ayidrthe pressure dependence
of the rate constant indicates that the transition state is characterized by an unusually high negative volume
of activation, Av* = —1135 cn¥/mol. These data provide strong evidence that this is not a simple gas-
kinetic bimolecular reaction at conditions in the neighborhood of the critical density. Rather, the participation
of extra water molecules in the structure of the transition-state complex results in a high-order rate dependence
on water density. The data are analyzed within the context of a transition-state local density enhancement,
expressed as a cluster numbgg, found to be approximately 15 molecules.

Introduction densities of supercritical water could have on this process. Using

The water-gas shift reaction has been a key process in the@l%ﬂfj&i:ﬁﬁiﬂ?fé f:c())ﬁ/t:rnsti_(\)/r?Igpgbhf&péﬁségeaﬁ?dor'
worldwide chemical industry for many years: H, in the absence of a catalyst in water at conditions from 410

CO+H,0=CO,+H, (D] to 520°C and 2-60 MPa. The experimental measurements
) o can be analyzed using a transition-state model for this reaction

However, in the absence of a catalyst, the reaction is very slowy sypercritical water and the theory of local density enhance-
at accessible industrial temperatures. The commercial processyent in the neighborhood of the transition-state complexes.
is conducted catalytically at ambient or elevated pressure in one
or two stages using a “high-temperature” catalyst at about 400 Model Background
°C and “low-temperature” catalysts at 20@. The apparent
catalytic activity for the high-temperature, catalyzed conversion

of CO can be as high as 1.5%sat 400°C with fresh catalyst - ) LS - . .
molecules in the dense fluid participate in the reaction chemistry.

and shows a weak, but positive, dependence on prek3ure. " le that th t high-densi bl
However, these catalysts, especially the lower temperature_It Is possible that the presence of high-density water enables

system used for high conversion, can show severe effects of'r.‘di\{i.dual elgmentary reactions to.proceed at rates that are
degradation due to poisoning by heteroatémRecently, the significantly dn"ferenf[ from ratgs predicted by extrapolating from
water-gas shift reaction has also been explored by Elliott et al. gas-phase expressions to higher pressure. In fact, there are a
in a two-phase system using high-temperature, pressurized watefUMPer of ways that water can affect the rate of a reaction under
and alkali metal salts as potentially more effective and robust these cqndmons. I.n the case of the water-gas shift reaction,
homogeneous catalystsln that work, a mechanism is proposed we are mtereste;d In whether.the presence of water at high
based on the formation of formate ion as an intermediate. The d€nsity can modify the energetics of a ransition-state complex.

rate constant of the uncatalyzed reaction reported by Elliott et Thus,_for example,_addltlonal water molt_acules can b(_a incorpo-
al. in near-liquid density water at 40C is 1 x 10°5s L. There rated into the transition-state structure directly or act in concert

is a wealth of literature focusing on the catalytic water-gas shift tohstz;bmze @hat CfOLT?pLEX tgrough S(I)Iventhke electr(()js_tatlc forcl:es.
reaction involving oxides and more unusual forms of most of T e formation OI Igher EnS'ty ¢ u_stedrs surr_(()jun gllg a solute
the transition elements; however, these studies are not especially”? & Supercritical mixture has received considerable attention

relevant to the uncatalyzed reaction that is the focus of this OVer the past decade from both experimental and theoretical
paper. approaches and provides the framework for interpreting the

Our interest in fundamental reactions in supercritical water Préssure dependence of the water-gas shift reaction in super-

has led to an examination of the effects that the near liquidlike Critical water. . ,
Several years ago, Melius et f@aktonducted a theoretical

* Corresponding author: Telephone (925) 294-1353; Fax (925) 294- Investigation of the homogeneous, gas-phase water-gas shift
2276; E-mail sfrice@sandia.gov. mechanism. They suggested that, at sufficiently high water

An important aspect of modeling elementary reactions in
supercritical water is determining whether neighboring water
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with a dilute concentration of solute, provided the partial molar
departure functiongy;, that represent the change in the molar
Gibbs energy due to nonideal dense gas effects. These were
then used to calculate the partial molar volume of activation,
Av*, for the formation of the transition states described above,
[CO + nH2OJ*, through the relationship

Av* = RT(0AG'/9P) (4)

