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Abstract

The rate constants for the Diels-Alder reaction of isoprene with
maleic anhydride in supercritical carbon dioxide were measured. The
temperatures of the measurement were at 308.2, 313.2 and 318.2 K and the
pressure range was from 7.5 to 14.1 MPa. A batch reactor used was
connected to the Fourier transform infrared (FT-IR) spectroscopy, so
that the amount of product can be measured without sampling. The
concentrations of product were measured for about 30 to 40 hours at
interval of several hours. The reaction rate constants were determined
based on the second order reaction relationship. The reaction rate
constants at high pressure region coincide with the literature data. The
rate constants near the critical pressure of carbon dioxide are several
times higher than those in high pressure region at each temperature. It is
considered that reaction rate enhancement near the critical pressure is
resulted from the local composition enhancement due to density fluctua-
tion because molecular collision would be more frequently. The rate
constants obtained were correlated using the transition-state theory
coupled with a local composition model by using the Peng-Robinson (PR)
equation of state. The correlated results showed a good agreement with
the experimental results.

Keywords: Supercritical carbon dioxide, Diels-Alder reaction, Reaction
rate, Critical region

* Graduate Student, Department of Chemical Engineering (now with Dainichi-Seika Color &
Chemicals MFG. Co., Ltd.)
** Graduate Student, Department of Chemical Engineering (now with Nippon Sheet Glass Co.)
*** Graduate Student, Department of Chemical Engineering
k% Agsociate Professor, Department of Chemical Engineering
T Professor, Department of Chemical Engineering



162 N. ToH. S. Mori, K. Souxo, Y. Iwvar and Y. ARAI

1. Introduction

Supercritical fluid technology has received much attention in many fields. To date, it has
been actively applied and used commercially in extraction, fractionation and purification
processes. Particularly, supercritical carbon dioxide (critical pressure pc = 7.38 MPa and
critical temperature 7c = 304.2 K) is often used because it can be used under relatively mild
condition. Recently, it has been recognized that supercritical fluids offer unique environment
for reaction processes and also provide advantages for carrying out chemical reactions
(Savage et al., 1995). Furthermore, the enhanced reaction rate can be expected in the
vicinity of critical point. The authors selected the Diels-Alder reaction as a model reaction
to examine the reaction mechanism in the vicinity of the critical point. The following
Diels-Alder reaction of isoprene with maleic anhydride in supercritical carbon dioxide was
considered.
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This reaction is suitable for fundamental studies because it is a well-characterized
reaction system with no significant side reactions. The rate constants obtained were
correlated by the transition-state theory coupled with a local composition model.

2. Experimental

2.1 Materials

Reagent-grade isoprene (more than 95.0 9% supplied by Wako Pure Chem. Ind.) and
reagant-grade maleic anhydride (more than 99.0 9 supplied by Wako Pure Chem. Ind.) were
used. High-purity carbon dioxide (more than 99.9 % supplied by Sumitomo Seika Co.) was
used as received. High-purity nitrogen (more than 99.9 95 supplied by Sumitomo Seika Co.)
was used as purge gas.

2.2 Apparatus

A conventional batch-type apparatus was constructed to measure the rate constants of
isoprene-maleic anhydride Diels-Alder reaction. The schematic diagram of the apparatus is
shown in Fig. 1. The apparatus consisted of a gas cylinder (1), a cooling unit (4), a feed
pump (5), a preheating coil (7), a circulation pump (9), a water bath (14: controlled within +
0.1 K), a digital pressure meter (16: IIPO precision transducer, Dresser Industries Inc. Heise
Plant), an injector (18), a precision Bourdon gauge (19: NKS type, Nagano Keiki Co.), and
a back pressure regulator (V2). A reaction cell (11: Taiatsu Techno Co.) was made of
SUS316, and equipped with two sapphire windows. The inner diameter, length, and volume
of the cell were 18.0 mm, 102.2 mm, and 26.0 mL, respectively. A FT-IR (10: Fourier
transform infrared: FTIR-8300, Shimadzu Co.) spectroscope was equipped with a MCT
(mercury-cadmium-telluride) detector and a high-pressure optical cell (Shimadzu Co.). The
optical path length of the optical cell was 5.0 mm. The windows of the optical cell were made
of ZnSe. The diameter and thickness were 8.0 mm, respectively. The temperature of the
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1. Gas cylinder 12. Flexible heater

