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Abstract

In a two-phase (supercritical fluid–fluid) system, the rate of conversion of a bimolecular reaction A + B → AB reacting in
the layer adjacent to the interface and in the bulk phase was determined. The mass transfer associated with the chemical reaction
was measured in a stirred and thermostatically controlled cell varying reaction temperature, pressure and stirring speed. As
model system, the Diels–Alder reaction between 9-hydroxymethylanthracene and maleic acid was chosen in the solvent pair
supercritical propane/water. The cell was developed for high pressures and temperatures. The reaction was monitored in both
phases with on line UV-spectroscopy. The experimental results are compared to simulated data obtained by using a film
model. An improved theoretical model describing the changes in concentration of the reactants in the two phases is presented.
© 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Heterogeneous two-phase systems with chemi-
cal reaction are of increasing importance in indus-
trial processes [1–3], e.g., in solvent extraction and
phase-transfer catalysis with key applications in
(petro)chemistry, biotechnology and environmental
areas. Although the kinetics of the mass transfer be-
tween two phases and simultaneous chemical reaction
have been actively studied [3], a systematic investiga-
tion on the influence of temperature, pressure and flow
conditions on the portion of conversion of a chemical
reaction, which occurs in the interfacial region, has
not been reported so far and is the aim of this work.
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The overall process of mass transfer with simultane-
ous chemical reaction A + B → AB can be described
by four elementary steps [4]:

1. Diffusion of reactant A from the bulk of phase I to
the interface between the two phases.

2. Diffusion of reactant A from the interface to the
bulk of phase II (in the specific case B does not
enter phase I).

3. Chemical reaction in the layer adjacent to the
interface and within phase II.

4. Diffusion of reactants initially present within phase
II.

If step 1 is rate determining, the overall rate is
not influenced by the chemical reaction. The analysis
of mass transfer with chemical reaction is of interest
when the overall phenomenon resulting from steps 2–4
is rate-controlling. An increase in the total area of the
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interface or in the solubility of compound A in phase II
will lead to an increased reaction rate, if step 2 is rate
determining. The hydrogenation of fats and oils is a
well-known example, where the rate is increased dra-
matically in comparison with traditional hydrogena-
tion techniques (approximately by a factor of 1000) by
adding supercritical propane to the reaction mixture
[5]. Here, the low solubility of hydrogen in oils and
the limited transport through the gas/oil/catalyst inter-
face restricts the maximum possible reaction rates.

Generally, in two-phase fluid/fluid systems the
chemical reaction A + B → AB may occur at the
phase boundary between the fluids containing A and
B, or in the main body of the fluid (phase II), or
both within the film and the main body of the fluid.
The kinetic regime for mass transfer and reaction in
two-phase systems depends on the relative rates of
reaction and mass transfer [6]. These relative rates
varying from one extreme to the other may be ex-
pressed with the dimensionless characteristic Hatta
number (Ha) [3].

Ha = DA kII cB,II

βA,II
(1)

Here DA is the molecular diffusivity of A, kII the
chemical rate constant in phase II, cB,II the concen-
tration of B in phase II and βA,II the mass-transfer
coefficient of A (side to phase II). For moderately fast
reactions (0.3 < Ha < 3), the rate of reaction is of
the same magnitude as the mass transfer. Since Hatta
reported the first major analysis of this problem in the
late 1929 [7], general rate expressions for this regime
are nowadays still unavailable.

2. Choice of the two-solvent system and the
chemical reaction

Supercritical propane and water were chosen as sol-
vents in the two-solvent system. The large difference
in density between supercritical propane and water
ensures a stable interface between the two phases. A
characteristic feature of solvents in the supercritical
region is that their compressibility is large. Small
changes in the pressure result in large changes of the
density and, hence, of the solubility of various solutes.
Whereas density and solvent power of supercritical
fluid phases are comparable to those of liquids, diffu-

sion coefficients and viscosities resemble more those
of gases. As a consequence, rather large diffusion coef-
ficients and low viscosities are found in the fluid phase
[8]. For this study, the Diels–Alder reaction between
9-hydroxymethylanthracene (A) and maleic acid (B)
was chosen as a moderately fast reaction. Note that
the use of water as solvent in organic chemistry for
irreversible second-order Diels–Alder reactions was
rediscovered some years ago [9]. The concentration
of A can easily be determined by UV-spectroscopy.
In contrast to reactant A, which is soluble in both
phases (more in supercritical propane than in water),
reactant B is exclusively dissolved in water.

