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Abstract: An understanding of homogeneous catalysis in supercritical fluids requires a knowledge of the phase
behavior and the variation in critical point as the reaction proceeds. In this paper, the critical tempeFatures,
and pressure$);, have been measured for a considerable number of mixtures representing the various stages
of the hydroformylation reaction of propene in supercritical@@d different reactant concentrations. Critical

point data have also been measured for all of the binary mixtures of the componepi$HCOO, propene,

n- and isobutyraldehyde) which are not available from the literature or can be deduced from published data.
We use the stoichiometry of the reacting system to simplify greatly the phase behavior problem by defining

a path through the otherwise multidimensional “phase space”. Satisfactory modeling of the data (0e3% in

and 3.0% irP) has been achieved using the PeRpbinson equation of state and ignoring all binary interactions
which do not involve CQ@ The model is used to explore the strategies needed to avoid phase separation in
continuous and batch reactions. At a given temperature, a batch reactor may need to be run under much higher
pressures than a flow reactor if single-phase conditions are to be preserved throughout the course of the reaction.
Most of the critical point data were measured acoustically, but a selection of points were validated using more
traditional view-cell procedures.

Introduction

In recent years, increasing numbers of chemists have begun
to study reaction chemistry in supercritical fluids (SCF$).
Some have been attracted by the possibility of environmentally
more acceptable replacements for organic solventsle others
have been driven by inherent scientific interest. Whatever their

motivation, most workers need to define what is meant by an L

SCF, and usually they resort to a diagram similar to that in | A—

Figure 1. Rarely, do they state that such a diagram only applies s .

to pure substances. Even less frequently is it explained that the P, — P

phase diagrams for binary mixtures of substances are consider-_. . . »
ably more complicatéd or that the complexity increases with Figure 1. Schematic phase diagram of a pure substaiecritical

. . point; A, triple point; S, solid; L, liquid; G, gas; SCF, supercritical
the number of components in the mixture. However, even the g .4 "s(ch diagrams are usually presented with Thand P axes

simplest chemical reaction is likely to involve three components reyersed. We believe that the orientation shown here is probably more
(reactant, product, and solvent) and most reactions will involve effective for teaching purposes.

more. Therefore, any study of reaction chemistry in SCFs
necessarily involves the phase equilibrium of multicomponent mixtures. This phase behavior is important because the outcome
reaction can sometimes be determined by whether the reaction

*To whom correspondence should be addressed. http://www.

nottingham.ac.uk/supercritical/. mixture is single- or multiphase.
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Scheme 1
CH,CH=CH,+ CO + H;

catalyst | CO,(solvent)

CH;
CH,CH,CH,CHO +  CH,CHCHO
n iso

those which are normally studied because, by definition, their
chemical composition changes with time. Hence, the critical
points of reaction mixtures will also change with time.

Ke et al.

strategy has been to measure the critical curves of all binary
mixtures involving CQ, and of a series of three, four, and six
components to provide enough data to test the modeling of the
reaction. We use the stoichiometry of the reaction to simplify
the problem by defining a relatively precise path through the
multidimensional space associated with a six-component mix-
ture. This simplification allows us to discuss the best strategy
for maintaining the mixtures in a single phase throughout the
reaction. The strategies turn out to be different for continuous
and batch reactors.

Our measurement of critical points is based on an acoustic
technique, which has been described in some detail previous-
ly.3%-43 This technique is relatively fast compared to other phase
equilibrium measurements, thus allowing us to measure the
critical points of several hundred samples for the study reported

A number of recent studies have begun to address phasenere. The basis of the technique is that the velocity of sound

equilibria of reaction mixtures. Brennecke and co-workers
presented an elegant study of binary mixtures{@Qeactants,

reaches a minimum at the critical point of a pure substance,
and very close to the critical point for a wide range of mixtures.

CO; + products, etc.) and used these results to model the phaserhe advantage, compared to a view-cell, is that acoustics give

equilibrium, but not the critical points, of a catalytic epoxidation
reaction. A series of three pap&s’ from Chrisochoou,

an indication of the critical density even at temperatures
significantly above the critical temperatufe’® T., hence

Stephan, and co-workers has described the phase equilibriumaccelerating the location @t itself. The acoustic technique does

but not the critical points of mixtures containing up to five
components, involved in an enzymatic reaction in seCO
However, critical points are important because it is here that
nonideal behavior is greatest and models are most likely téffail.

In this paper, we present the first study aimed at answering the

guestion “How does the critical point change during a chemical
reaction in an SCF?” This question is important because, in

not necessarily work with all mixtures. Therefore we have
validated our measurements by confirming the critical points
of key mixtures by using a more conventional variable-volume
view-cell.

In what follows, we describe our experimental technique and
present data for a series of binary and more complicated
mixtures. We then use these data to develop and test a relatively

many cases, it may be crucial to keep the reaction mixture as asjmple but surprisingly effective model based on the Peng

single phase throughout the reaction.

We have based our study upon a test reaction, the hydro-

formylation of propene (€Hg) in scCQ, see Scheme 1.

Robinson equation of state (PR EOS) to describe the systems.
Overall, we show that the behavior of such a reaction system is
simpler than anticipated and, therefore, is much more amenable

This reaction has been chosen for a number of reasons: (1)to detailed analysis than was previously supposed. We then use

there is considerable current interest in hydroformylation in
SCF1%737 (2) the reaction of €Hg has been particularly well-
studied by a number of group%;21-3 and (3) the reaction
involves six species, 5l CO, CQ, CsHg, n-butyraldehyde,

isobutyraldehyde which span a wide range of critical parameters.
These components give rise to 15 possible binary mixtures. Our
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Supercrit. Fluids1998 12, 109-122; the same group has recently published
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(21) Abraham, M. A.; Snyder, G.
Supercritical Fluids Atlanta, 2000; p 7.
(22) Bach, I.; Cole-Hamilton, D. £hem. Commurl998 1463-1464.
(23) Bischoff, S.; Kant, MInd. Eng. Chem. Re200Q 39, 4908-4913.
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these results to define the best conditions for running the reaction
both as batch and continuous processes.