2. Dryer 13. Trap

3. Filter 14. Water bath

4. Cooling unit 15. Pressure meter

5. Feed pump 16. Digital pressure meter
6. Safety valve 17. Flow meter

7. Preheating coil 18.  Injector

8. Check valve V2. Back pressure regulator
9. Circulation pump V12. Expansion valve

10. FT-IR V1, V3-V10. Stop valve

11. Cell with glass window

Fig. 1 Experimental apparatus for measurement of
reaction rate in supercritical carbon dioxide.

optical cell was maintained by water pumped from the water bath (14). The FT-IR was
connected with the reactor directly. The IR spectra of product can be measured without
sampling.

2.3 Procedure

The rate constants of the Diels-Alder reaction were measured at 308.2 K under 7.5-14.1
MPa, at 313.2 K under 8.0-14.1 MPa, and at 318.2 K under 10.0-14.1 MPa. The experiment was
carried out as follows. Carbon dioxide supplied from the gas cylinder (1) was liquefied
through the cooling unit (4) and directed to the feed pump (5). The back pressure regulator
(V2) was used to maintain a constant pressure inside the system. The liquefied carbon
dioxide was sent to the preheating coil (7), and it became a supercritical fluid. The valve
(V6) was opened and supercritical carbon dioxide was introduced to a fluid circulation part.
The part consisted of the circulation pump (9), the cell with sapphire windows (11), and the
FT-IR spectroscope (10). The pressure of the circulation part was measured by the digital
pressure meter (16) and the precision Bourdon gauge (19). The uncertainty on pressure
measurements was estimated to be less than +0.025 MPa. The circulation pump (9) was
used to mix a supercritical fluid in the circulation part. The volume of the circulation part
was 0.109 L.

A known amount of maleic anhydride was placed in the cell (11). Air in the cell was
purged with carbon dioxide under atmospheric pressure. Pressurized carbon dioxide was
then charged into the cell, and the pressure was monitored by the digital pressure meter (16).
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The pressure in the cell was regulated to experimental pressure with additional carbon
dioxide under experimental temperature. When maleic anhydride was dissolved in carbon
dioxide, a known amount of isoprene was added into the cell from the injector (18). Every
0.5 - 4.0 h, the FT-IR spectroscope (10) purged with dry nitrogen was used to obtain all IR
spectra. The IR spectra were measured at 1 cm ! wavenumber resolution to obtain the
desired signal-to-noise ratio. The molarities of product were determined by the absorption
at 1171 cm~*. The reaction was carried out in a single phase throughout the reaction which
was confirmed by observation through the sapphire windows of the reaction cell (11).

3. Results and discussion

Based on the second-order reaction relationship, the rate constant #. is given by

o Coo Cro— C)
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where Cio and Ca are the initial molarity of maleic anhydride (1) and isoprene (2), respec-
tively. C, is the molarity of the product (4) and ¢ is the reaction time. The right hand side
of Eq.(2) was plotted against ¢ and the value of k. was determined as the slope.

