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Abstract

Residue curve maps (RCMs) of propyl acetate synthesis reaction in the batch reactive distillation process are studied. In order to adapt
the model equations of residue curve maps to a practicable heating policy, the theoretical analysis and experimental measurements in this
paper are carried out isothermally instead of the autonomous heat policy first introduced by Venimadhavan et al. (A.I.Ch.E. Journal 40
(1994) 1814–1824). The chemical equilibrium constant of this reaction is determined by experiments to be 20 within the temperature
range 80–110◦C. Using this equilibrium constant, the RCMs predicted by simulation are in good agreement with the experimental
measurements. The results show that there is an unstable node branch emerging from the propyl acetate–water edge, moving toward the
chemical equilibrium surface with the increasing Damköhler number (Da), and eventually reaching the quaternary reactive azeotrope when
Da→∞. Residue curves are measured with initial compositions around the unstable node, and thus the results verify the existence of
this reactive azeotrope. Further bifurcation analysis shows that different heat policies will influence the singular points and topology of
kinetically controlled RCMs, but not the cases whenDa= 0 or Da→∞.
� 2005 Elsevier Ltd. All rights reserved.

Keywords:Reactive distillation; Azeotrope; Residue curve map; Bifurcation analysis; Esterification; Propyl acetate

1. Introduction

It is generally agreed that the integration of reaction and
separation into a single unit (generally termed as “reactive
separation process”) may bring potential advantages such as
reducing energy and capital cost, enhancing yield and selec-
tivity, breaking thermodynamic restrictions and in situ pu-
rification, etc. Even though, most of these reactive separation
processes are short of feasibility analysis methodologies due
to process complexity. An exceptional success among these
reactive separation processes is reactive distillation (RD),
which has been amply studied (e.g.Taylor and Krishna,
2000; Sundmacher and Kienle, 2003). For the conceptual

∗ Corresponding author. Tel.: +49 391 6110351; fax: +49 391 6110353.
E-mail address:sundmacher@mpi-magdeburg.mpg.de

(K. Sundmacher).

0009-2509/$ - see front matter� 2005 Elsevier Ltd. All rights reserved.
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design of the RD process, residue curve maps (RCMs) were
introduced as a very useful tool and were used by many re-
searchers (e.g.Venimadhavan et al., 1994; Ung and Doherty,
1995; Thiel et al., 1997; Qi et al., 2002). RCMs represent
the dynamic behavior of the liquid phase composition in a
batch RD process. The analysis of the location and stability
of the singular points in RCMs yield valuable information
on the attainable products of an RD process. The existence
of these stationary points was also proven experimentally
(Song et al., 1997, 1998).

However, except for RD, systematic analysis for other hy-
brid processes combining reaction and separation has rarely
been developed due to the even more complicated mix-up of
reaction and mass transfer kinetics. Therefore, in our previ-
ous work (Huang et al., 2004), we proposed a methodology
generalized from the distillation process to assess the effects
of mass transfer kinetics on the feasible products of reactive

http://www.elsevier.com/locate/ces
mailto:sundmacher@mpi-magdeburg.mpg.de
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membrane separation. It has been shown that the selective
mass transfer effects can influence the topology of RCMs as
well as theloci of singular points in membrane separation
processes, which are termed as reactive arheotropes. When
a membrane is incorporated, the isobaric operation and the
autonomous heat policy (Venimadhavan et al., 1994), which
was often assumed for RD, become unrealistic. Thus, to
adapt the proposed generalization to reactive membrane sep-
aration, it is essential to remove the previous autonomous
heat policy.

As the preliminary work for reactive membrane separa-
tion, we investigate the RCMs of RD in the present paper.
The equations are reformulated to remove the constraint of
autonomous heat policy, and the isothermal operation will
be adopted in this work. Propyl acetate synthesis reaction
is selected as the target reaction; the chemical equilibrium
constant of this reaction system is determined experimen-
tally in order to give a better prediction of the subsequent
RCMs. The RCMs are first predicted by simulation and then
validated by the experiments.

2. Theory

2.1. Reaction scheme and model equations of RCMs

The esterification reaction of acetic acid with propanol
reads as

Acetic acid(1)+ Propanol(2)

H+←→ Propyl acetate(3)+Water(4). (1)

The rate expression can be generally expressed as

r = kf (T )R(a), (2)

wherekf is the temperature-dependent forward rate constant
andR denotes the dimensionless reaction rate depending
on the liquid phase composition, expressed in terms of ac-
tivities ai = xi�i ; for heterogeneous catalyst, the adsorption
term may appear in the denominator ofR. In the theoretical
study of kinetically controlled RCMs, quasi-homogeneous
rate equations will be assumed.