3. Experimental

3.1. The two-phase stirred cell for high pressure
application

Fig. 1 shows the experimental setup. The central
part is the stirred cell suitable for operation under
high pressures and temperatures (Fig. 2) with the
online-analytical equipment for UV-spectroscopy
[10]. The stirred cell employed for the investigation
is a further development of a cell built by Nitsch and
Kähni [11] modified for high pressures and tempera-
tures. A few noteworthy points about the stirred cell
(Fig. 2) are mentioned here (see also [12]):

1. The stirrers (1) are coupled magnetically to the
motor. The rotating speed can be adjusted in both
phases separately by magnetic coupling (7).

2. The interface renewal is affected by the axial flow
properties. Fitting of draft tubes (2) in both phases
together with the selected angle of the stirrer blades
(5) produces a central suction along the interface re-
gions from both sides and flow in the annular space.

3. The hydrodynamic performance of the stirrer
blades (5) has been optimized with the aim to
achieve maximum circulation at minimum stir-
ring speed, in order to protect the sealing surfaces
between the shafts and their guide tubes (2).

4. Conveyor threads (6) support the flow in the region
of the magnetic coupling (1) in order to eliminate
dead volumes.

5. Two pairs of axial moveable spectroscopy probes
(4) for high pressures and temperatures are installed
in the cell for on line analysis in both phases.
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Fig. 1. Schematic diagram of the experimental apparatus.

6. Two windows (3) made from sapphire enable the
direct observation of the interface.

7. Internal electric heating (heating wires in the wall
of reactor) and external heating (by running water
at the desired temperature in a canal-system in the
wall of the reactor) are possible. For both cases the
temperature fluctuation in the bulk phase is ±0.1 K.

To test the apparatus the mass-transfer coefficients of
toluene in the system toluene/water at 25◦C were de-
termined by varying the stirring speed in the com-
plementary phases. The results (Fig. 3) show a linear
relationship between the mass-transfer coefficients of
toluene (βT,W) and stirring speed (n) in agreement
with Nitsch and Kähni [11].

3.2. Experimental procedure

All kinetic measurements of mass transfer with
chemical reaction were performed according to the
following procedure: The heavier water phase (known
volume and a defined amount of B) was introduced at
the bottom of the cell. The level of the interface was

in the region of the monitoring window. The lighter
supercritical propane (a known volume containing
a defined concentration in A) was introduced in the
thermostatically controlled preheater under high pres-
sure. The temperatures in the cell were identical with
those in the preheater. The process was started by in-
troducing the lighter phase from the preheater into the
main reactor. The concentration of A in both phases
was measured by UV-spectroscopy in the range from
420 to 320 nm. After the reaction, the apparatus was
emptied, rinsed several times with solvents and finally
dried by evacuation.

4. Results

4.1. Equilibrium solubility

The solubility coefficient KA of A is defined as the
ratio of the concentrations c∗

A,I and c∗
A,II at thermody-

namic equilibrium; i.e.

KA = c∗
A,I

c∗
A,II

(2)
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Fig. 2. The two-phase stirred cell for high pressure applications.

Due to the chemical reaction, which occurs in phase II,
it is not possible to obtain KA directly and, therefore,
it must be estimated from corresponding data of sim-
ilar nonreacting substances [13]. In our case, succinic

acid (SA) was used as the analogon to maleic acid.
The solubility data for 9-hydroxymethylanthracene
in supercritical propane/water and in supercritical
propane/aqueous solution of 0.5 M succinic acid
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Fig. 3. The water-side mass-transfer coefficients of toluene in
toluene/water system at 25◦C.

are given in Fig. 4a. The solubility coefficient KA
for 9-hydroxymethylanthracene in the supercritical
propane/0.5 M succinic acid in water are described by
correlation (3),

KA = ε + ωp + χ
p

T
(3)

where T is the temperature in K and p the pressure in
bar (Fig. 4b), ε = 0.1605, ω = −0.4030, χ = 169.2.

