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Abstract

Kinetics and thermodynamics of 2-propanol dehydration in supercritical water (SCW) and the effect of density on this reaction have been
investigated in a batch reactor. The studies were performed at water densities between 0.24 and Def@lgéanperatures between 654 and
686 K. The main reaction products of 2-propanol dehydration were propene and water. Rate of the reaction was found to depend essentially
on the water density.

Two models are used to predict the effect of SCW density on the rate constant of 2-propanol dehydration reaction: a thermodynamic
model (the model of activated complex) and a model of acid-catalyzed reaction. Redlich—-Kwong—Soave equation of state was used for
calculation of the partial molar volumes of the reaction participants in SCW including a transition state and activation volume of the reaction.
Application of the activated complex model demonstrated that the calculated values of the activation volume depend strongly on pressure
at fixed temperature, which contradicts the experimental data where the activation volume is independent of pressure. At the same time, the
mechanism of 2-propanol dehydration reaction in SCW was shown to correlate well with the acid-catalyzed mechanism in solutions. Rate of
the reaction is directly proportional to the concentration of 2-propanol a@t kbns. An increase in the 0t concentration in SCW with
density correlates unequivocally with an increase in the reaction rate.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction 647096 K, P,y = 22064 MPa) has a number of special
properties providing high efficiency of the above mentioned
Application of supercritical fluids (SCF) in catalytic and [eactions. Such properties of water may be caused by its
non-catalytic chemical reactions of various tygés7] at- structural changes under supercritical conditi¢h8—20]
tracts particular interest. Taking into consideration the effect yielding high concentrations of 40+ (H+) and OH" ions.
of supercritical (SC) fluids on chemical conversion of both £, example, the ionic product of watef,) is known to
organic and inorganic species, studies on kinetics, mecha-increase by several orders of magnitude when approaching
nism and thermodynamics of chemical reactions come to the g cyitical point[21]. As a result, dehydration of alcohols and
front. In contrast to chemical reactions in the gas and liquid alkylation reaction§22—24] catalyzed by acids under con-
phases, the kinetics of chemical reactions in SC fluids mostyentional conditions, proceed intensively in SCW without
strongly depends on pressure, or more properly, on density;qdition of acids.
of supercritical environmerj8—11] (De)hydration, hydrol- The effect of pressure on the rate of chemical reactions
ysis, hydrogenation and oxidation of organic compounds are yas originally revealed in solutions under pressure. These
the chemical reactions in supercritical water (SCW) that de- yesearches were initiated much earlier than the researches in
serve particular attentiofl—7,9,11-17] supercritical solvents. So the fundamental knowledge, laws
Among numerous SC solvents, water attracts the major ang equations were transferred to chemical reactions con-
attention as an environment for chemical reactions. Water qycted in supercritical conditions. Such researches showed

in a supercritical condition near the critical poirfe( = that an increase in the solvent density can increase or de-
crease the reaction rafé,8-10,25-29]depending on the
* Corresponding author. reagent and the nature of supercritical solvent.
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A change in the reaction rate in supercritical solvent with 2.2. Density of supercritical water in the batch reactor
the change in pressure near the critical point can be ex-
plained by two factors: changes in some macroscopic phys- Density of SCW, an important independent parameter, can
ical properties of the solvent, for example, dielectric con- be determined with high accuracy in the batch reactor. To
stant, and changes in concentration and structure of activatectalculate the density, one need to know the reactor volume,
complexes formed in the reaction. its “dead” volume (less than 5% of the reactor volume), and
The aims of the present work are first, to investigate weight of water injected to the reactor. Here, the “dead”
experimentally the kinetics, thermodynamics and chemical volume is a space between the shaft of the mixer and wall
equilibrium of reversible 2-propanol dehydration reaction of the reactor. The reactor and “dead” volumes, as well as
depending on density and temperature in the batch reactorthe amount of water fed to the reactor were measured with
in supercritical water near its critical point in the absence of high accuracy.
homogeneous catalyst; and second, to model the effect of The SCW pressure, measured with two pressure trans-
solvent density on the rate of a selected chemical reaction.ducers within the error of:0.2 bar, was set in the reactor
It is fair to note that the authors of previous wofRs12,13] depending on the given temperature and amount of injected
studied the mechanism and kinetics of 1-propanol and water. Hence, the density of SCW can be modified by vary-
2-propanol dehydration reactions in “hot” and supercritical ing the water quantity injected into the reactor at specified
water in a flow reactor in the presence of a homogeneoustemperature. Note, when we change the temperature of SCW
acid catalyst. at the same amount of water in the reactor, the pressure
changes also, whereas the density of SCW should remain
practically constant.
Predicted by the same procedure, the densities of SCW

2. Experimental were compared to the densities calculated from the NIST
water steam thermodynamic dg&0]. Comparison of the
2.1. Experimental technique densities obtained under isothernfiadl] and isobaric con-

ditions (Fig. 1) showed the essential difference between the

The experiments were performed at the US National theoretical and experimentally found values. At the same
Institute of Standards and Technologies (NIST) within the time, high experimental reproducibility of these data was
joint scientific studies. Chemical reactions of organics in obtained.
SCW were conducted in a modernized reactor (Autoclave In our opinion, the difference between experimental and
Engineers), namely, in an autoclave of ca. 126 swlume calculated densities may be caused by two factors: first, by
equipped with a marine type magnetically driven agitator the essential non-ideality of SCW under real conditions due
[11]. The maximal operating pressure at 770K was about to formation of local condensation clusters, whose density
430 bar. exceeds considerably the bulk-average fluid derisy31};