Experimental Section

Apparatus and the Method of Preparing SamplesThe measure-
ments were made using an acoustic technique, which can be regarded
as a nonvisual synthetic methédThe phase transition of a sample
with a constant overall composition can be detected by changes in the
velocity of sound. The apparatus and the experimental procedure used
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in this work have been described in detail by Kordikowski et®4!. Table 1. Critical PointSof CO, + n-butyraldehyde+

The apparatus consists of an acoustic cavity, in which two identical isobutyraldehyder CsHe"+ CO+ H.° Mixtures

_ceramip transducers are mounted, faci_ng each other. An ac_o_ustic signal P TJK PJ/bar o TJK Pybar
is provided by a pulse generator g% wide pulses at a repetition rate o 075
of ~100 Hz). The resulting signal is amplified and displayed on an a= a=1.

oscilloscope, from which the transit time of the pulse travelling between 0.060 302.6 82.3 0.054 311.1 82.0

the transducers is obtained. A manual high-pressure pump is used to 81% gggg ggg 81613 g%gg ggg
adjust the system pressure to the desired value witttirl bar. The ' ' ’ ’ ’ :
. o . - i - .25 297.0 105.1 0.22 328.5 108.0

acoustic cavity is mounted in an insulated aluminum jacket, the
temperature of which is controlled to withih0.1 K by a circulating o= 0.3C¢ o= 1.00f
water/glycol thermostat. The pump and acoustic cavity are held at the 0.067 307.0 85.3 0.052 312.8 81.2
same temperature_ OlO 3078 900 0092 3201 881

Samples of multicomponent mixtures were prepared as follows. 0.14 308.6 97.0 0.15 329.7 96.0
Initially, the apparatus was evacuated and flushed with. B@neasured 0.21 3103 106.7 0.24 338.4 104.5
weight of the heavy component (e.g., butyraldehyde) was added as a o=0.49
liquid to the cell by syringe. Then, gases, such gdlCO, and H 0.064 309.3 84.7
were added from high-pressure reservoirs. The amount of gas was 0.11 311.9 92.7
calculated from the pressure, temperature, and total volume of the 0.16 315.3 100.7
system. The cell and pump were kept at a constant, known temperature 0.29 320.2 1184

dur_ing this process. Finally, Cz(_Dvas gxpanded into the system from aError of T, and P are +0.3 K and+0.4 bar, respectively’ The

a high-pressure bomb. The weight difference of the bomb was used t0 molar ratio ofn-butyraldehyde to isobutyraldehyde is 8:T-he molar
determine the amount of GQvhich had been added. The fluid was  ratio GHe:CO: Hyis 1:1:1.9y, represents the initial total mole fraction
repeatedly compressed and expanded inside the cell and the pump fobf the reactants when there are no produtts.is conversionga =

at leas 6 h toensure adequate mixing of the sample. The temperature (the moles of the reactants reacted)/(initial moles of the reactants).
and pressure of the system were kept high enough to ensure that ndVhen oo = 1, all reactants have been consumed, and the mixture
phase separation occurred. Before the measurement was started, theontains only C@+ aldehydes.

apparatus was allowed to equilibrate for 30 min at the desired . . . .
temperature. The acoustic time delay was measured as a function ofSIMPIify the problem, the multicomponent mixture can be

pressure along each isotherm. The mixing procedure was then repeatedvestigated just at certain fixed compositions. In this work,
to guarantee that a homogeneous liquid phase was present prior to anyve have fixed the molar ratio #:CO:H,; at 1:1:1 (the
experiments. The error in the composition afHg/CO/H, mixture is stoichiometric amount§ and the molar ratio af-butyraldehyde
essentially due to pressure measurements, thati€.1 bar. The error to isobutyraldehyde at 8:1 (the experimental v&ldd. Then,

in the gravimetric measurements wa.1 mg for butyraldehydes and  we introduce two variableg, anda, to simulate the reaction
£10 mg for CQ. Hence, it is possible to set the conversion, which  processyy is the initial total mole fraction of the reactants at
gzgﬁggsvglﬂgh;itmiel Or/oatlo of butyraldehydes anH«CO/H,, to a the start of the reactior is the conversion, which we define

: as the fraction of reactants that have been converted to products

Validation with a View-Cell. To validate the critical points a given stage of the reactiéhThus.a = O at the start. 1 at
measured using the acoustic method, some measurements were repeat gn 9 15,0 = N .
the finish, and 0.5 at the exact midpoint of the reaction (i.e.,

visually. A variable volume celt with two borosilicate glass windows .
was assembled. The cell was placed in a water bath, the temperaturdVhen 50% of the reactants have been converted). Given the
of which was maintained with a heater/circulator.2 K. A magnetic stoichiometric relation between products and reactants, the mole
stirrer was used to ensure that the contents of the cell were well mixed. fractions of all six components can be represented merely in
Samples were prepared using the same method, as described abovéerms ofyo anda.