4.2. Conversion in the bulk and in the layer adjacent
to the interface

The portion of chemical conversion occurring in the
layer adjacent to the interface JIP is defined as the dif-
ference between the total molar flux and loss of com-
ponent A by chemical reaction in the bulk (Eqs. (4)
and (5)).

JIP = JTotal − JBulk (4)

JIP =
(

−dcA,I

dt
VI − dcA,II

dt
VII

)

−(kI cA,I cB,I VI + kII cA,II cB,II VII) (5)

Here cA,I and cA,II are the concentrations of A in
phase I and II; VI and VII the volumes of phase I and
II; kI and kII the rate constant of the reaction in phase
I and II, which can be determined from experimental

Fig. 4. (a) Solubility coefficient KA of 9-hydroxymethylanthracene
between phase I (supercritical propane) and phase II (water or
0.5 M succinic acid (SA) in water) at 380 K and different pres-
sures. (b) Solubility coefficient KA of 9-hydroxymethylanthracene
between phase I (supercritical propane) and phase II (0.5 M suc-
cinic acid (SA) in water) at different temperatures and pressures.

data in homogeneous phase. Because of the very low
content of maleic acid in the propane phase, the term
{kI cA,I cB,I VI} can be neglected. The concentration
of maleic acid is large enough (cB,II > 1000 cA,II) to
be assumed constant during the reaction.

From experimental data in the homogeneous aque-
ous phase kII can be obtained (Table 1). The temper-
ature dependence of the reaction is described by the
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Table 1
The rate constant kII of the Diels–Alder reaction between
9-hydroxymethylanthracene and maleic acid at 380, 390, 400 K in
water

T (K) kII (l/mol/s)

380 2.14×10−3

390 3.81×10−3

400 6.80×10−3

Arrhenius equation and an apparent activation energy
(EA) 106 kJ/mol is calculated. A pressure dependence
of kII in the homogenous aqueous phase was not
observed.

Fig. 5a and b shows typical changes in the concen-
tration of reactant A in the organic and aqueous phase.
The difference in concentration between the reacting
and nonreacting system at the same time is a measure
for the reaction extent. The changes in concentration
of the reactants in the two phases can be described by
Eqs. (6) and (7):

cA,I = cA,I,0 exp(−γ t) (6)

cA,II = (1 − exp(−αt))φ exp(−λt) (7)

The physical meaning of the parameters is explained
in Appendix A. The parameter φ is directly propor-
tional to the initial concentration of A (cA,I,0) and
1/KA. The parameter α is specific for interfacial mass
transport with chemical reaction and depends mainly
on the temperature. In an ideal case both parameters
γ and λ have the same value. The results compiled in
Table 2 shows that the parameters γ and λ are very
similar.

The overall rate of conversion JTotal increased with
increasing temperature and decreasing pressure (see
Fig. 6a and b). We attribute this to the fact that the
rate of chemical reaction increases with increasing
temperature. Thus, the difference between the equi-
librium concentration of A in the interface (c∗

A,II)

and the actual concentration of A in the bulk (cA,II)
increases with increasing temperature. The interfacial
mass transfer is enhanced by chemical reaction. Both
processes (mass transfer and chemical reaction) raise
the overall rate with increasing temperature. With
increasing pressure, on the other hand, the solubility
coefficient KA increases, i.e. c∗

A,II and cA,II decreases.

Fig. 5. (a) Change in concentration of 9-hydroxymethylanthracene
at cA,I,0 = 0.38 × 10−3 mol/l and 100 rpm in the organic
phase for nonreacting system (0.5 M succinic acid) and react-
ing system (0.5 M maleic acid). (b) Change in concentration of
9-hydroxymethylanthracene at cA,I,0 = 0.38 × 10−3 mol/l and
100 rpm in the aqueous phase for nonreacting system (0.5 M suc-
cinic acid) and reacting system (0.5 M maleic acid).

As the rate of chemical reaction is independent of the
pressure, the overall rate decreases.