Reactors of two types—batch (autoclave) and continuous second, by high compressibility of fluid near the critical
(flow) reactors, are commonly used in studies on kinet- point and formation of regular hydrodynamic condensations
ics, mechanism and thermodynamics of chemical reactionsof fluid due to propeller rotation at a speed up to 2300 rpm.
in SCF. The choice of reactor depends on the planned Note that such high speed of hashing is necessary to achieve
purposes, reaction type, participation of the catalyst, etc. the isothermal condition of fluid and fast hashing of reagent
However, when the main research task is to study the mech-injected to the SCW. Certainly, one may assume the exis-
anism and kinetics of chemical reactions in supercritical tence in the reactor volume of the “cold” spots or stagnant
fluids near the critical point, an autoclave reactor seems tozones with much greater density than volumetric density of
be most appropriate. There are many arguments in support
of this choice[11].

The reagent under study was injected into SCW when its 06
steady state condition (specified temperature and pressure) _ 057
is reached. The reagent, located in a sampling loop of the %) 04 -
known volume, was supplied to the SCW volume by the > 03-
water delivered to this loop by a syringe pump at a given @
rate. 3 021 ¢ . .
The reaction products were sampled for the analysis in 01 4
the loop of 6.10%ml volume at specified intervals, then o
a sample was placed in a Hewlett-Packard 5890 gas chro- 360 380 400 420 440

matograph with the flame-ionization detector equipped with
capillary and packed columns. This loop was vacuumed be-

fore sampling. Unfortunately, light gases, such as €60 Fig. 1. The temperature dependence of SCW density. Lines: calculated
and CQ, were not analyzed. data at 234.6 and 240.86 bar; Symbols: the experimental data.

Temperature, C
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SCW at a given temperature. However, this assumption was 1
not confirmed experimentally. 1\.\'\'\-\_\_
. 0.8 - h

2.3. Experimental results 2 06

Among many studied chemical reactions in SCW (con- S 04 -
version of methyl-ethyl acetate, ethers and lowest alcohols), 02 4 2
the 2-propanol dehydration reaction was chosen for the de-
tailed study of the way the SCW density and temperature 0 T T T
affect the kinetics and equilibrium of chemical reactions. 0 100 200 300 400
Kinetic studies of this reaction in SCW were performed Residence time, min

in the temperature interval of 651-686K at SCW den-
sity of 0.24-0.59g/ml. The pressure varied in the range
of 227-350bar. The initial concentration of 2-propanol in
SCW varied within the limits of 3-8 x 10~ mol/cn?.

The primary experimental data (molar fractions of reac- hydration (reaction (2)). Note also that the rate of 1-propanol
tants) on 2-propanol dehydration in SCW at 666 K and den- dehydration is lower than the rate of 2-propanol dehydration
sity of 0.42g/ml ¢ = 270 bar) at various residence times under similar conditionsHig. 2).
are presented ifilL1].

It was shown experimentally that propylene 3g), 2.3.2. Propylene and propyne hydration in SCW
propane (GHg), propyne (GH4), acetone (gHgO), and The experiments showed that the propylene hydration re-
1-propanol (GHgO) are the main products of 2-propanol action in SCW proceeds by 99% to yield 2-propanol. A
dehydration in SCW. Methane and ethane were detected insmall amount of acetone is detected in the reaction products
insignificant quantities. only when the concentration of 2-propanol in SCW is high,

To determine main reaction stages resulting in the forma- which is the only consequence of reaction (3) and/or (6).
tion of the above listed products, 1-propanol dehydration, Hence, one may suggest that under the given experimental
propylene hydration, propyne, propylene and acetone hy- conditions, acetone does not form directly from propylene,
drogenation were carried out under the similar conditions but it is formed most likely from propylene hydration prod-
in SCW. The experimental data and analysis of the previ- ucts by reactions (3) and (6).
ously published data allow the basic reactions occurring at At the same time, hydration of propyne in SCW results
2-propanol dehydration in SCW to be written as follows:  in the formation of acetone only. Moreover, the rate of this

reaction (6) is several times higher than the rate of reaction
CHg-CHOH-CH & CgHe + H20 (K41, K1) 1) (1). As mentioned above, propyne is present in the reaction

Fig. 2. Molar fractions of (1) 1-propanol and (2) 2-propanol vs. residence
time at the same temperature 670K and density 0.48 g/ml.

CsHg + H20 = CHg—CH—CH,OH  (K>) ) products, so one may assume that the acetone formation
occurs by propyne hydration reaction, with propyne being an

CH3—CHOH-CH = C3HgO + H>  (K3) (3) intermediate component of 2-propanol dehydration reaction.
Unfortunately, we did not manage to identify experimentally

CsHe +Hz = C3Hg  (K4) (4) the reaction resulting in the propyne formation.