In the thermodynamic formulation of transition-state theory, the
rate constantk, is expressed as

k= (k, T/h)s"" exp(— AG'/RT) (5)

wherev is the molar volumeAGH is the difference in the Gibbs
free energy between the reactants and the transition-state
complex; Av is the change in the molecularity to form the
Figure 1. Transition-state geometries and charge distributions for CO activated complex; ankh, h, andR are Boltzmann'’s, Planck’s,

+ 2H,0 (top) and HCOOH+ HO (bottom) from Melius et &f. and gas constants. This leads to an approximate expression for
the pressure dependence of a reaction (omitting possible
diffusional pressure effects and the linear temperature term in
the preexponential factor)

densities, the activation energies for CO conversion to formic
acid and the subsequent decomposition of formic acid tg CO
and H are significantly reduced by the participation of

additional water molecules in the transition-state complex. 3(In K)/9P ~ —AVRT (6)
CO+nHO (h=2,3)— whereAu* is the volume of activation. For our analysis, the
HCOOH+ (n — 1)H,0— CO, + H, + nH,O (2) rate constantk, is pseudo-first-order in CO conversion with
units s,

Figure 1 (top) shows the transition-state structure for the By examining the magnitude of the pressure dependence of

formation of formic acid from CO and two water molecules. a reaction, eq 6 Yyields information about transition-state

Since the two hydrogen atoms in the product formic acid structure. Melius et al. found large negative volumes of

originate from different water molecules, the transition-state activation &—1100 cn¥/mol) associated with the polar nature

structure is less strained and has a reduced heat of formationof the structures in Figure 1 at densities near the critical density

When the extra water molecule is not present, the structure isof water. They calculated that at gaslike densitie§,0 mol/

much more strained and requires more energy to form. ThereL, and again at liquid densities,50 mol/L, the magnitudes of

is another structure suggested, involving three water molecules,Av* and therefored(In k)/aP would be much smaller.

that provides even more stabilization. The calculated activation Prior to the calculation of Melius et al., others had been

energies for the one-, two-, and three-molecule activated focused on interpreting the behavior of partial molar volumes

complexes are 61.7, 35.6, and 19.3 kcal/mol, respectively.  of solutes in supercritical fluids, typically other than water, in
There are also water-assisted transition states for the decomthe immediate neighborhood of the solvent's critical p8int.

position of formic acid to C@and H. The activation energies  These efforts identified that the partial molar volume of the

of these structures are significantly lower than the calculated solute at infinite dilutionz,™, could be described by

64 kcal/mol for the unassisted unimolecular decomposition. A

complex including a single additional water molecule is shown vy = vBN[(aP/any)y @)

in Figure 1 (bottom). Note that in this case, analogous to the

formation of formic acid, the two hydrogen atoms that form Wwherep is the solvent isothermal compressibility(1/v)(9v/

the product hydrogen molecule do not both come from formic 9P)r. The extension of these concepts to reaction rates in

acid. supercritical fluid8 by Johnston and Haynes showed that large
The proposed detailed structure of the transition state providedchanges in rates as a function of pressure could be found near

the means to calculate the thermodynamics of the reactantsthe critical point of the dilute mixture. To calculate the

transition state, and products in the supercritical fluid over a magnitude of the rates, they evaluaitd in eq 6 using

range of temperature and pressure conditions, leading to N

qualitative predictions of the variation in reaction rate with these Av™ = vpn[(0P/ony) 7y — (OP/ON )1yl (8)

state variables. The calculations implicitly explored the effect .

of neighboring water molecules on the overall system’s ther- Where the subscripts $ and r refer to the reactant and the

modynamics using a PerdRobinson equation of state (EOS) transition state. They showed that the very large negative

for dilute mixtures volumes of activation in eq 8 followed the system’s compress-
ibility curve closely. Thus, a reacting system that exhibited a
P=RT(v—b) — a/(y2 — 2y — bZ) (3) more attractive potential between the solvent and the transition

state than between solvent and reactant would see an enhance-
Individual species’ critical properti€k, V¢, and acentric factors ~ ment in the rate with pressure; moreover, this effect would be
for the transition-state complexes were estimated using somegreatly amplified in the neighborhood of the solvent’s critical
simple rules and analogy to similar-sized species with similar point due to the near divergence of the isothermal compress-
dipole moments and atomic charge distributions. These wereibility. It has been shown in a number of supercritical systems
combined using the corresponding states mixing fuleyield that the reaction rate increases with pressure dramatically at
theaandb parameters in eq 3. This equation of state for water, reduced pressurés ~ P. and reduced temperatures in the range
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1.0> T, > 1.2. This effect decreases at higher pressures asthese polar structures to be formed. The theory of clustering
the supercritical solvent approaches liquidlike densities, and thein the neighborhood of dilute solutes in supercritical fluids has