Considering the batch reactive separation process depicted
asFig. 1a, the component and total mass balances are for-
mulated in molar units as

d(Hxi)

dt
=−ni + �iHrkfR, i = 1 . . . NC− 1, (3)

dH

dt
=−nT + �T HrkfR, (4)

whereH represents the total molar liquid holdup,Hr the
holdup in which the reaction proceeds,ni the component
molar flow rate,nT =∑NC

i=1 ni the total molar flow rate,
�i the stoichiometric coefficient of componenti, and�T =∑NC

i=1 �i the total mole change of the chemical reaction.

Fig. 1. (a) A generalized sketch for reactive separation. (b) Experimental
setup.

Rearranging the above equations and introducing the dimen-
sionless Damköhler number yield (Huang et al., 2004)

dxi

d�
=

(
xi − ni

nT

)
+ Da(�i − �T xi)

Hr

Hr,0

nT,ref

nT

kf

kf,ref
R,

(5)

where � stands for the dimensionless time with d� =
(nT /H) dt , Hr,0 is the initial reactive holdup, andnT,ref
and kf,ref are the total molar flow rate and the forward
reaction rate constant at a reference point within the com-
position space, in this work chosen as the propanol apex.
Da, the Damköhler number, is defined as the ratio of the
characteristic reaction rate(Hr,0kf,ref) and the characteristic
escaping total fluxnT,ref:

Da≡ Hr,0kf,ref

nT,ref
. (6)
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With different operating conditions, Eq. (5) can be further
reduced:

dxi

d�
=

(
xi − ni

nT

)
+ Da(�i − �T xi)

kf

kf,ref
R

(autonomous heat strategy), (7a)

dxi

d�
=

(
xi − ni

nT

)
+ Da(�i − �T xi)

nT ,ref

nT

kf

kf,ref
R

(non-volatile catalyst), (7b)

dxi

d�
=

(
xi − ni

nT

)
+ Da(�i − �T xi)

Hr

Hr,0

nT,ref

nT

R

(isothermal condition). (7c)

For the considered isothermal and heterogeneously cat-
alytic reaction in this work, it becomes

dxi

d�
=

(
xi − ni

nT

)
+ Da(�i − �T xi)

nT ,ref

nT

R. (7d)

The advantage of using the flux notationni , nT is that
the mass transfer kinetics of the separation process can be
considered subordinately. Therefore, the formulation up to
Eq. (7d) is applicable to non-equilibrium separation pro-
cesses, e.g. when there exists an inert gas film in the vapor
phase (Schlünder, 1979) or when a selective membrane is
incorporated (Huang et al., 2004). Only in a very specific
case of open distillation, the flux ratio (ni/nT ) equals the
vapor mole fractionyi , which is assumed to be in phase
equilibrium withxi , and the total molar flow rate is usually
denoted asV, which is proportional to the total vapor pres-
sure of the system.

dxi

d�
= (xi − yi)+ Da(�i − �T xi)

Vref

V
R. (8)

Eq. (8) will be used to study the RCMs of distillation pro-
cess at non-reactive, kinetically controlled, and equilibrium
reactive conditions.

2.2. Vapor–liquid equilibria

Taking account of the dimerization reaction of acetic acid
in the vapor phase, the mole fractionyi can be calculated by

yiPzi = xi�i (xj , T )psat
i (T ), (9)

where the saturated pressures (psat
i ) are calculated by the

Antoine equation, and the liquid phase activity coefficients
(�i) are calculated by the NRTL equation (Gmehling and
Onken, 1977). zi are the dimerization correction factors de-
scribed byMarek and Standart (1954)andBarbosa and Do-
herty (1988a). For detailed information of the thermody-
namic model, refer to the Appendix.