C3Hp = C3Ha + H2 (5)

2.3.3. Propylene and acetone hydrogenation by hydrogen
CgHa + H20 = C3HgO 6) INSCW , , I
It is carried out by a technique slightly differing from that
Here, the initial 2-propanol decomposes by two parallel re- described abov§l1]. Results of these experiments allow
actions (1) and (3). The propylene formed in reaction (1) two main conclusions to be suggested. First, hydrogenation
can participate in reactions (2), (4) and (5). of CzHg by hydrogen present in SCW leads to the forma-
A more detailed description of the additional experiments tion of C3Hg. Second, the acetone, injected to the SCW con-
aimed at confirmation of the chosen reaction scheme is giventaining hydrogen, undergoes hydrogenation with 2-propanol

below. formation. But the rate of this reaction is low in spite of the
high initial concentration of acetone. Besides, the formed
2.3.1. 1-Propanol dehydration in SCW 2-propanol is spentin reaction (1), forming propylene, which

1-Propanol dehydration in SCW was carried out at 670K is hydrogenated up to propane by excess hydrogen. As a re-
and two densities of SCW equal to 0.28 and 0.48 g/ml. sult, propylene, propane and 2-propanol are present in the
Propylene and insignificant amounts of 2-propanol, propane reaction mixture in approximately equal amounts.
and acetone were detected among the products of 1-propanol Available experimental data are not sufficient to separate
dehydration. Hence, it can be concluded that 1-propanol isthe contributions of reactions (3) and (6) to the acetone for-
formed in 2-propanol dehydration as a result of propylene mation. Certainly acetone is formed by reverse reaction (6),
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Table 1 1

Equilibrium composition of the reaction mixturé,= 666 K, P = 280 bar 2:§

Component Equilibrium composition (mole) 0.8 1 iﬁgg

- - o —e—403C

Variant | Variant Il 'OS{ 0.6 - DA

Ha 0.2170 0.0000 T —e—393C

CsHy 0.0000 0.0091 2 047 o8¢

CsHg 0.0083 0.9004 X

C3Hs 0.3870 0.0101 0244

CH;OHCH,CH3 0.0001 0.0223 %

CH3CHOHCHs 0.0005 0.0581 0 4 T T

CaHeO 0.6050 - 0 500 1000 1500

H>0 1000.3943 1000.9169

Residence time, min

Fig. 3. 2-Propanol dehydration reaction in SCW. Molar fractions of
as, first, GH4 is present in the products of 2-propanol de- 2-propanol (filled symbols) and propylene (empty symbols) vs. residence
hydration reaction in SCW; second, according to the experi- fime at various temperatures. Density of SCW is 0.34g/ml.
ment, the propyne hydration in SCW results in the formation
of acetone only. Besides, the rate of this reaction is much |ene presented in thEig. 3. Other results as dependences
higher than the rate of reaction (1), so propyne is not accu- of reaction products on the residence time are reported in
mulated in the reaction mixture and passes through a maxi-detail in our previous papdi.1].
mum in special experiments. Third, propyne can be formed  The rate of 2-propanol dehydration reaction was shown to
by reaction (5), however, we do not have direct proof of this increase considerably when SCW density changes from 0.34
assumption. to 0.5g/ml at a constant temperature. The further increase

It is necessary to pay attention to another possible reac-in SCW density from 0.5 g/ml has a weak effect on raising
tion (3), resulting in acetone formation. Most probably, this the rate of reaction (1). The experiments showed also that
stage is the slowest one among the above mentioned reacthe rates of 2-propanol dehydration reaction at SCW densi-
tions (1)—(6). To confirm this statement, we calculated the ties of 0.24 and 0.34 g/ml are almost similar. Molar fraction
equilibrium composition of the two reaction mixtures, tak- of acetone in reaction products decreases essentially with
ing into account their non-ideality. The calculation showed an increase in the fluid density, while molar fraction of 1-
(Table J that when acetone is included in the list of reaction propan0| increases in the same measure. Molar fraction of
products variant l, the equilibrium mixture contains mainly propane does not depend on the density in the studied inter-
acetone, which is not confirmed by our experiment. When yg].
acetone is excluded from the list of products variant Il, the Temperature effect on the rate of 2_propan0| dehydration
calculated equilibrium composition under supercritical con- reaction in supercritical water was studied at three densi-
ditions is rather close to the experimental equilibrium. Thus, ties of Supercritica| water equa] t0 0.24, 0.34 and 0.42 g/m|
reaction (3), yielding acetone, is the slowest stage as com-At the same time, in the present work we shall deal with
pared to the other reactions, especially reaction (6). the kinetics of 2-propanol dehydration at SCW density of

Therefore, the studies showed that dehydration of 2- 0.34 g/ml, as this density is nearest to the critical density of
propanol in SCW proceeds mainly by six consecutive- water.
parallel reactions, three of then being the well reversible  Fig. 4 shows the trends of molar fractions of 2-propanol
reactions under the chosen experimental conditions. and propy|ene depending on the residence time at SCW den-

sity of 0.34 g/ml and temperature varying from 654 to 686 K.
2.4. Effect of SCW density and temperature on the rate of The behavior of 2-propanol and propylene molar fractions
2-propanol dehydration reaction at the residence time exceeding 1200 min confirms the at-

tainment of the equilibrium state of the reaction. However,

As noted above, the isothermal change of SCF density it is hardly possible to reach the “pure” equilibrium state
near the critical point can lead to a significant change in for reaction (1) at large residence time owing to secondary
the rate of some chemical reactions. Therefore, it seemedreactions (2)—(6).
reasonable to study the effect of SCW density on the rate
of 2-propanol dehydration reaction. All the runs were car- 2.5. Processing of experimental data
ried out at 666 K and SCW density varying from 0.24 to
0.58 g/ml. The investigated interval of SCW densities cor- Mathematical processing of experimental data was per-
responds to the area of paramet€&rand P, in which main formed using our software package KINET [18B2—-34]
properties of SCW, including ionization and dielectric con- Reactions (1)—(4) selected for mathematical processing of
stants[30], vary most considerably. The results in the form kinetic data and finding the rate constants. According to
of dependences of the molar fractions of 2-propanol, propy- reactions scheme, the system of five differential equations
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Fig. 4. 2-Propanol dehydration reaction in SCW. Molar fractions of 2-propanol (filled symbols) and propylene (empty symbols) vs. residence time at
various densities. Temperature of SCW is 666 K.