compressibility approaches zero.
Debenedetti and co-workéfdl created a classification

established that local density enhancement is likely in such a
system and that the clustering around the transition state will

scheme for solutes in supercritical fluids describing them as result in an increase in the reaction rate with pressure at
repulsive, weakly attractive, or attractive, based on the strengthconditions near the critical density. Furthermore, this pressure

of the solute-solvent interaction. The relationship

v, p=pRTB— & 9)

dependence can be interpreted in terms of a volume of activation
that gives a measurement of the cluster number. This clustering
can persist well above the critical temperature, but as the density
of the system is raised above the critical density by increasing

was developed and provides an explicit form to connect the pressure, the pressure dependence will roll off as the bulk density

infinite dilution solute partial molar volumes to the Eckert
clustering concept. In this expressidy,is a cluster number,

approaches the cluster density.

defined as the excess number of solvent molecules (relative toEXPerimental Methods

the bulk density) surrounding an infinitely dilute solute mol-
ecule. They have also investigated the effect of setatdvent

We have employed Raman spectroscopy as an in-situ, real-
time diagnostic for measuring reaction rates. This diagnostic

size asymmetry and showed that attractive behavior exists atpermits the continuous monitoring of CO, gOand H

reduced temperatures as high as 1.7 along the critical isothore.

Since the infinite dilution partial molar volume of activation,
Av*, is the difference of the partial molar volumes of the
transition state and the reactants, eq 9 becomes

Ucooo) = gco - gts

for the reaction considered here.

Av™p = p(vs” — (10)

concentrations as the reaction proceeds. The equipment used
for these experiments and the concentration calibration methods
are described in detail elsewhéreDue to shorter reaction time
scales encountered in the measurements presented here, we were
compelled to install a mechanical stirrer to reduce the batch
mixing time. Similar to other mechanically actuated, high-
pressure feedthrougR$the stirrer uses a packed valve stem
design with dimensions similar to Autoclave Engineers, Inc.,

Subsequent to these developments, there have been a numbdérigh-pressure valves. The shatt is driven by a variable-speed

of attempts to employ molecular dynamics (MD) simulations

electric motor and is operated at approximately 200 rpm during

in Lennard-Jones supercritical solvents, which have shown clearinjection in a typical experiment. The horseshoe-shaped paddle

evidence of the clustering effet1* The development of
improved MD simulations of pure supercritical water has
enabled MD simulations of ior$, ion pairs'® and organic
molecule$’ in supercritical water, although not without uncer-

is designed so that when positioned vertically, it does not
interfere with the input laser beam or the scattered light
collection.

Our procedure begins with a calibration that relates the

tainty due to computational limitations on the system size. These integrated Raman intensity of an individual pure species to a
calculations have shown the presence of local density enhance€oncentration calculated from a measured pressure of ap-

ment of as many as—78 water molecules surrounding a sodium
chloride ion pair. Cui and Hard&also show that the clustering

proximately 1.4 MPa. The high-pressure optical cell is then
evacuated and refilled with water at the desired temperature and

effect extends to temperature and pressure conditions beyondat a pressure slightly lower than the desired experimental value.

the immediate vicinity of the critical point.

Enough CO to yield a 0.15 mol/L mixture at the desired pressure

There is no data available on the EOS behavior of carbon is then rapidly injected over a period 6 s while stirring

monoxide in supercritical water. However, carbon monoxide
has only a very small dipole moment, and its critical properties
are nearly the same as isoelectronjc Franck and co-workers

vigorously—sufficient time to thoroughly mix the reactor
contents. The mixtures are all quite dilute with respect to CO,
with the mole fraction of CO being about 1% for the data taken

have generated a wealth of data on the molar volumes of smallnear the critical density of water. By analogy to nitrogen

molecules, including B in supercritical watet® From these
data and others, Gallagher et‘dhave developed an equation
of state for the waterN, system and have shown that the excess
partial molar volume of M in supercritical water is positive,
fitting into the “repulsive” classification of Debenedetti. At 40
MPa and 407C, they report an infinite dilution partial molar
volume ofv,* = 0.312 L/mol. Using eq 9 witlp = 27.3 mol/L
andp = 0.020, we obtairg.—= —7.7; at 30 MPa, with density
very nearp,, we get§. = —16.6. An examination of this

water mixtures, where the phase behavior is well-known, the
mixture is in the single-phase region at all compositions above
660 K and pressures below 250 MPa.