for samples in the acoustic experiments. The overall erroriag K T. and P, were measured for mixtures corresponding to five
for Tc and=£0.3 bar forP., respectively. A detailed description of the  conversions: 0, 0.30, 0.49, 0.75, and 1.00. The initial total mole

apparatus and procedures can be found elsevth&eparate samples  fractions o, ranged from 0 to 0.29. The results are summarized
of the same nominal composition were made up for acoustic and visual in Table 1, and three projectionB—yo, T—y0, and P—T, of

experiments. Some additional errors may have been introduced by small " . - T .
differences in the ratio of the solutes (e.gaHg CO, H, and two the critical points are shown in Figure 2. &t= 0, there is a

butyraldehydes) between the acoustic and visual samples. quaternary mixture (Co+ CsHg + CO + Hy). Since CO and
Materials. Carbon monoxide (Air Products, purity 99.8%), propene, H2 aré permanent gases with very low critical temperatures, it
carbon dioxide, and hydrogen (BOC, purities of 99.8, 99.99, and IS not surprising thaflc decreases for increasing amounts of
99.995%, respectively) and-butyraldehyde and isobutyraldehyde CO and H in the mixture. Thus, it can be seen from Figure 2c
(Aldrich, purity stated higher than 99.5 and 99%, respectively) were thatT. decreases with increasing for o = 0. Asa increases,

used as supplied. the mixture contains more butyraldehydes, and the mole
] ) fractions of CO and bldecrease. Iét is large enough, the effect
Results and Discussion of the butyraldehydes off. is dominant. Since the critical
Critical Points of the Reaction Mixture (Six-Component temperatures of two butyraldehydes are much higher than that

System).The reaction mixture for hydroformylation of propene  ©f COz (see Table 4)Tc of the reaction mixture increases with
consists of three reactants#&, CO, and H), two products X0 at conversions of 0.30, _0.49, 0.7_5, and 1.00 (Flgure_ 2c).
(n- and isobutyraldehyde), and the solvent (5@s shown in Figure 2a shows tha&; for mixtures with the same conversion

Scheme 1. Strictly, the catalyst is a seventh component, but weStart fromPc of pure CQ and extend to high pressure. No
have ignored it in our discussions here, because its concentration (46) In actual reactions an excess of syngas (€6,) would be used,
is low and sometimes a heterogeneous catalyst is #deide but this would not change the overall conclusions of our experiments.

independent mole fractions are necessary to describe the (47) Other catalysts may well give differentso ratios but this would
not affect the overall conclusions of our study.

composition in a six-component mixture. Clearly, the phase " (4g) it has been pointed out (Schneider, G. M., private communication.)
behavior of such mixtures is potentially quite complex. To that this approach is in fact an extension of Denbigh's treatment of the
Phase Rule as applied to stoichiometric mixtures in equilibrium (Denbigh,

(45) Zhang, H.; Han, B.; Hou, Z.; Liu, Z. IfProceedings of the 5th K. The Principles of Chemical Equilibriurdth ed.; Cambridge University
International Symposium on Supercritical Fluidatlanta, GA,U.S.A., 2000. Press: Cambridge, 1981; p 190).
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%o T./K Table 2. Experimental Critical Pointsfor Binary Systems
¢ Containing CQ
03 |0'2 |0‘1 390 . 3?0 . 3‘}0 X3 TdK P/bar X TJ/K  Pdbar
120, @7 (b) 1'%° COy(1) + n- butyraldehyde(2) Cel) + CO(2)
L 0.019 82.5 0.070  298.2 .
0.031 318.9 86.9 0.122 2925 88.1
_ 100+ T 1100 0.057 330.0 969 0159 289.0 9256
3 el 0.076 333.0 99.9 0.227 2835 96.8
— o 0.079 333.7 100.5 0.271  280.2 99.2
a° 80F + 180 o 0.100 337.6 103.6
.
COx(1) + |sobutyraldehyde(2) C41) + Hx(2)
03 0.014 311 80.9 0.043  303.7 91.6
’ 0.035 320. O 88.5 0.106  300.3 116.4
0.042 323.3 91.6 0.114  300.0 117.7
0.051 327.0 94.0 0.148  298.0 1315
0.071 330.5 97.4 0.168  297.6 134.7
0.201  296.7 138.3
CO,(1) + CsHe(2)°
0.051 305.4 71.8
. . ) 0.109 308.0 70.2
300 320 340 0.233 313.8 68.6
0.384 325.0 66.5
T /K 0.468 329.3 65.8
Figure 2. The critical points of the reaction mixture for hydroformy- 0.623 343.8 60.0
lation of GHe: (a) P-xo projection, (b) P—T projection, (c) T-xo aError of T, and P are+£0.3 K and=+0.4 bar, respectively’. Mole
projection.ll, oo = 0; ®, o = 0.30; A, . = 0.49; v, . = 0.75; ¢, a fraction of component Z Measured by the visual method; erroref

=1.00;—, curves fitted to acoustic data. Open points are measurementsand P are+0.2 K and+0.3 bar, respectively.
made visually with a view-cell. It can be seen that the agreement

between acoustic and visual methods is gasdo. = 0.49; <, o = point is observed at = 0.14, whereT is 304 K, the same as
1.00. that of pure CQ. This means thal,, the critical temperature,
for oo = 0.14 is independent gfy, at least up tgo = 0.20. As
a mentioned previously, the addition of reactants decreases the
0 02 04 06 08 1 overall value ofT, whereas the products have the opposite effect
(a)‘ T on T, of the mixture. Wher = 0.14, the two effects canceled
340 - - 340 out, even wheryo is varied over a significant range. It should
( be noted that, even at = 0.14, P, the critical pressure
X I X increases with the increasing @, as shown in Figure 3b.
;o 320t 320 :o Furthermore, a slight maximum foP. is observed asx

increases, especially for the mixtures with high It can be

300} 1 300 T3c2éK 240 seen from Figure 3b that the maximum critical pressure is
oy located ato. = 0.30.

120 '(b)l ] (Ic) ' " 120 Figure 3c is a particularly important diagram. It shows how
. . the critical point changes in the course of the reactioryas
3 ?/: ! s increases (i.e. for increasingly concentrated reaction mixtures).
5 1OOV?J\\T\/P/;N’\\ 4100~ However, as explained later, a more comprehensive diagram is
o 1 ’ o needed to decide whether a particular mixture will remain in a

. single phase throughout the whole reaction.