Table 2

Apparent rate constants of 2-propanol dehydration reaction at various SCW densities, temperature 666 K

Density (g/ml)  Ki1 (s7%) Ko (s Keq Kz (s71) Ks (s71) Ksq (s71)

0.34 5.8E-5 + 6.9E-7 1.3E-5 + 8.1E-7 4.57 7.2E-7 £ 2.6E-7 79E-7 £ 2.1E-7 7.2E-8 + 3.1E-8
0.424 2.8E-4 + 2.5E-6 4.8E-5 + 1.4E-6 5.78 6.5E-7* 4.7E-T7* 14E-7*

0.503 13E-3+ 1.2E-5 2.3E-4 + 4E-6 5.65 9.5E-7* 5.3E-7* 7.0E-7*

0.583 19E-3 + 2.5E-5 3.5E-4 + 7.7E-6 5.35 1.5E-6* 3.4E-6 + 1.7E-6 2.0E-6*

* Here, the confidence interval is approximately equal to the constant value.

in the assumption of the first order reaction rates was used The Arrhenius plots of apparent rate constéhty) of the

for the estimation of the rate constant values. Good agree-forward reaction (1) at SCW densities of 0.24 and 0.34 g/ml

ment between the experimental data and the data calculatedvere constructed. With the first order differential equations

with the model is observed in all cas¢kl]. The pre- being used for data processing, activation energies of the

dicted apparent rate constants and the equilibrium constantreaction at two SCW densities were obtained: 20 kJ/mol at

of reaction (1) at different densities of SCW are given in 0.24 g/ml density, and 26 kJ/mol at 0.34 g/ml density. Such

Table 2 These data demonstrate that, first, the apparent ratedifference in the activation energies at various densities may

constant of reaction (1) increased by more than an order ofbe caused by both the experimental and data processing

magnitude as the density increased from 0.3 to 0.58 g/ml; errors.

second, the equilibrium constant of reaction (1) also varies

with increasing density. Appreciable changes in the equi-

librium constant occur when the density of SCW changes 3. Prediction of SCW density effect on the rate

from 0.34 to 0.42g/ml. At the same time, such change in constants of 2-propanol dehydration reaction

the equilibrium constant with the density can be caused by

both experimental and calculation errors. The nature of interaction between reactants and solvent
The apparent rate constants of the reaction and 95% con-determines the extent to which the pressure/density of SCW

fidence intervals at temperature variation from 654 to 686 K affects the chemical reaction rate. Several mechanisms of

and constant SCW density 0.34 g/ml are giveriTable 3 such interaction are examined in the literature, among them

Since the concentration of 1-propanol in the reaction prod- are formation of an activated complex, density or concen-

ucts in the discussed runs was considerably lower than thetration augmentation, and clustering solvent around a dilute

concentration of other product&;z = 0 was accepted for  solute[31,35,36] Two approaches are used in our studies

the processing of kinetic data. of SCW density effect on the rate constant of 2-propanol
Table 3

Rate constants of 2-propanol dehydration reactions in SCW at various temperatures, density of SCW is 0.34 g/ml

T(K) (s7h 654 666 676 686

Ki1 4.0E-5 + 4.6E-7 6.0E-5 + 1.13E-6 8.0E-5 + 7.8E-7 1.1E-4 + 1.0E-6

K-1 6.7E-6 + 1.0E-6 1.3E-5 + 1.3E-6 1.5E-5 + 7.7E-7 1.5E-5 + 8.0E-7

Kz 3.7E-7 £ 1.6E-7 6.3E-7 £ 2.5E-7 9.8E-7 £ 1.7E-7 1.7E-6 + 4.0E-7

Ka 5.6E-7 + 2.1E-7 7.0E-7 £ 3.3E-7 6.8E-7 £ 2.3E-7 1.1E-6 + 2.5E-7
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dehydration reaction: the thermodynamic model (transition SCW, we chose the activated complex formed by the inter-

state theory) and the model of acid-catalyzed reaction. action of one 2-propanol molecule and at least one molecule
of water. Formation of the activated complex via the inter-
3.1. Thermodynamic pressure effect action of two or more 2-propanol molecules in SCW is un-

likely, since, first, the concentration of 2-propanol in SCW
According to the thermodynamic model, the effect of pres- is low (<0.0045mol/l), and, second, it was shown experi-
sure/density on the reaction rate constant is described usingnentally that the reaction rate increased with increasing the
the transition-state theory. Within this theory, reactants and water concentration, which resulted in an increase of its den-
activated complex or transition state are assumed to be insity. This experimental fact testifies obviously for the bene-
equilibrium, and for a unimolecular decomposition reaction fit of the above assumption about the structure of activated
it is possible to write: complex.
A & [TS] — Products (") 3.3. Transition-state theory in modeling the influence of

where A is 2-propanol, and [TS] is transition state or acti- SCW density on the reaction rate constant

vated complex.