The Diels-Alder reaction rate constants at 308.2, 313.2 and 318.2 K in supercritical carbon
dioxide are presented in Table 1 and Fig. 2. As shown in Table 1, the rate constants at the
same pressure near the critical point were not the same values. The main reason of the
results would be the dramatical density change with slight change of pressure, because the
density fluctuations of reaction mixtures become large near its critical point. The uncer-
tainty on pressure mearurements of the present apparatus was estimated to be less than +
0.025 MPa. It was difficult to regulate the same experimental pressure near the critical point.
The results reported by Alexander (1985), and Paulaitis and Alexander (1987) are also
plotted in Fig. 2. The present data are in good agreement with the literature data in the
pressure range higher than 7.8 MPa at 308.2 and 318.2 K. As a result, the soundless of the
method and the performance of the apparatus were verified. As shown in Fig. 2, the rate
constants have a tendency to increase near the critical pressure of carbon dioxide. The
increases in rate constants near critical pressure of carbon dioxide are also investigated for
the other reaction systems by Thompson et a/. (1999) for the Diels-Alder reaction of
anthracene with 4-phenyl-1,2,4-triazoline-3,5-dione and by Ellington ef «l.(1994) for the
esterification of phtalic anhydride with methanol. Figure 3 shows the rate constants for the
three reaction systems. The pressure dependences of rate constants near the critical pressure
are very similar even if the reaction systems are different.

Table 1 Rate constants for isoprene-maleic anhydride Diels-Alder reaction in
supercritical carbon dioxide.

3082 K 3132 K 3182 K
p[MPa] ZJ]Lsmol~'«h"'] p[MPa] #kJL+mol*<h!] p|[MPa] kL mol '+h ]
7.5 0.51 8.0 1.61 10.0 0.43
7.6 0.43 8.0 1.57 11.7 0.41
8.0 0.17 8.0 1.43 14.1 0.36
10.0 0.18 10.0 0.32
11.7 0.18 11.7 0.29

14.1 0.18 14.1 0.30
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Fig. 2 Rate constants for isoprene-maleic anhydride Diels-Alder
reaction in supercritical carbon dioxide.
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Fig. 3 Rate constants for the three reaction systems in
supercritical carbon dioxide.

Nishikawa and Tanaka (1995) measured the density fluctuations of supercritical carbon
dioxide in the vicinity of critical point. The density fluctuations were found to form a ridge
along the extension of coexistence curve of gas and liquid to the supercritical region as shown
in Fig. 4. The dotted curves represent the contour line of the density fluctuation. The
number on the lines represent their values. The ridge shown in Fig. 4 is the locus of the points
where the values of the density fluctuation are at their maximum in isothermal change. The
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Fig. 4 Phase diagram and contour lines of density fluctuation

for carbon dioxide near the critical point (Nishikawa
and Tanaka, 1995).

ridges are 8.00 and 8.85 MPa at 308.2 and 313.2 K, respectively. These values are plotted in
Fig. 2. As shown Fig. 2, the points at the beginning of reaction rate enhancements corre-
spond to the ridges. Nishikawa and Morita (2000) also reported that the rate constants of
various chemical reaction in supercritical fluids show singular behavior on the ridge. The
singularity means maximum, minimum, or inflection point of the rate constants and depends
on particular reaction. Ellington et «l. (1994) attribute the reaction enhancement to the
effect of local composition. Local composition would be higher in the high density fluctuation
region. In higher local composition region, molecular collisions and interactions seem more
frequently. This may be one of the reasons why the reaction rates increase in the vicinity of
the critical point.

4. Correlation

By using the transition-state theory (Weinstein ef «l., 1996), an expression for the
pressure dependence of reaction rate constants has been derived as follows (Toh et al., 2001).

WAoo S (TGRS ZL e @

where £."( T, p) is the reaction rate constant based on the transition-state theory and p* and
T* are the arbitrary reference pressure and temperature, respectively. In this study, p*=11.7
MPa and 7*=308.2 K were chosen. The enthalpy of activation AH™ can be evaluated by
Arrhenius plot of the experimental data. The value was determined as 65.55 kJ-mol™'. The
fugacity coefficients ¢; (1: maleic anhydride, 2: isoprene, 4: activated complex) and the
compressibility factor Z were calculated by the following Peng-Robinson equation of state
(Peng and Robinson, 1976) with the conventional mixing rules.
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where
a=0.45724 R* T# /pc (5)
b=0.07780RT¢/pc (6)
a=[1+m{1—(T/Tc)"})? (7)
m=0.480+1.574w—0.176 ®* (8)

and for a mixture of maleic anhydride (1) + isoprene (2) + carbon dioxide (3) + activated
complex approximated by product (4).