Raman spectra of the CO resonance at 2170 'care
recorded every 10 s for the faster (higher pressure) reactions or
every 30 s at conditions when the reaction is slower. Many of
the individual experiments also include periodic measurements
of the production of Hand CQ. The Raman features used to
measure these two species are centered at 4160 and 1388 cm

behavior over the entire range of conditions in this paper revealsrespectively. In the case of Gahe Raman feature is the high-

that the solvent surroundingzNand by analogy probably CO,

energy component of the Fermi dyad and is complicated with

has a local density that is reduced relative to the bulk density. transition intensity being distributed over the fundamental and
The theoretical developments presented above enable theseveral hot bands. We have measured the integrated intensity
interpretation of the pressure dependence of the water-gas shifof the entire feature over the experimental pressure range and
reaction in high-pressure steam and supercritical water. In have found that it changes very little as a function of water
particular, there are transition-state complexes of CO plus moredensity. The hydrogen Q-branch is fully rotationally resolved
than one water molecule that have reduced gas-phase activatiorat the lower pressures used here but has collapsed to a single
energies, enabling the reaction to occur in the absence of metaffeature at the highest pressures. In this case, the integrated
catalysts or oxygen. These transition states correspond to threeintensity of the entire feature changes about 30% over the

body and even four-body collisions and will be difficult to form
from a collision frequency standpoint at low water densities.

experimental pressure range.
Pressure was measured using low-pressure and high-pressure

However, as the density of the fluid is increased, we can expecttransducers for the calibration and kinetic runs, respectively.
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Figure 2. Observed concentration of CO reacting in supercritical water

at 450°C for a range of pressures. All the data were recorded with an Figure 3. CO conversion rate constants vs water concentration at four

initial CO concentration of approximately 0.15 mol/L,®lL experimental temperatures.
The reaction runs were carried out at constant volume, not 10% ' ' ' ‘ ' ‘ I
pressure. A small pressure increase {@5 MPa) was o 520°C
measured over the course of the reaction. Because the mole e o & 7 _w
fraction of CO was always small compared to the water . 410 °C Ve """
concentration, the equation of state for wételone was used 10°3F e ° 3
to calculate water concentrations in the figures below. No ~ o .
correction was made for the small change in total molar volume 2 8 o
due to the nonidealities of CO dissolution. & o © o o %
o n

L [ ° -
Results and Discussion R T ece O

b O =

Figure 2 shows the results of kinetics experiments conducted lae .

for a range of total pressures at 450. Attempts to fit the L
higher pressure data to a first-order expression were generally P S bl : . . ' . .
successful. However, the data, especially at lower press@® ( 0 5 10 15 20 25 30 35 40

MPa), show initially a faster reaction rate, consuming about
10—-20% of the CO, followed by a rate that is as much as a
factor of 2 slower. To test the hypothesis that the faster data

may indicate a surface-catalyzed reaction, we estimated thesjnce no intermediates could be observed and carbon balances
catalysis effect. Using our data at 48 MPa and 460as a  ere generally good especially at the higher pressures most
typical “fast” reaction ke = 9.8 x 107 s™%, and estimating  relevant to this work, the evidence suggests that the rate-limiting
the surface area of the reactor to be 10°cme calculate a  step in this two-step model is the formation of formic acid and

H,O concentration (mol/l)

Figure 4. The data in Figure 3 replotted on a semilog plot.

catalytic activity for the reactor surface of 2:2 10~8 mol/ not the subsequent decomposition tpand CQ.