When the thermodynamic approach is used, the [TS]
should be considered as an ordinary molecule having the
macroscopic thermodynamic properties, such as critical
pressure and temperature. It is supposed also that reagent
is in equilibrium with [TS]. But, being in equilibrium with knT (—AG#) __keT

_ b el R <
the reagent, the [TS] decomposes with the formation of the k=X h ex RT )~ ki ®

reaction products as well. The stage of [TS] destruction . . - .
P 9 [TS] Here, x is the transmission coefficient; it does not depend

with the formation of the products is a limiting stage of the .
chemical reaction. on temperatgre an_d pressure and.serv_es. mainly for the coor-
dination of dimensions, in calculations itis commonly taken

as a unitk, the Boltzmann constant, aridthe Plank con-
stant.Kj?t is the equilibrium constant of reversible reaction
A & [TS] expressed through the fugacity of components.
AG" is the free energy of activation at the formation of tran-
sition state.

Consecutive logarithmation and differentiationkx. (8)
with respect to pressure at a constant temperature result in
the basic equation of the transition-state theory for unimolec-
ular reaction:

Based on the theory of an elementary reaction, the equa-
tion that determines coupling between the reaction rate con-
stant and Gibbs free energy of activated complex or equi-
Ajbrium constant for reaction (7) can be written as

3.2. Structure of activated complex for
2-propanol—supercritical water system

Molecules in gases and solutions can form complexes as
a result of various weak chemical interactions, yielding, for
example, bonds O-H-H,C-H---0O, C-H--.C. Hydro-
gen bonds, representing weak chemical interactions, differ
insignificantly from the common valence bonds. Therefore,
the formed molecules, complexes, should not qualitatively u
differ from the molecules formed by strong chemical bonds. (alﬂ) _ _ﬂ (9)

An activated complex for chemical reactions in SCW oP Jr RT
may consist of the reagent molecule solvated with non-
dissociated molecules of water, and include a hydronium
cation (GH™). The hydronium cation can exchange proton
with both water molecules and molecules of reagent in the
solution. The closer the hydronium cation comes to the other
molecule, the more probable is the proton transition.

Probably, the presence of hydroxyl groups in alcohols and
their ability to form complexes is the reason for strong de-
pendence of chemical reaction rate on the density of super-
critical fluid.

The structure of the activated complex formed by 2-
propanol molecule in SCW and containing at least one
strongly bonded water molecule and a proton may be pre-
sented as

Here, AV¥ is the activation volume (cAmol) expressed as

a difference between partial molar volumes of [TS] and the
reactant. Theé\ V¥ value can be calculated using the thermo-
dynamic model based on the equations of state describing
the P-V-T properties of the reaction mixture.

Thus, the transition state theory gives a relation between
the chemical reaction rate constant and the activation vol-
ume. Partial molar volumes of transition state and reactants
in a solvent play a key role in this formalism.

The absolute value of activation volume of the chemi-
cal reaction near to the critical point of the solvent, i.e. in
its strongly compressed area, can be very large. There are
many examples in the literature when the activation vol-
umes of reaction can change in the limits fresi5,000 to
[C3H7HT HLOT* —15,000 cri/mol [29,37] It is just the high compressibility

of fluid that can lead to large absolute values of the partial
The activated complex can be formed also at the interactionmolar volumes.
of two or more molecules among themselves in a super- Letusreturn to the data @able 2and plot the dependence
critical solvent. Nevertheless, for 2-propanol dehydration in of the apparent rate constant of reaction (1) on density in the
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2

-6.0
- o[- e
Tci
7.0
= d; = 0.480+ 1.574w; — 0.176a>l-2 (18)
Q.
@ .
?:' 80 whereT; andP¢; are the critical temperature and pressure of
= thei-th component in a mixture. Parametgris the acentric
9.0 1 factor of the component.
A distinctive feature of the above mentioned RKS equa-
tion of state is the presence of two binary interaction coeffi-
-10.0 — T cientsk;; andc;; in Egs. (15) and (16)it will be shown that
4.6 4.8 50 52 54 these coefficients are important for increasing the calcula-
PI(RT) tion accuracy. Their values can be found from experimental

Fig. 5. The dependence of the natural logarithm of an apparent rate data on the phase equilibrium in binary systems.

constant of reaction (1) oR/RT, T = 666 K.

3.3.2. Definition of binary interaction coefficients

It was shown in our previous worf39] that a correct

prediction of binary interaction coefficienks ; andc; ; al-

lows the above RKS equation of state to describe well the

IN kapp = 6.8755 _ 3400 (10) P-V-T properties of multicomponent mixes, including the
RT field of high and super high pressures. Applying the tech-

Slope of the straight line has the dimensions of molar vol- nique described if89], we calculated the binary interaction

ume, I/mol, and according tBq. (10)is —AV#. Thus, the ~ Parameters for 2-propanol-water system using the experi-

2-propanol dehydration in SCW has a large negative activa- Mental data on the phase equilibrium of this binary &

tion volume equal to-6875 cn¥/mol. Moreover, this value  In critical area. The predicted critical temperature and crit-

is constant in the studied pressure interval. To estimate theiCal pressure versus 2-propanol concentration in water are

value of AV# and its dependence on density and partial mo- Plotted inFig. 6a and bHere, solid curves are a result of

forward direction Fig. 5). Fig. 5shows Irkappas a function
of P/RT that falls on a straight line with good accuracy:

lar volumes, we used the cubic equation of state. calculation aiKjj = 0 andcjj = 0.125, and filled circles de-
note the equilibrium experimental dg#0]. Fig. 7 presents
3.3.1. The equation of state the P-V isotherms at 573 K for a mixture containing 27.3%