(aa)nggyiyj(aw)ij, (aa/)l;,-:v(aa/ii,-( aaijj 9
bmzzi‘.yibi (10)

According to progress of the reaction, the compositions of reactants should be changed.
However, the composition changes give no significant effect on the calculated results because
the amounts of reactants are extremely small in this experiment. Table 2 shows the critical
constants pc, 7Tc and the acentric factor w. The critical constants and the acentric factors for
maleic anhydride and activated complex (approximated by the product) were estimated by
the Lydersen’s group contribution method (Reid ef «l., 1987). According to Ellington et al.
(1994), k™(T,p) was modified as follows by using local properties, because the local
compositions are expected to be much different from the bulk compositions near the critical
point. It is noted, in this experimental condition, that the concentration of isoprene is much
higher than that of maleic anhydride and therefore the local mole fraction of isoprene around
maleic anhydride molecules becomes larger than bulk phase mole fraction.

KT, p)= kT, D) £ |2 an

where p means the molar density of mixture which can be evaluated by the following mole
fractions (bulk properties).

n=ya=—T7271x10°+1.380X 10~*p—5.076 X 10~°p? 1)
:=1.868 X 1072+3.366 X 10~*p —9.908 X 10~ -

Table 2 Critical constants pe, 7¢ and acentric factors w{(Reid et al., 1987).

Component pc[MPa] TcK] wl-]
1) Maleic anhydride* 5.99 723.1 0.454
2) Isoprene 3.85 484.0 0.164
4) Carbon dioxide 7.38 304.1 0.239
5) Activated complex** 3.61 849.1 0.589
*Estimated by the Lyderson’s group contribution method (Reid ef al.,

1987).
**Activated complex was approximated by the reaction product and its
properties were estimated by the Lydersen’s group contribution method.
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Bs=l—pi—yo— s (14)

Egs.(12)-(14) are empirical expressions given by curve fitting for the mole fractions obtained
with assumption of 50 9 conversion at each pressure and they are adopted as the representa-
tive mole fractions of the mixture. Ellington ef al.(1994) observed the local compositions of
methanol around phenol blue in supercritical carbon dioxide by using a solvatochromic
technique. Their data suggest the following empirical expression for the local composition.

local

= o] -

where £ and p™ are the empirical parameters. The parameter p* should be adjusted as y2'°*

— y, when p(p>pc) — p=. In the present correlation, p* is assumed to be equal to p* for
simplicity. Therefore, the experimental 4. (11.7 MPa and 308.2 K) datum was adopted.
Using #2°*® calculated by the Eq.(15), ¢'°* can be obtained by the PR equation of state with
the conventional mixing rules and the following local mole fractions.

yllocal: yl (16)
yslocal — 1 _ yllocal . yleCal _ y4local (17)
y410ca1 =y ( 18)

The value of 8 was determined to give good representations of k., and was found to be
7.0.

As shown in Fig. 2, the correlated results are in good agreement with the experimental
data. It is noted that the effect of local mole fraction is important to represent the marked
enhancement of rate constants near the critical point.

Conclusions

The rate constants for Diels-Alder reaction of isoprene with maleic anhydride in super-
critical carbon dioxide were measured at 308.2, 313.2 and 318.2 K including critical regions by
using a batch reactor equipped with FT-IR spectroscopic detector. The reaction rate
constants obtained are almost independent of pressure at high pressure region higher than 10
MPa. However, it is noted that the rate constants show a tendency to increase near the
critical pressure of carbon dioxide. The pressures at the beginning of reaction rate constant
enhancement correspond to the ridges which are the locus of the points where the density
fluctuations are at their maximum in isothermal change. Further, the rate constants obtained
could be correlated by the transition-state theory coupled with a local composition model.
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Nomenclatures

[Pa*m®+mol?]