(cn? s atm). As discussed in the Introduction, the catalyzed  For analysis purposes, we have chosen to discard the early
water-gas shift process has an apparent rate of 1.5Ruthverd data points in the lower pressure measurements and fit a first-
has reexpressed this as an intrinsic catalyst actikiyap- order reaction rate to the subsequent later-time data. However,
proximately equal to 2< 101 mol/(cn? s atm) at 400°C. It this is the primary source of uncertainty in the data. All of the

is unlikely that our reactor surface is 2 orders of magnitude experiments produced at least some variation in the fitted rate
more active than a commercial shift catalyst, ruling out the constant, depending on the length of time discarded at beginning
possibility of surface-catalyzed reaction dominating the observa- of the reaction or the duration of the individual data run.
tions In t_h_ese e>_<per|ments. o Although the statistical error in the fits was typically less than
The initial rapid loss of CO at lower pressures indicates that 39, the lack of precise first-order kinetics produces considerable
the reaction mechanism is more complicated than a simple first- scatter in the data. At low pressures, seen in the figures
order process. In fact, the model presented by Melius et al. presented below, this amounts to an error of as much as a factor
suggests that the two steps, formation and decomposition ofof 2 in the rate constant.
formic acid, may have comparable rate constants. At higher Figure 3 shows a plot of our complete set of measurements

pressures, the carbon balances are generally good (within theevaluated using first-order rate constamts, expressed as
approximately+5% measurement accuracy), while at lower

pressures there is a deficit of carbon (as much as 20%) for early d[COJ/dt = —k.4[CO] (12)

times as measured by the sum of the CO and Cé@ncentra-

tions. However, no intermediates have been spectroscopicallyThis form of rate data reduction is often used to characterize
identified. We attempted to measure directly the decomposition catalyzed industrial processes. Figure 4 shows the same data
of formic acid in supercritical water in this temperature and on a semilog plot. The effective first-order reaction rate
pressure range and found that complete conversion t9 CO constants conclusively show a strong water density dependence
occurred within 10 s, i.e., within the time scale of injection. over the entire concentration range examined.
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Evaluating the Arrhenius expression fiag, " 5 41020
a 480°C
ket = A exp(-E/RT) (12) g

slope (410 °C) = 0.2 MPa-!
at a water concentration of 20 mol/L producks= 1072226 =
s!andE, = 34.7 + 8.6 kcal/mol. This effective activaton &
energy agrees well with the water-assisted activation energy <&
obtained in the calculation for the transition state shown in £
Figure 1. However, as is pointed out by Melius etéahere

are competing effects in this system as temperature is raised.
In addition to water’s direct role in the activated complexes in
Figure 1, significant stabilization can originate from the structure

of surrounding water molecules. § , ) ) .

An alternative expression for the rate can be written as %o 10 20 30 40 50 60

P ¢{410 °C) P.(450 °C)  Pc(480 °C)

-10[

d[COJ/dt = —K[CO] [H,OI* (13)

Pressure (MPa)

_ . . . , Figure 7. Pressure dependence of the rate constant at 410, 450, and
wherekerr = K[H20]? A possible interpretation of water's role  4g0°c. The fit to the steepest part of the data at 4C0s centered at

can be viewed by plotting lkx) vs In(HO) to yield straight approximately 36 MPa and = 0.42 g/ci.
lines for the different temperatures, with slopes representing
the molecularity of the water dependence. Figure 5 shows this near liquid conditions (98.6 MPa, 42T, p = 0.65 g/cni), a
plot using the data taken at 410, 450, and 480at densities  modest value of-119 cn¥/mol is predicted.
above 10 mol/L. The resulting fitted values of the exponent,
a, are 6.1+ 0.42, 4.5+ 0.41, and 4.6t 0.55, respectively. It
seems unlikely that as many as @ water molecules participate
directly in the transition-state structure, and thus the global rate
expression does not truly represent the molecularity of the
molecular-scale transition state. We would expect smaller
values (1 or 2) if the gas-phase transition-state model stabiliza-
tion presented by Melius were the only factor affecting the
dependence on water concentration. The larger values for the . N
exponent suggest that the dependence on water concentratio nd products will not measurably affect the compressibility of
is not as simple as a well-defined gaseous transition state, andne mixture.
another interpretation of the pressure dependence of the reaction Figure 7 shows the data in Figure 3 plotted vs pressure. The
is needed. widest density range belongs to the set at 2Z2Qvhich extends
The model presented by Melius et al. predicts thatAhé to 0.6 g/cni. The slope of the curve goes through a maximum
of this reaction varies greatly with the density of the supercritical at about 36 MPa; by fitting the 2660 MPa range to a line, we
fluid. At conditions near the critical density (29.5 MPa, 427 obtaind(In k)/dP = 0.2+ 0.020 MPa™. Inserting this into eq
°C, p = 0.19 g/cn, for example), theAo* is calculated to be 6 results in a value oAv* = —1135+ 113 cn¥/mol. Note
—1178 cn¥/mol for the transition state in Figure 1 (top). This that at higher density the slope decreases. This is in excellent
is much greater than typical liquidlike values for known agreement with the model’s prediction. The higher temperature
pressure-dependent reactions (no greater tH&h cn/mol??). curves at 450 and at 48 show their maximum slopes at
At low density, where an ideal-gas equation of state is adequate,higher total pressures, with all three maximum slopes occurring
only a smallAv* is predicted. Likewise, at higher pressure and near the critical density.