2.3. Equilibrium constant

Due to the fact that the equilibrium constant calculated
by the extrapolation of literature data (Krishnaiah and Bhag-
vanth Rao, 1984; Bart et al., 1996) does not result in a good

prediction of RCMs,Keq has been determined experimen-
tally, using the following equation:

Keq= aPrAcaH2O

aAcAcaPrOH
= xPrAcxH2O

xAcAcxPrOH

�PrAc�H2O

�AcAc�PrOH
=Keq,xKeq,�. (10)

3. Experiment

3.1. Chemicals

Acetic acid (99–100%, Merck), propanol (> 99%, Merck)
and propyl acetate (> 98%, Merck) were used as reactants;
the commercial ion exchange resin (Amberlyst� 15, Merck)
was used to catalyze the reaction.

3.2. Apparatus

The experiments were carried out in a steel-jacketed ves-
sel (stainless steel 316Ti, material number 1.4571) of 1.57 L
volume (10 cm inner diameter× 20 cm height) as shown in
Fig. 1b. It is operated in batch mode, magnetically stirred at
300 rpm, and equipped with temperature and pressure sen-
sors, a regulating valve and a blow-off safety valve. The
temperature was controlled by a thermostat (Julabo, F30-C).
Samples were taken via the sampling hole, which was sealed
with a silicone pad; the syringe capped with the 30-cm-long
needle (Rettberg, Germany) pierced through the pad to take
samples from the reacting liquid phase.

3.3. Analysis of composition

The samples were analyzed by gas chromatography
(Hewlett-Packard, HP6890 series) and the mixtures were
separated in a cross-linked polyethylene glycol column
(HP-INNOWAX, Part No. 19091N-133). The column tem-
perature was programmed with a 2 min initial hold at 50◦C,
followed by a 50◦C/min ramp up to 130◦C and held for
2.5 min. Both the thermal conductivity detector (TCD) and
the flame ionization detector (FID) were used for peak de-
tection. Due to the fact that propanol and water have an
inseparable peak time, the water amount was calculated by
the subtraction of TCD and FID signals. To guarantee a
controlled error of such a subtraction method, the GC was
recalibrated when the compositions calculated by TCD and
FID differed from each other above 1.5%.

3.4. Determination of equilibrium constant

The chemical equilibrium constant was measured within
a temperature range of 80–110◦C. Acetic acid and propanol
of different initial ratios were prepared, with a total volume
of 150 mL. The mixture was poured into the reactor and 5 g
Amberlyst 15 was added to catalyze the reaction. The reactor
was then closed and heated to the set temperature. Samples
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were taken every certain time interval, and equilibrium was
judged to be reached when the concentration profile was
eventually flat.

3.5. Residue curves measurement

According to the simulation result shown later in Sec-
tion 4.2, there exists an unstable node, a quaternary reactive
azeotrope, at the reactive condition. Residue curves were
measured to validate this prediction.

Mixtures of initial compositions close to the unstable node
were prepared to start a residue curve. The mixture and cata-
lyst were added into the reactor, closed and heated up to the
set temperature, 105◦C. The liquid compositions were mea-
sured by taking samples (∼ 0.5 mL/sample) every 10 min,
analyzed by gas chromatography. When the liquid residue
amount was too small to take any more samples, this run
was ended. The subsequent run started with the initial com-
position close to the final point of the previous run. Several
runs were repeated until they constituted a sufficient portion
of one residue curve. To guarantee the sufficiently highDa,
the relationship of catalyst concentration and escaping flow
rate was checked. The escaping flow rate was controlled∼
40 mL/h by the regulating valve; under this condition, 25 g
dry catalyst in 300 mL initial liquid volume could approach
the prediction well. To give the safety factor of 20%, 30 g
catalyst was used in the initial liquid volume of 300 mL in
this work.

Due to the partial solubility between propyl acetate and
water, the liquid phase splitting issue was carefully checked
when taking every sample (Okasinski and Doherty, 2000),
even though the phase splitting was not observed through
the whole experiments.

4. Results

4.1. The chemical equilibrium constant

The experimental data of chemical equilibrium composi-
tion are listed inTable 1, and the equilibrium constant was
calculated by Eq. (10). According to the results, the tem-
perature dependency of equilibrium constant was very weak
and could not de facto be determined within the temperature

Table 1
Experiment results on equilibrium constant determination (initial liquid volume: 150 mL, 5 g catalyst)