[m®+mol ']
[mol-L1]
[J+mol™]

[Lemol '+h™']
[-]

[Pa]

[Jemol 1K-1]
[K]

[h]

[-]

[-]

a = energy parameter in PR equation of state
b = size parameter in PR equation of state

C = molarity

AH?* = enthalpy of activation

ke = rate constant (molar concentration basis)
m = parameter given by Eq.(8)

D = pressure

K = gas constant

T = temperature

t = reaction time

Y = mole fraction

Z = compressibility factor

a = parameter given by Eq.(7)

A = empirical parameter in Eq.(15)

0 = molar density

¢ = fugacity coefficient

@ = acentric factor

Subscripts

0 = initial condition (#=0)

1 = maleic anhydride

2 = isoprene

3 = carbon dioxide

4 = activated complex (approximated by product)
C = critical property

Z, j = components 7 and j

m = property of mixture

Superscripts

* = reference state (arbitrary)

oo = high pressure region where local property approaches bulk property
local = local property

TS = transition theory

References

Alexander, G. C. ; “Thermodynamic solvent effect on a Diels-Alder reaction in supercritical

carbon dioxide”, Ph. D. thesis, Univ. of Delaware (1985)

Ellington, J. B., K. M. Park and J. F. Brennecke; “Effect of local composition enhancements
on the esterification of phtalic anhydride with methanol in supercritical carbon dioxide”,

Ind. Eng. Chem. Res. 33, 965-974 (1994)

Nishikawa, K. and T. Morita; “Inhomogeniety of molecular distribution in supercritical

fluids”, Chem. Phys. Lett. 316, 238-242 (2000)

Nishikawa, K. and I. Tanaka; “Correlation lengths and density fluctuations in supercritical



170 N. Tos, S. Mory, K. Souno, Y. Iwal and Y. ARAI

states of carbon dioxide”, Chem. Phys. Lett. 244, 149-152 (1995)

Paulaitis, M. E. and G. C. Alexander; “Reaction in supercritical fluids. A case study of the
thermodynamic solvent effect on a Diels-Alder reaction in supercritical carbon dioxide”,
Pure Appl. Chem. 59, 61-68 (1987)

Peng, D. -Y. and D. B. Robinson; “A new two-constant equation of state”, Ind. Eng. Chem.
Fundam. 15, 59-64 (1976)

Reid, R. C., J. M. Prausnitz and B. E. Poling; “The properties of gases and liquids”, 4th ed,,
McGraw-Hill, New York (1987)

Savage, P. E., S. Gopalan, T. I. Mizan, C. J. Martino and E. E. Brock; “Reactions at
supercritical conditions: applications and fundamentals” AIChE J. 41, 1723-1726 (1995)

Thompson, R. L., R. Glaser, D. Bush, C. L. Lootta and C. A. Eckert; “Rate variations of a
hetero- Diels-Alder reaction in supercritical fluid CO,”, Ind. Eng. Chem. Res. 38, 4220~
4225 (1999)

Toh, N., H. Y. Shin, S. Mori, Y. Iwai and Y. Arai; “Comment on “Effect of local composition
enhancements on the esterification of phthalic anhydride with methanol in supercritical
carbon dioxide””, Ind. Eng. Chem. Res. 40, 4482-4483 (2001)

Weinstein, R. D., A. R. Renslo, R. L. Danheiser, J. G. Harris and J. W. Tester; “Kinetic
correlation of Diels-Alder reactions in supercritical carbon dioxide”, /. Phys. Chem. 100,
12337-12341 (1996)