There are many methods to calculate the partial molar ©f 2-propanol in water, calculated at various valuespf
volumes, nevertheless, the cubic equations of state (EOS@Nd4j = 0. One may see from this figure that the calcu-
[29,35,38]are used most frequently. In the present work, lation data. are very s¢n5|t|ve tp tieg values. The correct
the Redlix—-Kwong—Soave (RKS) EOS was used for this course of isotherm with a horizontal platform at pressure

purpose: Per = 121 bar (isotherm 4 iffrig. 7is critical for the chosen
mixture) is derived only wheg;; is equal to 0.125. Note, we
P RT am(7) (11) could not find experimental data on the vapor—liquid equi-
Vm—bi  Vin(Vmi + bmi) librium for the propylene—water binary pair, which would
whereVy, is the molar volume of a mixture (/mol). allow the binary interaction coefficients for this system to

Coefficientsay, andbm, for a mixture with the given molar P& defined.

fraction vectory are determined as follows: o )
3.3.3. Prediction of the partial molar volumes

Ns Ns Ns Ns According to the definition, partial molar volume of the
am =Y Y vivjai; b= Y viyibi 12) i-th component in a mixture can be determined from the
j=li=1 j=li=1 standard thermodynamic expression:
0.42748R?T? _ 3(NVim) Vi
aji = o () | ———2 (13) Vi = |: m :| = Vm+ —2 A—-y) (29)
FPei oni P.T.nj oy
0.08664RT;
bii = TCI (14) Here
ci Vi P/, (20)
aij = (1 — kij) /aiiajj (15) dy;  9P/dVm
bi — (1— bij + bj; 16 Derivatives in numerator and denominator of expression (20)
ij =1 —c) (16) can be found in the analytical form at differentiation of
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Eqg. (11)as
JP RT am(ZVm + bm)
v 2 y.2 2 (21)
0Vm Vm(Vm + bm) Vm(Vm + bm)
dyi 9y [ V(Vin+bm)2 (Vi — bm)?
B 1
am (22)

"9y Vin(Vin + bm)

8am N 8bm N
— 22 Vraik; — 22 J’kb'k
8y,~ =1 I 8y,~ =1 :

For a binary mixture with large contents of the solvent

(y1) and infinite dilution of the soluteyf), expression (22)

becomes

AP\
— | = Abi1+ Baibir — Casg;
ay1

AP\
— ) = Abip+ Bajibi2 — Cagn

- (23)

where parameter, B, C are the functions of molar volume
of the mixture, temperature and coefficidnif

RT Vim

R — S, N LL—
(Vm — bm)? (V2 — Vimbm)?
1

V2 — Vimbm

A=2

c=2 (24)
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According toEqs. (13) and (14 )valuesa;; andb; 1 deter- 200 -
mine only the individual component properties. Coefficient

ay 2 is defined by mixing rules (15) and (16). Coefficients 300
am andby, at infinite dilution of solute come to appropriate T
coefficientsa;1 andby; for the pure solvent. 200 A

Egs. (21)—(24show that the partial molar volume of the ]
solute depends strongly on its nature and physico-chemical 2 1007
properties, and properties of the solvent. At the same time, 0 _
the partial molar volume of the solvent is actually equal to |
molar volume of the mixture. 100

Unfortunately, it seems impossible to estimate the par- :

0 240 280 320

PMV IPA, cm3/mol

tial molar volume of an activated complex with good accu- -200
racy without knowledge of its structure. However, the task 20

of finding or calculating the detailed structure of a tran- P, atm

sition state has not been solved even for the most SimpleFig. 8. The dependence of the partial molar volume of 2-propanol in the
molecular interactions. Therefore, in practical calculations indefinitely diluted solution of water on pressute= 666 K.

it is usually assumed that thermodynamic properties of an
activated complex are not strongly different, for example,
from the properties of one of the reaction prodyéts,38]
Alternatively, a substance with the known thermodynamic

properties and the structure close to the structure of hypo- 400
thetical [TS] is chosen as the transition state or activated 1
complex. 300 -
3.4. Results and discussion 200 -
The knowledge of the activated complex structure is 100 4
required for the calculation of its critical parameters. The ]
molecule formed by chemical interactions between 2-
M T M T M 1
0 240 280 320

PMV C3H6, cm3/mol

propanol molecule and hydronium cation with formation 0
of the weak O—H-- O bond was taken as a model for the

transition state structure. The group contribution Lyderson’s
method[41] was used for the calculation of critical proper- Fig. 9. The dependence of partial molar volume of propene in the indef-
ties of the selected transition state. These estimations gavenitely diluted solution of water on pressuré,= 666 K.

the critical parameters;, = 980 K andP.; = 66 bar, which
were used further to calculate the partial molar volume of

20
P, atm

the activated complex. 0

Activation volume of chemical reactiolV#, or the S 1000 4
difference between partial molar volume of the transition E ]
state and partial molar volume of a solute, was calculated E o000 A
for the accepted structure of an activated complegs. < ]
8-10show the dependencies of partial molar volumes for 5 3000 v
2-propanol-water Yjpa), propylene-water Wc,H,) and E ;

. . . 1

[TS]—water binary pairs versus pressure in SCWrlat= 5 -4000 -
666 K. The obtained result shows that the 2-propanol-water S . 2
and propylene—water infinite diluted mixes have rather low § -5000 A
values of the partial molar volumes. In addition, this value % 3
is negative for the first pair, and positive for the second £ -6000 4
one.