80% * "{-" 0 Critical Points of the Binary Mixtures Containing CO ».
«=0 Four binary systems COF n-butyraldehyde, C®+ isobutyr-
0 02040608 1300 320 340 aldehyde, C@+ CO, and CQ + H; were measured with our
& Te /K acoustic apparatus. The results are given in Table 2.
Figure 3. The critical points of the reaction mixture for hydroformy- The binary system C©O+ n-butyraldehyde was studied at
lation of GHe: (a) T-a. projection, (b)P-o projection, (c)P—T six different compositions, and five mixtures were investigated
projection.m, o = 0.05;@, 70 = 0.10; 4, 0 = 0.15;V, 30 = 0.20;— for the system C@+ isobutyraldehyde. The compositions of

curves fitted to experimental data. The data in this Figure are smoothedthe butyraldehyde mixtures correspond to those in the six-
values taken from Table 1. component reaction mixtures. TRe-x, T—x andP—T projec-
pressure maximum was found because only mixtures with the tions of these two systems are shown in Figure 4. The critical
initial total mole fraction up to 0.29 were measured. TheT curves are almost straight lines in the £@h region (Figure
projection is given in Figure 2b. The critical curves for mixtures 4b). Also the two curves are nearly coincident over the
with the same conversion are almost straight lines radiating from temperature range, 305325 K. This suggests that for the ternary
the critical point of pure C@ At a = 0, the critical curve shows  mixture CQ + n- + isobutyraldehyde, the critical points would
a negative slope, while the curves with > 0.30 exhibit a not change significantly in the GQich region if the molar ratio
positive slope. of n-butyraldehyde to isobutyraldehyde were varied. However,
Figure 3 illustrates the dependence of Ta@ndP. on a. for in much more concentrated binary mixtures, larger differences
different values ofo. How far T; of the reaction mixtures differs ~ between two critical curves are likely to be observed because
from that of pure C@depends on botlr andy,. For a given the differences inl; and P, between the two butyraldehydes
%o, Tc increases for increasing (Figure 3a), and a crossover are 32.4 K and 12.3 bar, respectively.
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X, Tc /K Table 3. Critical Point$ for the Ternary System of GO+ CO +
H
0.6 04 0.2 280 300 320 340 2
160 T — T T T 160 Xco XH2 TCIK PJbaI’
| (b) H, XcoXn, = 2:1
0.036 0.018 300.6 83.7
120 0.071 0.035 296.1 94.1
8 0.129 0.064 288.6 110.6
.y 0.158 0.079 284.7 121.5
S 0.193 0.097 2815 126.1
0 80
XcoXm, = 1:1
0.023 0.023 302.4 85.1
0.053 0.053 297.5 97.6
0.078 0.078 293.6 111.0
0.105 0.105 290.1 122.1
0.145 0.145 286.5 128.7
XcoXm, = 1:2
0.014 0.027 302.7 85.7
0.038 0.076 297.7 105.9
0.054 0.107 293.9 122.8
0.066 0.131 291.9 131.8
0.6} CsHg\, 0.6 0.089 0.177 289.5 137.5
280 300 /320 340 aError of Tc andP; are+0.3 K and+0.4 bar, respectively.
TC
report six new critical points, all obtained visually (see Table
2). The system exhibits type-l fluid-phase behavior, which
means that a continuous critical line connects the critical points
of the two pure components. It can been seen from Figure 4
that T, increases with the increasing xd,n,, but P. decreases
310 320 330 with Xczne. AlsO a point of inflection is observed in tHe—T
T, /K projection (see Figure 4d).
Figure 4. The critical points of binary systems containing £da) Ternary System (CQ, + CO + Hy). Previously, this ternary

P—x projection, (b)P—T projection, (c)T—x projection, (d) enlarged ~ System has only been studied at temperatures well beléW
portion of the line for CQ+ C3Hg in the P—T projection, illustrating Here, the critical points have been measured for three fixed CO:

the point of inflection.0, (CO, + n-butyraldehyde);0, (CO, + H, molar ratios, 2:1, 1:1, and 1:2. The critical points are listed
isobutyraldehyde)y, (CO, + CsHe); A, (CO, + CO); x, (CO, + Hy); in Table 3. Because our primary goal was to construct the critical
—, curves fitted to experimental data. surface in the C@rich region, five mixtures at each molar ratio

The vapor-liquid equilibrium of the system CO+ H, has were studied with the mole fraction of GQarying between
been measured by Tsang and Sttt temperature from 220  0-71 and 0.96. Figure 5 shows the three projections of the ternary
to 290 K. The critical points were interpolated by these authors cfitical points. The ternary critical points for mixtures with the
from theirP—T—x data, covering compositions from 0.2675 to  Same ratio of CO to plall lie on a continuous line which starts

0.64 (mole fraction of H). According to their study, the GO from the critical point of pure C® A§ in the binary systems of
+ H, system shows type-Ill phase behavior in the Scott and CO2 + CO and CQ + H, the addition of CO+ Ha results in

Konynenburg classificatioh. This implies that there is no @ decrease ifi, but an increase iR.; that is, the slope of the
continuous critical locus at low temperatures. Our measurementscritical curve, ®./dT. is negative. Also, the absolute value of
determined the critical point directly for mole fractions of H  the slopeldPJ/dT| increases with decreasing ratios of C@:H

< 0.21 (i.e. at lower concentrations ob kthan used by Tsang This implies thaPc_ rises more rap|_dly compared to the decrease
and Streett). We found thaf. decreased slightly, buP. of Tc when the mixture is richer in 4

increased dramatically with the addition of Hrigure 4). These
results confirm our previous finding th&. can be used to
quantify small amounts of permanent gases, such as e, H  The reaction system discussed in this study is a six-component
and N, in CO,.#2%The critical line for the binary system GO mixture; therefore, it is quite impractical to measure phase
+ CO is also shown in Figure 4. Five different mixtures were giagrams to cover all compositions. Furthermore, apart from

Modeling

investigated with the mole fraction of C® 0.28. The critical  critical points, the phase boundary of the reaction mixture needs
curve starts from the critical point of G@nd extends to low  tg be known so that phase separation can be avoided when the
temperature. In contrast to GG Hy, T of the CQ + CO reaction conditions are very close to the two-phase region.

mixture decreases SUbStantIa”y with InCI‘eaSIng amounts of CO.Therefore’ in this Section, we use mode“ng to extend experi_

Since the triple point temperature of @(216.58 K) is much  mental information about the reaction system (eagitical
higher than the critical temperature of CO (132.95 K), no :
continuous critical line between two critical points are expected _ (52) Haselden, G. G.; Newitt, D. M.; Shah, S. Rroc. R. Soc. A195],
for this system 209 1-14.