T (◦C) x1,0/x2,0 x1,e x2,e x3,e x4,e �1,e �2,e �3,e �4,e Keq,x Keq,� Keq

80 0.5/0.5 0.1617 0.1617 0.3383 0.3383 0.7483 1.1610 1.5933 2.4459 4.377 4.488 19.643
80 0.2/0.8 0.0186 0.6186 0.1814 0.1814 0.6385 1.0448 1.6083 3.0952 2.860 7.486 21.409
80 0.8/0.2 0.6105 0.0105 0.1895 0.1895 0.9742 0.9884 1.6082 1.8727 5.602 3.119 17.474
95 0.5/0.5 0.1573 0.1573 0.3427 0.3427 0.7507 1.1645 1.5912 2.4291 4.746 4.419 20.971

110 0.5/0.5 0.1582 0.1582 0.3418 0.3418 0.7573 1.1629 1.5881 2.4078 4.668 4.342 20.267

Propyl acetate 

Acetic acid 
Propanol 

water 

Az. 1 

Az. 2 

Az. 3 

Fig. 2. RCM of simple distillation for the propyl acetate system at 105◦C
(Da= 0) (© unstable node,� saddle point,� stable node).

range of experiments. The average value of 20 was used in
the theoretical prediction of RCMs, which showed a fairly
good agreement with the experimental measurement.

4.2. Prediction of RCMs by simulation

Fig. 2 shows the RCM for non-reactive distillation at
105◦C. There are three non-reactive binary azeotropes in the
RCM. The azeotrope between propyl acetate and water (Az.
1) is the unstable node, while the other two (Az. 2 and Az.
3) are the saddle points. Pure propanol, propyl acetate and
water are also saddle points, and acetic acid is the only sta-
ble node for the simple distillation. Residue curves originate
from the unstable node, first approaching the saddle points,
and finally converge to the stable node. The information of
all singular points is listed inTable 2.

When Da = 1 (as Fig. 3), Az. 2 and Az. 3 still retain
their positions and stability, while the unstable node (Az. 1)
no longer exists since propyl acetate and water start react-
ing. Instead, the unstable node moves into the composition
tetrahedron and becomes the quaternary kinetic azeotrope.
Moreover, the propanol apex becomes a stable node instead
of a saddle point.

At Da → ∞ (as Fig. 4), the reaction approaches its
chemical equilibrium and the residue curves are first domi-
nated by the reaction stoichiometry and then move along the
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Table 2
List of singular points inFigs. 2–4

Name Composition Type Pressure (bar) Da x1 x2 x3

0 1 ∞
Azeotrope 1 PrAc/H2O Unstable 2.38

√
0 0 0.3774

Azeotrope 2 PrOH/H2O Saddle 1.91
√ √ √

0 0.4347 0
Azeotrope 3 PrOH/PrAc Saddle 1.44

√ √ √
0 0.7311 0.2689

Azeotrope 4 AcAc/PrOH/PrAc/H2O Unstable 2.29
√

0.0210 0.1193 0.2929
Azeotrope 5 AcAc/PrOH/PrAc/H2O Unstable 2.06

√
0.0599 0.3331 0.1260

Propanol PrOH Saddle/Stable 1.35
√ √ √

0 1 0
Water H2O Saddle 1.20

√ √ √
0 0 0

Propyl acetate PrAc Saddle 1.13
√ √ √

0 0 1
Acetic acid AcAc Stable 0.67

√ √ √
1 0 0

Propyl acetate 

Acetic acid 
Propanol 

water 

Az. 3 

Az. 2 

Az. 4

Fig. 3. RCM of kinetically controlled RD for the propyl acetate system
at 105◦C (Da= 1) (© unstable node,� saddle point,� stable node).

Propyl acetate 

Acetic acid 
Propanol 

water 

Az. 3 

Az. 2 

Az. 5 

Fig. 4. RCM of equilibrium-controlled RD for the propyl acetate system
at 105◦C (Da→∞) (© unstable node,� saddle point,� stable node).

equilibrium surface (asFig. 5) to the stable node. The un-
stable node meets a saddle point branch, which emerges
from the propanol–water edge (whenDa> 3.54), on the

Propyl acetate 

Acetic acid 

Propanol 

water 

Fig. 5. Surface of chemical equilibrium composition for the propyl acetate
system at 105◦C (Keq= 20).

equilibrium surface and results in the quaternary reactive
azeotrope.