The relative ratio between the conversion in the
layer adjacent to the interface (JIP) and the overall con-
version (JTotal) can be seen in Fig. 7a–c. While the tem-
perature dependence is large, the pressure dependence
is small. Between 100 and 200 rpm the dependence
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Table 2
Parameter fitted for describing the change in concentration of
9-hydroxymethylanthracene with time in the organic (I) and aque-
ous phase (II) (cA,I,0 = 0.38 × 10−3 mol/l, VII/F = 5.5 cm)

T
(K)

p
(bar)

Speed
(rpm)

Phase II Phase I
(γ × 10−3)

α × 10−2 φ × 10−4 λ × 10−3

380 99 100 0.2297 0.2327 0.1364 0.1368
106 200 0.2224 0.3078 0.1632 0.1484
120 300 0.2204 0.3401 0.1805 0.1557
196 100 0.2320 0.1285 0.0654 0.0632
167 200 0.2293 0.2153 0.0964 0.0944
176 300 0.2264 0.2285 0.1214 0.1112

390 88 100 0.3967 0.2656 0.2225 0.2235
93 200 0.3836 0.3733 0.2866 0.2880
84 300 0.3479 0.5319 0.4060 0.3911

177 100 0.3954 0.0949 0.1077 0.1103
165 200 0.4001 0.1459 0.1348 0.1228
187 300 0.3477 0.1774 0.1744 0.1294

400 94 200 0.6070 0.4431 0.4359 0.4415
88 300 0.5935 0.4520 0.6694 0.5554

170 100 0.7076 0.7744 0.1246 0.1284
169 200 0.6804 0.1224 0.1515 0.1453

on stirring speed is large, whereas between 200 and
300 rpm it is smaller.

4.3. Description with two film — Hatta model

As predictions based on the simple film model, es-
pecially when a chemical reaction occurs, are usually
similar to those based on more sophisticated models
[3], we have applied the two film — Hatta model. Fol-
lowing the film-theory model and Hatta model [1,7],
the molar flux of component A in the layer adjacent to
the interface JA,IP is the difference between the molar
flux of A from phase I into the layer adjacent to the
interface JA,in and the molar flux of A from the layer
adjacent to the surface in phase II JA,out

JA,IP = JA,in − JA,out (8)

This is expressed by

JA,IP = FβA,II(cA,II + c∗
A,II) ((Ha(cosh(Ha) − 1)/

(sinh(Ha))) (9)

This molar flux JA,IP is the rate of conversion in
the layer adjacent to the surface. Here F is the area

Fig. 6. (a) Comparison of the total molar flux (JTotal), the por-
tion of chemical conversion occurring in bulk (JBulk) and in
the layer adjacent to the interface (JIP) at two different tem-
peratures (p = 94 bar, 200 rpm, cA,I,0 = 0.38 × 10−3 mol/l,
VII/F = 5.5 cm). (b) Comparison of JTotal, JBulk and JIP at two dif-
ferent pressures (T = 390 K, 200 rpm, cA,I,0 = 0.38×10−3 mol/l,
VII/F = 5.5 cm).

of interphase between two fluids, βA,II the physical
mass-transfer coefficient and can be determined from
the change in concentration of A (without chemical
reaction) by

βA,II = VII

F

∂cA,II

∂t

1

(cA,I/KA) − cA,II
(10)
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Fig. 7. (a) Change of relative ratio between the portion of chemical conversion occurring in the layer adjacent to the interface (JIP) and
the total molar flux (JTotal) at different temperatures (200 rpm, p = 94 bar, VII/F = 5.5 cm). (b) Change of relative ratio between JIP and
JTotal at different pressures and at 380 and 390 K (VII/F = 5.5 cm). (c) Change of relative ratio between JIP and JTotal at different stirring
speeds (T = 380 K, p = 106 bar, VII/F = 5.5 cm).

Fig. 8 shows the comparison of the portion of
conversion in the layer adjacent to the interface (JIP)
determined by material balances (Eq. (5)) with the
two film — Hatta model (Eq. (9)). The two film
— Hatta model could not describe correctly the be-
havior in the beginning of the batch process. The
quasi-stationary assumption of the model is appar-
ently in valid, because some time (ts) to rise the bulk
concentration of A (cA,II) from zero to a specified

value (the steady-state value) is required [6,14]. After
approximately 10 min time on stream the agreement
is very good. The values of Ha show that the inves-
tigated reaction is a moderately fast reaction with
respect to the mass transfer. Thus, the reaction is
sufficiently slow to allow some A to diffuse through
the film into the main body of the fluid. As a conse-
quence, reactant A reacts within the film and in the
main body of the fluid.
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Fig. 8. Comparison of portion of conversion in the layer adjacent
to the interface (JIP) determined by material balance (Eq. (5)) and
by two film — Hatta model (Eq. (9)) (100 rpm stirring speed,
VII/F = 5.5 cm).