Y ) . . (53) Haselden, G. G.; Snowden, Rans. Faraday Sod.962 58, 1515~

The system C@+ CsHg has been extensively studied>® 1528.

but most measurements have not focused on critical points. We  (54) Nagahama, K.; Konishi, H.; Hoshino, D.; Hirata, #.Chem. Eng.
Jpn. 1974 7, 323-328.

(49) Tsang, C. Y.; Streett, W. Ehem. Eng. Scil981 36, 993-1000. (55) Ohgaki, K.; Nakai, S.; Nitta, S.; Katayama,Hluid Phase Equilib.
(50) Kordikowski, A.; Robertson, D. G.; Poliakoff, M\nal. Chem1996 1982 8, 113-122.
68, 4436-4440. (56) Kaminishi, G.; Arai, Y.; Saito, S.; Maeda, $. Chem. Eng. Jpn.

(51) Winkler, C. A.; Maass, OCan. J. Res1932 6, 458-470. 196§ 1, 109-116.
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Figure 5. The critical points of the ternary system €® CO + Ha:
(a) P—x projection, (b)P—T projection, (c)T—x projection.a, CO:H,
= 1:2; O, CO:H, = 1.1, O, CO:H, = 2:1; —, curves fitted to
experimental data.

points) to a comprehensive vapdiquid equilibrium (VLE)
description of the critical region.

Ke et al.

Table 4. Pure Component Parameters for PeRpbinson
Equation of State

component TJK Pc/bar w
carbon dioxide 304.1 73.8 0.239
n-butyraldehyde 545.4 53.8 0.352
isobutyraldehyde 513.0 41.5 0.35
propené 364.9 46.0 0.144
carbon monoxide 132.9 35.0 0.066
hydrogeni 33.2 13.0 —0.218

a2 Reference 60.

160

5 120
0

—_—
Q

a° 80

40

CO,+CyHg]|
360

320
T, /K
Figure 6. Calculated critical loci for binary systems containing £0
H, critical point of CQ; O, (CO; + n-butyraldehyde)O, (CO, +
isobutyraldehyde)y, (CO, + C3He); 4, (CO, + CO); x, (CO, + Hy);

—, curves correlated by PR EOS with the binary interaction parameters
given in Table 5; - - -, the vapor pressure curve of pure.CO

280

the interaction parameters by minimizing the average absolute
deviation in pressure.

We have used the algorithm developed by Heidemann and Binary Interaction Parameters. The six components of our

co-worker§”58to calculate the critical points, which is based
on the Peng-Robinson equation of state (PR EG%gq 1. One

reaction mixture give rise to 15 possible binary mixtures.
Therefore, in principle, 15 binary interaction parametdg3 (

reason for selecting the PR EOS is that it requires comparatively are required to describe the phase behavior of a six-component

little input information. For pure substances, only three param-

eters (¢, P, and the acentric factor) are required to calculate
the parametera andb.

a

p— RT
v(v+b) +b(v—Db)

T v—b

@)

To extend this equation to mixtures, the van der Waals one-

fluid mixing rule is useda andb are calculated from the pure
substance parameters by the following equations:

a=3 Sxx(—k)@a)
T

b= inbi

wherey; is the mole fraction of componenta; andb; are the
pure substance parameters defined by Peng and Robifkpn.
represents the binary interaction parameter foii ttjgair. The
literature value® for the critical points and acentric factors of
the primary components in the reaction mixture are listed in
Table 4. The interaction parameters were directly fitted to the
experimental critical points of the binary systems when they
were available by using an optimization algorithm with the
weight factors suggested by Ko In other cases, bubble/

)

3

system.

Of these 15 mixtures, critical point data for five are reported
here, and data for a further mixture have been reported by us
previously* VLE data for a further four have been publisiétf?
and the value ok; for CO/H; is already availabl€® Three of
the remaining mixtures all involve thre and isobutyraldehydes,
and they can be reasonably approximated from the other
systems. The final binary is the mixture of the two aldehydes.

The binary critical points measured here have been used to
estimate the binary parameters for the systems €On-
butyraldehyde, C®+ isobutyraldehyde, CO+ CsHg, CO, +
CO, and CQ+ Hy. Figure 6 shows the calculated critical curves
of these five binary systems, and #reerage absolute déations
in percent(AAD%) for T, and P are listed in Table 6. It can
be seen from the Figure and the Table that the correlation
correctly reproduces the critical line in the g@ch region for
each system. The phase behavior of ,C® H, is more
complicated than that of the other four systems because of the
large size difference between molecules of,@@d H. Hence,
it has previously been found difficult to calculate the critical
locus of this binary system with simple mixing rul@sSs®

(62) Vasil'eva, I. I.; Naumova, A. A.; Polyakov, A. A.; Tyvina, T. N.;
Fokina, V. V.J. Appl. Chem. USSR989 62, 1755-1757.

(63) Vasil'eva, I. I.; Naumova, A. A.; Polyakov, A. A.; Tyvina, T. N.;
Fokina, V. V.J. Appl. Chem. USSR988 61, 404—406.

(64) Polyakov, A. A.; Tyvina, T. N.; Fokina, V. \. Appl. Chem. USSR

dew point data for the binary systems were employed to obtain 1989 62, 2209-2211.

(57) Heidemann, R. A.; Khalil, A. MAIChE J.198Q 26, 769-779.