4.2.1. Bifurcation analysis
Fig. 6 shows the bifurcation behavior of simple reactive

distillation. The binary azeotrope between propyl acetate
and water, Az. 1, moves into the composition tetrahedron
when chemical reaction takes place (Da> 0). On the other
hand, the binary azeotropes of propanol–water (Az. 2) and
propanol–propyl acetate (Az. 3) still remain in reactive cases
since these binary pairs do not react with each other. How-
ever, a saddle point branch emerges from Az. 2 whenDa is
larger than a critical value about 3.54, and then meets the
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Propyl acetate 

Acetic acid 
Propanol 

Water 
Az. 2 

0 ≤ Da < ∞  

Az. 1 
Da = 0 

Az. 4
Da = 1 

Az. 5 
Da → ∞

Az. 3
0 ≤ Da < ∞  

0 ≤ Da < ∞    

0 ≤ Da < ∞

0 ≤ Da < ∞

0 ≤ Da < 0.89 (  )
0.89 ≤ Da < ∞ (• )

Da >3.54 

Fig. 6. Singular pointloci and bifurcation behavior for RD at 105◦C (©
unstable node,� saddle point,� stable node).

unstable node branch at the reactive azeotrope whenDa→
∞. The other singular points retain their positions and sta-
bility at anyDa, except that propanol changes from a saddle
point to a stable node whenDa exceeds the critical value,
0.89.

Fig. 7a also shows the bifurcation behavior, but in the
form of pressure versus the normalized Damköhler number,
Da/(Da+ 1). It shows that in the non-reactive case, Az. 1
is the lightest component and therefore the unstable node,
while acetic acid has the lowest pressure and behaves as the
stable node. With increasingDa, Az. 1 does not remain but
moves toward the reactive azeotrope (Az. 5) instead. When
Da> 0.89, propanol becomes another stable node in addi-
tion to acetic acid. WhenDa> 3.54, there appears another
quaternary azeotrope as a saddle point, which will join the
reactive azeotrope eventually whenDa→∞.

4.2.2. Influence of isothermal and autonomous heat policies
The different operating policies of Eq. (7) would influence

the relative weighting of the separation term (the first term
on the right-hand side of Eq. (7)) and the reaction term
(the second term on the right-hand side) and therefore could
change the topology of the RCMs.

Fig. 7b shows the similar bifurcation analysis (asFig. 7a)
but for the autonomous heat policy assuming that thekf

is independent of temperature. It can be seen that at both
extreme cases whenDa=0 orDa→∞, the singular points
are not affected by the heat policies. However, for kinetically
controlled cases, the location of singular points could be
different at a specificDa (depicted as dashed and dotted
lines inFig. 7b). Nevertheless, the singular pointloci in the
composition tetrahedron (asFig. 6) will not be influenced
neither. One can imagine that the swing of escaping flow
rate (Vref/V in Eq. (8)) together with theDa number result
in the effective factor representing the ratio of the reaction
rate and the mass transfer rate.
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Fig. 7. (a) Bifurcation behavior of RD at 105◦C, in the form of pressure
versus normalizedDa. (b) Bifurcation diagram comparing the autonomous
(dashed line) and isothermal (dotted line) heating policies (© unstable
node,� saddle point,� stable node).

4.3. Experimental validation of reactive azeotrope

Experiments were carried out to validate the reactive
azeotrope (Az. 5) and the results are plotted as inFig. 8. For
better visualization, the transformed variable coordinate is
used (Barbosa and Doherty, 1988b), where propyl acetate
is selected as the reference component:

XA = xAcAc + xPrAc,

XB = xPrOH+ xPrAc,

XC = xH2O− xPrAc= 1−XA −XB . (11)

Different residue curves were designated by different
symbols, and different colors in one curve represent differ-
ent runs of experiments. A total of 36 runs were performed
to constitute eight curves originating around the reac-
tive azeotrope whose molar fraction is 5.99% acetic acid,
33.31% propanol, 12.60% propyl acetate and 48.10% water.
The liquid composition changes slowly near the unstable
node so that data points cluster closely. The experimen-
tal results are in good agreement with the prediction and
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Fig. 8. Experimental validation of RCM inFig. 4, in the form of trans-
formed composition coordinate (T = 105◦C).

again validate the existence of reactive azeotrope under the
isothermal operation.

5. Conclusion

In this work, the residue curve maps of the propyl ac-
etate system are studied, whose equilibrium constant was
determined to be 20 experimentally. The simulations and ex-
perimental measurement of RCMs were carried out isother-
mally to remove the autonomous heat policy restriction. It
has been shown that different heat policies do not affect the
RCMs at non-reactive (Da= 0) and equilibrium-controlled
reactive (Da→ ∞) conditions. However, it does influence
the kinetically controlled RCMs (0< Da<∞) because the
swing of escaping flow rate changes the ratio of reaction
rate and mass transfer rate.