5. Conclusion

A two-phase stirred cell for high pressures and
temperatures was constructed and built with the
online-analytical equipment for UV-spectroscopy. It
was proven that the setup allows to measure the in-
fluence of pressure, temperature and stirring speed on
the overall rate of reaction in a two-phase fluid/fluid
system. As model system the Diels–Alder reac-
tion between 9-hydroxymethylanthracene and maleic
acid was chosen in the solvent pair supercritical
propane/water. The overall rate increases with ris-
ing temperature, decreasing pressure (because of the
equilibrium solubility of the reactants) and increasing
stirring speed. However, at low pressures the solubil-
ity of A in supercritical propane is very small. Thus,
only low initial concentrations of A are possible, re-
sulting in a small capacity of the reactor. From the
changes in the concentration of reactants the portions
of conversion in the layer adjacent to the interface
(JIP) were determined. The relative ratio between JIP
and JTotal varies much with changing the temperature
but only slightly with changing the pressure. Low
stirring speeds have a large effect while the ratio
is influenced only slightly at higher stirring speeds.
Except in the beginning of the batch process the two

film — Hatta model could describe well the portions
of conversion in the layer adjacent to the interface.
The formulation (Eqs. (6) and (7)) for describing
the changes in concentration of reactants in the two
phases is very general and can be used to describe a
large number of fluid/fluid reactions.
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Appendix A. Description of the change in
concentration of reactants

Our model for aqueous phase (II) is expressed by

dcA,II = (β+
A,II(c

∗
A,II − cA,II) − k+

II cA,II) dt (A.1)

Here t is the time, cA,II the concentration of A in
aqueous phase, β+

A,II = (F/VII)βA,II (where βA,II is
the aqueous-side mass-transport coefficient per unit of
F/VII), c∗

A,II the equilibrium concentration of A, k+
II =

kII cB,II the pseudo-chemical rate constant in aqueous
phase. Under boundary conditions (for t = 0: cA,II =
0) we obtained the following equation:

cA,II = (1 − exp(−(β+
A,II + k+

II )t))

× β+
A,IIcA,II/(β

+
A,II + k+

II ) (A.2)

The molar flux of 9-hydroxymethylanthracene from
the organic phase into the aqueous phase consists of
two parts: reaction in the layer adjacent to the interface
and the diffusion to the bulk of phase II. The later
flux is equivalent to the loss of A by reaction in the
aqueous phase. Eq. (A.3) expresses the condition for
a pseudo steady-state in means of a slow variation in
cA,II (in Eq. (A.1) dcA,II/dt is small and in Eq. (A.2)
t is very large (t → ∞)):

β+
A,II(c

∗
A,II − cA,II) = k+

II cA,II (A.3)

The molar flux β+
A,II(c

∗
A,II −cA,II) can be expressed by
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β+
A,II(c

∗
A,II − cA,II)

= β+
A,IIc

∗
A,II(1 − (β+

A,II/(β
+
A,II + kII)))

= k+
II c

∗
A,II = k+

II c
∗
A,I/KA (A.4)

Here KA is the phase equilibrium coefficient of A
between phases I and II. Then the rate of concentra-
tion A in phase I is

dcA,I =
(

−kI cA,I − k+
II

cA,I

KA

)
dt

Or

cA,I = cA,I,0 exp(−γ t) (A.5)

Where

γ = kI + (β+
A,IIk

+
II /((β

+
A,II + k+

II )KA)) (A.6)

The first term in Eq. (A.6) is the rate constant in
the organic phase (here in the layer adjacent to in-
terface) and the second term is the transport into the
aqueous phase. Considering slow variations of cA,II
in t we obtain Eq. (A.7) for cA,II in phase II from
Eq. (A.2):

cA,II = (1 − exp(−αt))φ exp(−γ t) (A.7)

where

α = β+
A,II + k+

II (A.8)

φ = β+
A,IIcA,I,0/((β

+
A,II + k+

II )KA) (A.9)

λ = kI + (β+
A,II k

+
II /((β

+
A,II + k+

II )KA)) (A.10)
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