(58) Michelsen, M. L.; Heidemann, R. AIChE J.1981 27, 521-523.

(59) Peng, D.-Y.; Robinson, D. Bnd. Eng. Chem. Fundani976 15,
59-64.

(60) Reid, R. C.; Prausnitz, J. M.; Poling, B. Ehe Properties of Gases
and Liquid 4th ed.; McGraw-Hill: New York, 1987.

(61) Kolar, P.; Kojima, K.Fluid Phase Equilib.1996 118 175-200.

(65) Williams, R.; Katz, D. L.Ind. Eng. Chem1954 46, 2512-2520.

(66) Knapp, H.; Doing, R.; Oellrich, L.; Pleker, U.; Prausnitz, J. M.
Vapor-Liquid Equilibria for Mixtures of Low Boiling Substan¢c&ECHE-
MA: Frankfurt/Mn., 1982.

(67) Valderrama, J. O.; Cisternas, L. A.; Vergara, M. E.; Bosse, M. A.
Chem. Eng. Scil99Q 45, 49-54.

(68) Huang, H.; Sandler, S. I.; Orbey, Hluid Phase Equilib.1994
96, 143-153.
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Table 5. Binary Interaction Parameterk;) for Peng-Robinson
Equation of State
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Table 6. Average Absolute Deviations in Percent for the
Calculated Results of Binary Systems

component component ki
CO, n-butyraldehyde 0.101
CO, isobutyraldehyde 0.052
CO, CsHs 0.067
CO, CcO —0.155
CO, H, 0.154
n-butyraldehyde isobutyraldehyde 0.0
n-butyraldehyde eHs 0.060'
n-butyraldehyde CcoO 0.037
n-butyraldehyde ] —1.12642-0.00276174
isobutyraldehyde € 0.060'
isobutyraldehyde  CO 0.087
isobutyraldehyde  H —1.12642+-0.002761 74
CsHs CcO —0.19¥¢
CsHs H> —0.20748-0.00155574
(6{0] H 0.1¢d

aThis value ofk; can only be applied to relatively dilute mixtures
H, in CO;, (see text)” Binary interaction parameter is temperature
dependentT is absolute temperature in Kfrom ref 66.9 Note that
this parameter is set to zero in our final model.

Nevertheless, we tried to fit our experimental data with a single
temperature-independent parameter because the mole fractio
of H, for our data never exceeds 0.21. Gratifyingly, the
calculated results showed acceptable deviations for hatimd
P.. However, it must be stressed that this interaction parameter
should not be applied to systems with a high mole fraction of
Ha.

For the binary systems, GG n-butyraldehyde and COt+
isobutyraldehyde, critical curves were correlated Vitfrequal
to 0.102 and 0.052, respectively (see Figure 6), somewhat
different from the values obtained by Guo and Akgerrffaim.
their elegant study, temperature-dependgnivere fitted to
partial molar volume data, 0.11 (4€), —0.15 (88°C) for COy/
n-butyraldehyde and 0.10 (4%C), —0.06 (88°C) for COy/
isobutyraldehyde. By contrast, we found no significant im-
provement in correlating our critical point data (i.e., bdth
and P with temperature-dependerj. Similar fits were
obtained for the system C® C3Hg, the critical points of which
have been published previousThe AAD% between calcu-
lated and experimental data were 0.2% Tgrand 3.9% forP.
(Table 6).

Interaction parameters for four further systems were estimated
by fitting literature VLE data. For the systemsbutyraldehyde
+ C3He88 and isobutyraldehyde- CO 84 acceptable fits were

number of  AAD%- AAD%-
systems points (T2 (Po)®

CO; + n-butyraldehyde 6 0.7 1.8

CQO; + isobutyraldehyde 5 0.3 1.6
CO, + C3Hs 6 0.4 0.6
CO,+ CO 5 0.5 2.0
CO, + H; 6 0.1 5.4
CO + CsHe® 5 0.2 3.9

a Average absolute deviations in percent for critical temperatures.
b Average absolute deviations in percent for critical presstirgsing
critical points from ref 40.

interaction parameters. The AAD% between experimental and
calculated critical points are given in Table 7. The calculations
predictT, for 63 experimental points with an average absolute
deviation of only 0.3%, while the average absolute deviation
for P calculation is 3.0%. The comparison between prediction
and experiment is also shown graphically in Figure 7. Itis clear
that the PR EOS provides good predictions for bbffand P,

even when the mixtures have six components and large size
differences between the molecules. Noticeable scatter only exists

h the critical pressure of the two mixtures with high mole

fractions of CO+ Ha. It is not easy to judge whether this
difference is due to inaccuracies of the model or to experimental
error for systems with large amounts of permanent géses.
The PR EOS with 15 parameters is cumbersome. Therefore,
we examined the effect of reducing the number of the empirical
parameters in the model. For most of the reaction mixtures, the
mole fraction of CQ is greater than 0.80. Since the mole
fractions of GHe, CO, H,, n-, and isobutyraldehyde are all much
smaller, these five components could be regarded merely as
solutes. Then, the binary interaction parameters between CO
and individual solutes would be much more important than those
between any two solutes. Therefore, a reduced set of parameters
was obtained by setting all of the binary interaction parameters
not involving CQ to zero and using the values given in Table
5 for the remaining five parameters involving @€OThe
predictions of the full and reduced sets of parameters were then
compared. As might be expected, the differences between the
two calculated results increase with but they are still small.
For example, whernyo = 0.20, the maximum differences are
0.17 K inT. and 0.41 bar irP.. Indeed, the experimental data
are fitted equally well by both sets of parameters. Thus, ignoring
kj for those pairs without C©does not impair the quality of

obtained with temperature-independent parameters. For theine model predictions. Therefore, the reduced set (five interac-

systemsn-butyraldehyde+ H,62 and GHg + H,,%° the data

tion parameters) was adopted to carry out the remaining

could only be fitted using temperature-dependent parameters,.5|culations.