The results show that there are different kinds of singu-
lar points in the propyl acetate system as listed inTable 2.
Most of these singular points are saddle; the only unstable
node emerges from the binary azeotrope of propyl acetate
and water at non-reactive condition, moves into the compo-
sition tetrahedron with increasingDa, and finally reaches the
quaternary reactive azeotrope. Acetic acid is the only stable
node of the system whenDa< 0.89, and propanol becomes
the other stable node whenDa increases further.

Residue curves were then measured for the equilibrium-
controlled reactive condition, and each curve was started
with the initial composition around the quaternary reactive
azeotrope. The results are in good agreement with the pre-
diction, and thus validate the existence of reactive azeotrope
under the isothermal condition.

Notation

ai liquid phase activity of componenti
Da Damköhler number, Eq. (6)
H molar liquid holdup, mol
H0 initial molar liquid holdup, mol
Hr holdup in which the reaction proceeds, mol
Hr,0 initial holdup in which the reaction proceeds,

mol
kA dimerization equilibrium constant, 1/Pa
kf forward reaction rate constant, 1/s
kf,ref forward reaction rate constant at reference

temperature, 1/s
Keq chemical equilibrium constant
ni molar flow rate of componenti through mem-

brane, mol/s
nT total molar flow rate through membrane, mol/s
nT,ref total molar flow rate at a reference state, mol/s
NC number of reacting species
Ni,j interaction parameter for NRTL model,

Table 3
psat

i saturated vapor pressure of componenti, Pa
P system pressure, Pa
r reaction rate, mol/(mol s)
R universal gas constant, 8.314 J/(mol K)
R dimensionless reaction rate, Eq. (2)
t time, s
T temperature, K
V total molar flow rate for open evaporation pro-

cess, mol/s
Vref total molar flow rate at a reference state, mol/s
xi liquid phase mole fraction of componenti
XA, XB ,
XC

transformed liquid phase mole fraction of
componenti, Eq. (11)

yi mole fraction of componenti in vapor phase
zi dimerization correction factor, Eq. (9)

Greek letters

�ij interaction parameter for NRTL model,
Table 3

�i activity coefficient of componenti
�i stoichiometric coefficient of componenti
�T total mole change of reaction
� dimensionless time, d�= (nT /H) dt

Subscripts

AcAc acetic acid
H2O water
i, j componentsi, j
PrAc propyl acetate
PrOH propanol
1, 2, 3, 4 acetic acid, propanol, propyl acetate, water
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Table 3
Thermodynamic data for the propyl acetate system

Component Acetic acid Propanol Propyl acetate Water

Normal boiling point (K) 391.15 370.35 374.65 373.15

Antoine coefficients
A 22.1001 22.72435 21.6266 23.2256
B −3654.62 −3310.394 −3249.98 −3835.18
C −45.392 −74.687 −52.84 −45.343

Dimerization constants
D1 −12.5459 — — —
D2 3166.0 — — —

NRTL coeff. (Nij ) j = acetic acid j = propanol j = propyl acetate j = water
i = acetic acid — −147.4298 −410.3887 −342.1961
i = propanol 104.1007 — 1055.3593 152.5084
i = propyl acetate 1050.5581 −433.1348 — 720.1784
i = water 1175.7145 1866.3369 3497.7669 —

NRTL coeff. (�ij ) j = acetic acid j = propanol j = propyl acetate j = water
i = acetic acid — 0.3007 0.2970 0.2952
i = propanol 0.3007 — 0.3011 0.3747
i = propyl acetate 0.2970 0.3011 — 0.2942
i = water 0.2952 0.3747 0.2942 —

Abbreviations

RCM residue curve map
RD reactive distillation
RMS reactive membrane separation

Appendix A

In Eq. (9), the saturated vapor pressure of each component
is calculated by the Antoine equation:

ln psat
1 = A+ B

T + C
(psat

1 in Pa, T in K). (A.1)

The dimerization correction factor (zi) is calculated using
the following equations:

zA = 1+ (1+ 4kApsat
1 )0.5

1+ (1+ 4kAPyA(2− yA))0.5
(A.2)

for the associating molecule (acetic acid), and

zN = 2(1− yA + (1+ 4kAPyA(2− yA))0.5)

(2− yA)(1+ (1+ 4kAPyA(2− yA))0.5)
(A.3)

for the other three components, wherekA, the dimerization
equilibrium constant, is calculated by

log10kA =D1+ D2

T
(kA in Pa−1, T in K). (A.4)

The thermodynamic data are listed inTable 3.