Figure 6 shows the compressibility of water over the
experimental range. These experiments have been conducted
over a sufficiently broad pressure range to span the critical
isochore for 416-480°C. Although data near the critical point
were not obtained, the experiments sampled the region described
by Petche and Debendetti that corresponds to the system having
the potential for attractive interaction and therefore significant
local density enhancement. The low concentration of reactants
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Using this value oAv* and an estimate of CO partial molar
volumes in supercritical water.,?, eqs 9 and 10 permit us to
calculate the transition-state cluster numlidgr, Since there is
no PVT data available for CO in supercritical water, we are
forced to use nitrogen data to obtain an estimate of CO patrtial
molar volumes in supercritical water. This is done with some

Rice et al.

presented in this paper on the water-gas shift reaction in
supercritical water show that a modest increase in operating
temperature and an increase in system pressure to 60 MPa
produces conversion rates significantly accelerated from the low-
pressure rate in the absence of a catalyst. However, the rate
remains much slower than the industrial catalyzed process. The

reservation since CO does have a small dipole moment and isexperimental parameters describing this change in energetics

not likely to be as repulsive as;N For instance, using the EOS
in Melius et al. at 300 atm and 700 K. is +585 cn¥/mol.
The corresponding result from the NIST EOS for nitrogen is
+673 cn¥/mol at 30 MPa and 700 K. Given the uncertainy in
ve® at 36 MPa and 4106C, we will use a value of 500 cth
mol as a rough estimate, which yiel§s, = —9.2 from eq 9.
Inserting this value and the experimental* above at 36 MPa
and 410°C into eq 10 yieldss = 15.5. The same calculation
can be done at 480C. The maximum slope in Figure 7 is
approximately 0.15 MPd at 50 MPa andAv* = —935 cn¥/
mol. With ve® (750 K, 50 MPa)< 360 cn¥/mol (from NIST
tables for nitrogen), we obtaif., = — 4.4, such that, <
11.1. Expressing this as an upper limit results from the estimate
of vee® < 360 cn?/mol as an upper limit for CO. Thus, the
cluster numbers do decrease as the temperature increases beyo
Tc but still remain significant af, = 1.15. These results agree
with theoretical prediction&12

In the thermodynamic interpretation of activated complex
theory, the empirical activation energy, determined above
to be 34.7 kcal/mol, can be interpreted Ald°* from

k = k, T/h exp(—AG°*/RT) (14)

and
AG* = AHF — TASF = AE°* + PAV®* — TAS* (15)

where AG*¥, AH*, AS#, AE°*, and AV°* are the thermody-
namic quantities of activation for free energy, enthalpy, entropy,
internal energy, and volume. The obsernidof 34.7 kcal/
mol is composed of th®AV°* term and the gas-phase term
from the ab initio calculations wher®AV°* equals ap-
proximately—10 kcal/mol at 40 MPa andV°* = —1 x 10°
cm3¥mol. This results in an energy of activatiakE*, of about

25 kcal/mol, which is in the neighborhood of the ab initio values
calculated in Melius et al. for one and two additional water
molecules in the activated complex for the formation of formic
acid.

Conclusions

A theoretical analysis of the water-gas shift reaction in
supercritical water led Melius et al. to predict that densities
approaching the critical density of water afford a change in the

energetics of the homogeneous water-gas shift mechanism thag
could result in greatly increased conversion rates in a catalyst-

free environment. The results from the experimental work

are in good agreement with the model. The interpretation of
these data within the context of an increase in the local density
of the supercritical solvent is in good agreement with the view
that significant clustering can occur at temperatures significantly
higher thanT.. The data support the theoretical prediction of
the existence of a polar transition-state complex, characterized
by an unusually large negative volume of activation, that results
from a dramatic change in the local density of the supercritical
fluid.
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