kj = K + KT, whereT is the absolute temperature akfoand
j are constants. In the absence of literature data for isobu-
tyraldehyde+ CzHg and n-butyraldehyde+ CO and isobu-
tyraldehyde+ Hy, kj were given the same values as for the
other isomer.
The interaction parameter for CO/ivas set equal to 0.1,
the literature valu€® Finally, because of the similarity of

CO3 + CO + Ha. The calculated critical points of GO+
CO + H, are plotted in &, T, X539 phase cube, Figure &3
is defined as the overall mole fraction of CO on a L£te@e
basis, as proposed by Kordikowski and SchnefdeFor
comparison, the experimental ternary data and two correspond-
ing binary critical curves are also depicted in Figure 8. The

three quasibinary mixtures witt5 of 0.33, 0.50, and 0.67 can

n-butyraldehyde and isobutyraldehyde the interaction parameterpe seen clearly in the phase cube. Although a 3-D figure does
between them was set to 0. Table 5 summarizes all of the not show the deviation between the experimental and calculated
interaction parameters obtained from the binary systems con-yajues very clearly, it does provide important information about
sidered in this study. the multicomponent mixture, namely possible pressure maxima

Critical Points of Multicomponent Systems.Our experi- ~ or minima in the critical surface. Figure 8 confirms that no
mentally determined critical points for the multicomponent pressure maxima or minima occur in the critical surface as the
systems were used as a test of the PR EOS with the obtainedratio of CO:H is changed.

(69) loannidis, S.; Knox, D. Brluid Phase Equilib1999 165, 23—40.
(70) Guo, Y.; Akgerman, AJ. Chem. Eng. Datd998 43, 889-892.

(71) Kordikowski, A.; Schneider, G. Mrluid Phase Equilib1993 90,
149-162.
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Table 7. Average Absolute Deviations in Percent for the Calculated Results of Multicomponent Systems

systems number of components  number of points  AADY( AAD%(P.)°
CO; + n-butyraldehydet isobutyraldehyde 3 4 0.6 1.8
CO,+ CO+ H; 3 15 0.4 45
CO, + C3Hg + CO* 3 4 0.2 16
CO, + C3Hg + Ht 3 2 0.5 45
CO, + CgHg + CO+ H* 4 26 0.2 25
CO; + n-butyraldehydet isobutyraldehyde- CsHg + CO + H, 6 12 0.3 2.8
all systems - 63 0.3 3.0

2 Average absolute deviations in percent for critical temperatlirdgerage absolute deviations in percent for critical pressuigsperimental
critical points with different ratio of gHs:CO:H, see ref 439 Total number of the critical points.AAD%(T,) for all critical points.f AAD%(P)

for all critical points.
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Figure 7. Comparison of the experimental and predicted critical
points: O, (CO, + n-butyraldehydet isobutyraldehyde)p, (CO, +
CO+ Hz); <>, (COZ + C3H5 + CO), =+, (COZ + C3He, + Hz); X, (COZ

+ C3Heg + CO + Hy); %, (CO, + n-butyraldehydet isobutyraldehyde

+ C3He + CO + Hy). The solid line is drawn to emphasize that there
is a systematic deviation in the calculated values for the system CO
+ CO + H; at higher mole fractions . calculation of syngas.
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Figure 8. Calculated critical points of the ternary system £OCO
+ H,. The critical surface displayed in R, T, x° phase cube.
Experimental critical points are labeled:, (CO, + CO); v, (CO, +
Hg); X, (COZ + CO+ Hg).

Six-Component Reaction Mixtures. Figure 9 shows the
predicted critical points of the full six-component reaction
mixture as a function oft, the conversion. The dashed lines
indicate mixtures with the samg. Although the predicted
results from the PR EOS do not coincide exactly with the
experimental critical data, the deviations are small, and more
importantly, changes in the critical points during the reaction
process are simulated correctly. Furthermore, the calculate
results show that the PR EOS is capable of predicting the
crossover point of the critical temperature with respect {of.
Figure 3a), wherd for all mixtures is the same as that of pure
CO,, 304 K, ato. = 0.14. The model also predicts that there
will be a pressure maximum for each reaction mixture but the

predicted maximum occur at a somewhat higher conversions,

~+0.2, compared to the experimental data.

P /bar

Figure 9. Calculated critical points of the six-component reaction
mixture. The solid lines indicate the mixture with the same conversion,
and the dashed lines link the mixtures of conspant, experimental
critical points taken from Figure 3.

Controlling the Phase Behavior of Reaction Mixtures. (a)
Keeping a Reaction Mixture in a Single PhaseThe previous
sections have shown that the critical temperatures and pressures
of the reaction mixtures change substantially during the reaction.
Here we consider how a mixture can be kept in a single phase
throughout the reaction. The problem is that a mixture can
separate into two phases at temperatures and pressures other
than T, and P. by crossing the vapor/liquid-phase boundary.
We begin by using our model to calculate how the phase
boundary changes during the reaction.

An efficient procedure described by Micheléémwas used
to construct the phase boundar? {ersusT at a fixed
composition). The mole ratio of #£CO:H, and of two
butyraldehydes were kept at 1:1:1 and 8:1, respectivelyyand
was fixed at 0.20. Figure 10a presents the calculated phase
boundaries for a number of mixtures withranging from 0 to
1. The calculated and experimental critical points of the mixtures
are shown as the solid and open points, respectively. For the
mixture CQ + CzHg + CO + H; (i.e., a = 0), the critical
point is located at the head of tie-T loop, and it is close to
the point of maximum temperature. However, the critical point
for mixtures with largex are located far below the temperature
maximum. It should be noticed that the critical point is neither

dthe point of maximum pressure, nor that of maximum temper-

ature in theP—T phase diagram (Figure 10a). In factpat 1,
the location of the critical point means that there is a large area
of P, T space in which retrograde condensation can occur.