References

Barbosa, D., Doherty, M.F., 1988a. The influence of equilibrium chemical
reactions on vapor–liquid phase diagrams. Chemical Engineering
Science 43, 529–540.

Barbosa, D., Doherty, M.F., 1988b. The simple distillation of homogeneous
reactive mixtures. Chemical Engineering Science 43, 541–550.

Bart, H.J., Kaltenbrunner, W., Landschützer, H., 1996. Kinetics of
esterification of acetic acid with propyl alcohol by heterogeneous
catalysis. International Journal of Chemical Kinetics 28, 649–656.

Gmehling, J., Onken, U., 1977. Vapour–Liquid Equilibrium Data
Collection, Chemistry Data Series. Frankfurt am Main, DECHEMA.

Huang, Y.-S., Sundmacher, K., Qi, Z., Schlünder, E.-U., 2004. Residue
curve maps of reactive membrane separation. Chemical Engineering
Science 59, 2863–2879.

Krishnaiah, D., Bhagvanth Rao, M., 1984. Kinetics of esterification of
n-propyl alcohol with acetic acid catalysed by Dowex-50w. Indian
Journal of Technology 22, 268–271.

Marek, J., Standart, G., 1954. Vapor–liquid equilibria in mixtures
containing an associating substance. I. Equilibrium relationships for
systems with an associating component. Collection of Czechoslovak
Chemical Communications, English Edition 19, 1074–1084.

Okasinski, M.J., Doherty, M.F., 2000. Prediction of heterogeneous reactive
azeotropes in esterification systems. Chemical Engineering Science 55,
5263–5271.

Qi, Z., Kolah, A., Sundmacher, K., 2002. Residue curve maps for reactive
distillation systems with liquid phase splitting. Chemical Engineering
Science 57, 163.

Schlünder, E.-U., 1979. The effect of diffusion on the selectivity
of entraining distillation. International Chemical Engineering 19,
373–379.

Song, W., Huss, R.S., Doherty, M.F., Malone, M.F., 1997. Discovery of
a reactive azeotrope. Nature 388, 561.

Song, W., Venimadhavan, G., Manning, J.M., Malone, M.F., Doherty, M.F.,
1998. Measurement of residue curve maps and heterogeneous kinetics
in methyl acetate synthesis. Industrial & Engineering Chemistry
Research 37, 1917.



Y.-S. Huang et al. / Chemical Engineering Science 60 (2005) 3363–3371 3371

Sundmacher, K., Kienle, A., 2003. Reactive Distillation—Current Status
and Future Directions. Wiley–VCH, Weinheim, Germany.

Taylor, R., Krishna, R., 2000. Modelling reactive distillation. Chemical
Engineering Science 55, 5183–5229.

Thiel, C., Sundmacher, K., Hoffmann, U., 1997. Residue curve maps for
hetero-geneously catalysed reactive distillation of fuel ethers MTBE
and TAME. Chemical Engineering Science 52, 993–1005.

Ung, S., Doherty, M.F., 1995. Calculation of residue curve maps for
mixtures with multiple equilibrium chemical reactions. Industrial &
Engineering Chemistry Research 34, 3195.

Venimadhavan, G., Buzad, G., Doherty, M.F., Malone, M.F., 1994. Effect
of kinetics on residue curve maps for reactive distillation. A.I.Ch.E.
Journal 40, 1814–1824.

View publication statsView publication stats

https://www.researchgate.net/publication/223410661

	Theoretical and experimental study on residue curve maps ofpropyl acetate synthesis reaction
	Introduction
	Theory
	Reaction scheme and model equations of RCMs
	Vapor--liquid equilibria
	Equilibrium constant

	Experiment
	Chemicals
	Apparatus
	Analysis of composition
	Determination of equilibrium constant
	Residue curves measurement

	Results
	The chemical equilibrium constant
	Prediction of RCMs by simulation
	Bifurcation analysis
	Influence of isothermal and autonomous heat policies

	Experimental validation of reactive azeotrope

	Conclusion
	Appendix A 
	References