Since the binary interaction coefficients are the experi- -7000 L
mentally determined values and there are no available data 220 240 260 280 300
for [TS]-water system, we have to choose such coefficients. P, atm

Fig. :!_O presentg Changes in the pgrtlal r_nOIar YOlume_S of Fig. 10. The dependence of partial molar volume of TS in the indefinitely
[TS] in SCW with pressure at various binary interaction jjyted solution of water on pressure. Effectlaf, andcy». T = 666 K.
coefficients. It was found that the partial molar volumes (1) €1, =02, k1, = —0.2; (2) 0.3,-0.3; (3) 0.4,—0.4; (4) 0.5,—0.5;

of [TS]-water are most sensitive (as compared to sensi-(5) 0.55,-0.55.
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Table 4 3.5. Acid-catalyzed reaction mechanism for 2-propanol
Partial molar volume in extreme point of function (20) vs. [TS] critical hydration reaction
pressure affg; = 980, k12 = —0.5, ¢12 = 0.5

P (bar) Vrs (cm®/mol) Water dissociation constant and ionic product of water
40 —7939 near its critical point are important properties of chemical re-
50 —7267 actions. Water near the critical point is strongly ionized with
Sg :ggi? formation of O™ and OH ions by equilibrium reaction:
80 —5955 2H,0 & HzO" + OH™ (25)

90 —-5625

The ionic product of wateK,, expressed as
Kw = |H30" | x |OH | (26)

increases by more than three-orders of magnitude when
going from ambient to supercritical conditionk,, and
OIthe dissociation constant in near-critical region are also a
strong function of density at constant temperature. There-
fore, the changes in these properties can strongly affect
the 2-propanol dehydration reaction rate according to acid-
catalyzed reaction mechanism in solutions.

Here, [(sO™] and [OH] are the hydronium ion and the
anion concentrations in water.

Elementary reaction steps in the acid-catalyzed 2-
propanol dehydration in SCW according [p3] can be
written as

tivity to critical parameters) to the change of the binary
interaction coefficientsk; > and ¢y 2. The activation vol-
ume of reaction (7) approaches the experimentally measure
value at the chosen coefficientg> = 0.55 andki2 =
—0.55. The tendency of these coefficients variation is obvi-
ous also from expression (23). The curvedtig. 10 have
the clearly expressed minimum and negative partial molar
volume. The absolute valudérs exceed considerably the
\_/|pA and VC3H6vaIues.

The calculations showed that variation of [TS] critical
pressure affects weakly the value of the partial molar volume
(Table 4. At the same time)/rs is more sensitive to [TS]
critical temperatureTable 5. () IPS+H30" & IPS" + H20 (27)

The predicted partial molar volumes of [TS] are always T
negative and close to the experimentally found value equal i IPS" & CaHy +H20 (28)
to —6875 cn¥/mol. Hence, the structure of the chosen [TS] CgHT + H20 ¢ CgHg + H3O™ (29)
complex seems to be designed correctly. It should have

a larger molecular weight than 2-propanol, a higher criti- * :
cal temperature and a lower critical pressure than the sol-diate reaction products, charged molecules of 2-propanol

vent. The negative sign of the partial molar volume indi- 2nd Propylene, respectively. The sum of reactions (27)—(29)

cates the prevalence of attractive forces at [TS] formation in 91V€S the gross reaction (1). ,
SCW. Each of (27-29) steps is characterized by the rates of the

forward and reverse reactions, r_;, with their expressions
that the calculated values of the activation volumes de- under the mass action law being the products of the rate

pend strongly on the pressure at the fixed temperature and-onstantki or k—; by the appropriate concentrations. The

their difference, i.e AV# is not constant that contradicts duilibrium constant of each reaction is determined(as-

the experimental data on 2-propanol dehydration in SCW. kifk—i,i=1,2,3. .

This result suggests that the effect of density on the rate Egs. (27)—(.29)are supplemented by the expression of

constant of 2-propanol dehydration in SCW cannot be ex- El€ctroneutrality of a solvent as

plain(_a(_j solely by the thermodynamic pressure effect or the [IPS'] + [C3HF] + [H30"] = [OH™] [OH] = Kw

transition state theory. [H307]
(30)

The concentrations of species are expressed hereinafter
in the units of molality, i.e. as gram moles per kilogram

where IPS is 2-propanol, IPSand QH;L are the interme-

Analysis of the results presentedkigs. 8 and 1&Ghows

Table 5
Partial molar volume in extreme point of function (20) vs. [TS] critical O gram ion per kilogram. As a result, the concentration of
temperature aPe, = 66 bar, k1o = —0.5. ¢1p = 0.5 water in the reactor-autoclave for all the runs performed at
Per (bar) Vs (cP/mol) various densities is [pD] = 55.55 = const.

The above reaction pathway (27)-(29) shows that the
750 —4065 . .
770 _ 4269 H3O* ions affect directly the rate of both forward and re-
800 —4577 verse 2-propanol dehydration reactions. An approach, as-
900 —5621 suming one limiting stage in (27)—(29) when the others are
1288 —‘733% equilibrium, is commonly used for the discrimination of ki-

netic model. This allows the concentrations of the charged
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species IPS and GH7™ to be expressed through the con- According to the data presented [21], the coefficients
centrations of HO* ions, neutral species and equilibrium in Eq. (34)are equal to

constants of rapid stages. Simultaneous solution of balance

Egs. (27)-(29) and (3pWwhen reaction (27) is the rate- A = —4.098 B = —32452/K;

determining step, allowed us to get expressions for the for- C = 2.2362x 105/K2; D= -3984x 107/1(3;

ward and reverse apparent reaction rate (1) as E— 13957 F = —12623/K:

r1 = ky[IPS]|H3O" | = k1[IPS] (B1) G =85641x 105/K?