(b) Continuous Reactions. We now consider how the
reaction mixture can be kept as a single phase throughout the
reaction (i.e., frono. = 0 to a = 1). We begin by considering

(72) Michelsen, M. L Fluid Phase Equilib.198Q 4, 1-2.
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Figure 11. Density dependené§on conversion at 361 K: the initial
total mole fraction is 0.20, and the molar ratigHg:CO:H, and
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Figure 10. Calculated phase boundary for the six-component reaction [0)
mixture: the initial total mole fraction is 0.20, and the molar ratible o
CO:H; andn-butyraldehyde:isobutyraldehyde is 1:1:1 and 8:1. (a) Phase 0.0 . i an 0 L -
boundary at different conversion- R, a = 0; - - -, a = 0.30; -, a0 300 330 360 390
= 0.49;— :—, o= 0.75;— P, . = 1.00. Solid symbol®, represent T/K
the calculated critical points, which lie on the calculated phase boundary _. . . -
. X o Figure 12. Density® at the phase boundaries shown in Figure $0:
under each conversion. Open symto|sepresent experimental critical RO=0 - =030 o= 049 —— g =0.75—P, o=

points for the corresponding conversion. (b) The envelope of the global

. . . 1.00.74,75
two-phase region during the reaction.

a reaction carried out under conditions of constant pressure aspy ~50% in the course of the reaction. This implies that, for a
for example, in a flow reactor. To do this we construct an reaction run in a tubular flow-reaction, the density of the mixture
unusual type of phase diagram by drawing the overall envelopewill increase substantially along the length of the reactor with
of all the two-phase regions in Figure 10a to give the curve in a corresponding reduction in linear velocity of the mixture
Figure 10b. The gray region of Figure 10b now represents the through the reactor.

area ofP, T space in whicha reaction mixture will be two- (c) Reactions under Batch ConditionsThe majority of SCF
phase at some moment during the reaction reactions, including most of the published studies on the

Three points have been highlighted in Figure 10b. Point A is hydroformylation of GHs, are currently run as batch processes
a temperature maximum 384 K, above which the reaction in a sealed autoclave. This means that the pressure cannot be
mixture will always be a single phase irrespective of the held constant in a reaction such as this where a gas (or gases)
pressure. Point B is a pressure maximum, 126 bar, above whichare consumed. Instead, batch reactions are run under conditions
the mixture will be single phase at any temperature above 280 of constant densityp. Figure 10a can only be applied to batch
K (the lower-temperature limit of this Figure). Of course, in reactions, ifT > 384 K, where the reaction mixture is the single-
both cases, the single phase will not necessarily be “supercriti- phase irrespective of pressure. For lower temperatures, one needs
cal”, in that the density could be much lower (or higher) than to consider a quite different diagram, Figure 12, involving
the critical density of the mixtures. The third point C (304 K, andT.

104 bar) is particularly interesting because it shows the lowest  Figure 12 shows the-T phase boundary for the same reaction
pressure which can be used at any temperature below 304 K.mixture as that used to construct tRe-T phase boundary in
However, if the temperature is either higher or lower than 384 Figure 10 over the same rangecfFor a given value of, the

K, the mixture will enter two phases at some point in the mixture will split into two phases when overall density and
reaction. It must be stressed that all of these conclusions applytemperature are located inside the phase boundary. Again, the
to just one initial mole fraction of reactants, 0.2. However, a point A indicates the temperature maximum, 384 K, above
similar analysis could obviously be applied to other concentra- which the reaction mixture will be homogeneous irrespective
tions. of density.

This analysis has considered a reaction being carried out under Unlike theP—T boundaries (Figure 10a), theT boundaries
constant pressure. However, the reaction consumes COand H for the mixtures with differentt do not intersect in the critical
both of which make major contributions to the pressure of the region. The size of the-T loops increases with. This implies
system. Thus, pressure can only be maintained if the density ofthat the reaction mixture will always be homogeneous as the
the system rises as the reaction proceeds. Figure 11 indicateseaction proceeds if the overall density and temperature are
how the density increases as a function affor reactions run outside the two phases region for the final mixture veith 1.
at three different pressures at 361 K. In each casecreases Thus, at any given temperature, the overall density for the
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mixture with oo = 0 must be high enough to ensure that it (2) We have introduced a new type of phase envelope, see
exceeds the density needed to make the final mixtore (1) Figure 10b, which defines the boundary inside which a reaction
single phase at that temperature. This is not an easy conditionmixture will separate into gas and liquid phases at some point
to satisfy because the pressure needed to the required densitduring the reaction.

for o= 0 may be quite high. For example, at 361 K, the density  (3) we have shown that different experimental strategies may
at the phase boundary is 0.38 g chfor the mixture witha = he needed to keep a mixture in one phase in batch reactors and
1, and an initial pressure 200 bar is needed to achieve this iy continuous reactors. In general, for reactions such as this one

(see Figure 11). By contrast, Figure 10b shows that only 126 jnyolving permanent gases, a significantly higher initial pressure
bar is needed to keep the reaction mixture in a single phasemay be needed for batch reactions.

under conditions of constant pressure as in a flow reactor at
this temperature (point B).

Therefore, at a given temperature, a batch reactor may nee
to be run under much higher pressures than a flow reactor if
single-phase conditions are to be preserved throughout theIess time-consuming.
course of the reaction. This conclusion assumes that no more

syngas is added as the reaction proceeds. Such an addition might We hope that our results W'l.l encourage othe_rs o tackle the
well be a useful strategy on chemical grounds, but addition of problems of the phase behavior of reaction mixtures because

CO and H will probably reduce the miscibility of the system W€ Delieve that control of phase behavior is one of the keys to
even further. controlling chemical reactions in supercritical fluids. Currently,

we are extending the work to the hydrogenation of progéne.

(4) We have demonstrated that acoustic techniques can
rovide a major body of data on critical points in a reasonable
ength of time. These measurements have agreed well with more
conventional measurements in view cells but are considerably

Conclusions
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