r—1 = k’_1[CaHg] |H3O" | = k_1[C3Hg] (32) Eq. (33)can be used at temperatures from 273 to 1273K

] ) ] and pressures up to 10,000 barTat 666 K.
There is an important conclusion that the apparent rate con-

stants of forward and reverse gross-reaction (1) are directly Q1(7) = —8.60138 Q02(T) = 1399094 (35)

. i )
proportional to the [HO™] ion concentration. Then the dependence of 3] on the density is expressed

3.5.1. lonic product of water by equation:
lonic product of water changes dramatically near the crit- [H30"] = /Ky = 10430069, ,6.9955 (36)

ical point. The equation for accurate calculatiorkgf vari- ] o N )

ation with density and temperature is propose{Pit] as A high sensitivity of the [HO™] concentration to the solvent
density confirms our assumptions on the mechanism of the

log Kw = Q1(T) + Q2(T) log p (33) density effect on the apparent rate constants.

A+B C D E+F G 3.6. Comparison of predicted and experimental data
Ql(DZT"‘ﬁ“rﬁ; QZ(T)ZT‘FE
(34) Based orkqg. (36) the rate constants in expressions (31),

(32) can be written as

The dimensions o, (gion/kgy are determined by formula k1 = K;[H30"] = kb 37)

(33). The density of water is substituted in formula (33)
in terms of gram per cubic centimeter. The concentration _; = K 4[H3O%] =k 1bp" (38)

of water in the system is a constant value at the chosen

units of concentration. Thus, j®] enters into the equations ~ Whereky, k’ ; are the rate constants of bimolecular reactions,
for apparent rate constants as a constant value, which iskilogramsecond per moleh = 10743907 , = 6.996 are
independent from the solvent density. the constants frortg. (36) The dimensions of the reaction

-5.00 A
-6.00 -
-7.00

-8.00

Inkl, In k-1
b
8
1

-10.00

-11.00 -

-12. 00 T T T T T 1 T 1
-1.20 -1.00 -0.80 -0.60 -0.40
In Den

Fig. 11. The dependence of apparent rate constants for diredt;j1ar{d reverse (2)k(1) reaction (1) on density. Symbols: the experiment; solid lines:
the calculated data.
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Fig. 12. The dependence of an equilibrium constant of 2-propanol dehydration reaction in SCW on density. Filled circles: the experiment; thalid line:
calculated data.

rate are expressed in mole per kilogram second, dimensionamain products of the target reaction, the reaction route of
of concentrations in mole per kilogrark; andk’ ; values 2-propanol dehydration in SCW has been proposed. Non-
can be found by solving the parameter estimation task usingcatalytic hydrogenation of olefins by hydrogen dissolved

the following linear forms: in SCW near its critical point was shown to proceeds with

Inky = In(kib) +ninp (39) high rate. The apparent rate constants, energy and activation
volume of 2-propanol dehydration reaction were obtained

Ink_1 =IN(_1b) +nlinp (40) by variation of temperature and pressure near the critical

The estimated; andk_; values are equal to ppint fOfs zuvp\)/ercrititc):al wat(tjar. It was slh(;wn also tr:jat tllqe d.e.n—
K, = 229525+ 53801 K, = 4315349466 (41) zlft)ér?emical rce::lr::tioen.use to control the rate and selectivity
The root-mean-square relative deviation of the values of ap-  The influence of SCW density on the rate constant was
parent rate constants predicted by formulas (37) and (38)attributed to the activation volume effect (thermodynamic

from the measured constants givenTiable 2amounts to model or a model based on the transition-state theory) and
24%.Fig. 11illustrates the agreement between predicted and the effect of water dielectric constant (a model based on the
experimental data. Here, solid lines are the result of theo- acid-catalyzed mechanism).

retical calculations with the use &fs. (39) and (4QYilled Application of the first model showed that the calculated
symbols are the experimental data. values of the activation volume depend strongly on pressure
at fixed temperature that contradicts the experimental data
3.7. Equilibrium of 2-propanol dehydration reaction in and so this approach or model cannot be use for explana-
SCW tion of pressure effect on the rate of selected reaction. At
the same time, prediction based on the acid-catalyzed mech-
In equilibrium of reaction (1)1 = r_1, or anism describes experiments with good accuracy. It was
ki[IPS] = k”_4[C3Hs] (42) shown that the rates of direct and reverse apparent reactions

of 2-propanol dehydration are directly proportional to the
concentration of O™ ions. The evident linear dependence
Keq= L — 5319 (43) of logarithms of HO™ concentration in SCW and apparent

k_q rate constant on the density/pressure proves the second re-
action mechanism to be more preferable. However, the true
rate constant of gD"-catalyzed reaction does not depend
on density/pressure.

Apparent equilibrium constant can be expressed as
/

The estimation ofKapp = [C3He]®Y/[IPS]?4 was made at

different densities of SCW (seEable ). Here, the exper-

imental values of reagent concentrations in an equilibrium

are marked with the superscript “eq”. Agreement of pre-

dicted and experiment#leq values is shown iffrig. 12 The Acknowledgements

averageK app Value estimated in the fourth run is equal to

5.33, which is very close to the value predictedHxy. (43) The theoretical work was supported by the Russian Foun-
dation for Basic Research, Grant # 01-03-32866.
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